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Preface

With the increasing number of biopharmaceutical products,
the emerging market for gene therapeutics, and the high
proportion of small molecule new drug candidates that have
very poor solubility, the need for parenteral dispersed system
pharmaceuticals is growing rapidly. This book serves as a
current in-depth text for the design and manufacturing of
parenteral dispersed systems. The fundamental physicochem-
ical and biopharmaceutical principles governing dispersed
systems are covered together with design, processing, product
performance, characterization, quality assurance, and regula-
tory concerns. A unique and critically important element of
this work is the inclusion of practical case studies together
with didactic discussions. This approach allows the illustra-
tion of the application of dispersed systems technology to
current formulation and processing problems and, therefore,
this will be a useful reference text for industrial research
and development scientists and will help them in making
choices of appropriate dosage forms and consequent formula-
tion strategies for these dosage forms. Quality control and

v
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assurance as well as regulatory aspects that are essential to
parenteral dispersed system product development are dis-
cussed in detail. This book also tackles current issues of in
vitro testing of controlled release parenterals as well as the
development of in vitro and in vivo relationships for these
dosage forms.

This work is equally relevant to industrial and academic
pharmaceutical scientists. The text is written in a way that
the different chapters and case studies can be read indepen-
dently, although the reader is often referred to other sections
of the book for more in-depth information on specific topics.
The case studies provide the reader with real problems that
have been faced and solved by pharmaceutical scientists
and serve as excellent examples for industrial scientists as
well as for academics. This text will not only serve as a prac-
tical guide for pharmaceutical scientists involved in the
research and development of parenteral dosage forms, but
will also be a resource for scientists new to this field. The fun-
damental aspects together with the practical case studies
make this an excellent textbook for graduate education.

principles section includes physicochemical and biopharma-
ceutical principles, characterization and analysis and in vitro
and in vivo release testing and correlation of in vitro and in
vivo release data. The forms covered in Section II
are suspensions, emulsions, liposomes, and microspheres.
These chapters detail design and manufacturing and a ratio-
nale for selection as well as any specific considerations for the
individual parenteral dosage forms. Some formulation and
processing aspects are common to all dosage forms and these
are discussed in the basic principles chapters or the reader is
referred to the appropriate chapter or case study. The dosage
form chapters are followed by a case study section where nine
case studies are presented that address: biopharmaceutical
aspects of controlled release parenteral dosage forms;
liposome formulation, design and product development; emul-
sion formulation, scale up and sterilization; microspheres

vi Preface
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The book is laid out as follows: Section (I) Basic Princi-
ples; Section (II) Dosage Forms; Section (III) Case Studies;

dosage

and Section (IV) Quality Assurance and Regulation. The basic



formulation and processing as well as microsphere in vitro
and in vivo release studies; and development and scale up
of a nanocrystalline suspension. The final section of the book
covers quality assurance and regulatory aspects as well as an
FDA perspective.

Diane J. Burgess

Preface vii
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1

Physical Stability of
Dispersed Systems

DIANE J. BURGESS

Department of Pharmaceutical Sciences,
School of Pharmacy, University of Connecticut,

Storrs, Connecticut, U.S.A.

1. INTRODUCTION AND THEORY

Injectable dispersed systems (emulsions, suspensions, lipo-
somes, and microspheres) have unique properties, that are
related to their size, interfacial area, and dispersion state.
The physicochemical principles governing their behavior
include thermodynamics, interfacial chemistry, and mass
transport. The stability of these dosage forms is a major issue
and is a function of thermodynamics, interfacial chemistry,
and particle size. Drug release from such systems is governed
by mass transport principles, interfacial chemistry, and size.

1

SECTION I: BASIC PRINCIPLES
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Principles of thermodynamics and interfacial chemistry as
applied to dispersed systems are detailed in this chapter.
Although the principles of particle size are discussed here,
they are reviewed in greater detail in the chapter by Jiao and
Burgess on characterization. Due to the unique factors asso-
ciated with release of drugs from the different dispersed sys-
tem dosage forms mass transport issues are addressed in the
individual dosage form (suspensions, emulsions, liposomes,
and microspheres) chapters.

Injectable dispersed systems are often colloidal in nature
and therefore the principles of colloidal chemistry are also
reviewed here. Dispersed systems for intravenous (i.v.) admini-
stration are almost always colloids, since their particle size is
restricted to�1mm to avoid problems associated with capillary
blockage that can occur with larger particles. Dispersed sys-
tems administered via other parenteral routes can bemuch lar-
ger and their size is restricted by performance criteria (such as
drug release rates, biopharmaceutical considerations, and
potential for irritation) and needle size (larger needles are
required for larger particles and can result in more painful
injections).

2. COLLOID AND INTERFACIAL CHEMISTRY

Colloids are systems containing at least two components, in
any state of matter, one dispersed in the other, in which the
dispersed component consists of large molecules or small
particles. These systems possess characteristic properties
that are related mainly to the dimensions of the dispersed
phase. The colloidal size range is approximately 1nm to
1mm and is set by the following lower and upper limits:
The particles or molecules must be large relative to the mole-
cular dimensions of the dispersion media so that the disper-
sion media can be assigned continuous properties; and they
must be sufficiently small so that thermal forces dominate
gravitational forces and they remain suspended. To qualify
as a colloid, only one of the dimensions of the particles must
be within this size range. For example, colloidal behavior is
observed in fibers in which only two dimensions are in the

2 Burgess
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colloidal size range. There are no sharp boundaries between
colloidal and non-colloidal systems, especially at the upper
size range. For example, an emulsion system may display col-
loidal properties, yet the average droplet size may be larger
than 1 mm.

2.1. Classification of Colloids

Based on interaction between the dispersed and continuous
phases, colloidal systems are classified into three groups: (i)
lyophilic or solvent ‘‘loving’’ colloids, the dispersed phase is
dissolved in the continuous phase; (ii) lyophobic or solvent
‘‘hating’’ colloids, the dispersed phase is insoluble in the con-
tinuous phase; and (iii) association colloids, the dispersed
phase molecules are soluble in the continuous phase and
spontaneously ‘‘self-assemble’’ or ‘‘associate’’ to form aggre-
gates in the colloidal size range.

This book focuses mainly on lyophobic systems:
emulsions, suspensions, and microspheres. Liposomes may
be classified as association colloids, although larger liposomes
can be outside the colloidal range. In some instances, lipo-
somes are surface-treated and=or polymerized rendering
them irreversible; they are then considered lyophobic colloids.
Often, lyophobic nanospheres, microspheres, liposomes, and
emulsions are surface-treated with hydrophilic polymers to
improve their stability and=or to avoid=delay interaction with
the reticular endothelial system following i.v. injection.

2.1.1. Lyophilic Colloids

The dispersed phase usually consists of soluble macromole-
cules, such as proteins and carbohydrates. These are true
solutions and are best treated as a single phase system from
a thermodynamic viewpoint. The dispersed phase has a sig-
nificant contribution to the properties of the dispersion med-
ium and introduces an extra degree of freedom to the system.
Lyophilic colloidal solutions are thermodynamically stable
and form spontaneously on adding the solute to the solvent.
There is a reduction in the Gibbs free energy (DG) on disper-
sion of a lyophilic colloid. DG is related to the interfacial

Physical Stability of Dispersed Systems 3
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area (A), the interfacial tension (g), and the entropy of the
system (DS):

DG ¼ gDA� TDS

where T is the absolute temperature.
The solute=solvent interaction is usually sufficient to

break up the dispersed phase. In addition, there is an
increase in the entropy of the solute on dispersion and this
is generally greater than any decrease in solvent entropy.
The interfacial tension (g) is negligible if the solute has a
high affinity for the solvent; thus, the gDA term approxi-
mates zero. The shape of macromolecular colloids will vary
depending on their affinity for the solvent. The shape of
these therapeutics is important as it can affect their activ-
ity. Proteins will take on elongated configurations in sol-
vents for which they have a high affinity and will tend to
decrease their total area of contact with solvents forwhich they
have little affinity. Since the molecular dimensions of protein
molecules are large compared to those of the solvent, the pro-
tein effectively has an ‘‘interface’’ with the solvent. Proteins
contain both hydrophilic and hydrophobic moieties and conse-
quently shape changes can result in different moieties being
exposed to the solvent. Following from this are physical
instability and aggregation problems associated with protein
solutions. The use of a solvent for which the protein has a high
affinity can reduce these problems, as can the addition of sur-
factants that adsorb onto the protein and thus alter its ‘‘inter-

Chapter.)

2.1.2. Lyophobic Colloids

The dispersed phase consists of tiny particles that are distrib-
uted more or less uniformly throughout the solvent. The
dispersed phase and the dispersion medium may consist of
solids, liquids, or gases and are two-phase or multiphase
systems with a distinct interfacial region. As a consequence
of poor dispersed phase–dispersion media interactions,

4 Burgess
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lyophobic colloids are thermodynamically unstable and tend
to aggregate. The DG increases when a lyophobic material is
dispersed and the greater the extent of dispersion, the greater
the total surface area exposed, and, hence, the greater the
increase in the free energy of the system. When a particle is
broken down, work is required to separate the pieces against
the forces of attraction between them (DW). The resultant
increase in free energy is proportional to the area of new
surface created (A):

DG ¼ DW ¼ 2gA

Molecules that were originally bulk molecules become surface
molecules and take on different configurations and energies.
An increase in free energy arises from the difference between
the intermolecular forces experienced by surface and bulk
molecules. Lyophobic colloids are aggregatively unstable
and can remain dispersed in a medium only if the surface is
treated to cause a strong repulsion between the particles.
Such treated colloids are thermodynamically unstable yet
are kinetically stable since aggregation can be prevented for
long periods.

Emulsions

Emulsion systems can be considered a subcategory of
lyophobic colloids. Their preparation requires an energy
input, such as ultrasonication, homogenization, or high-speed
stirring. The droplets formed are spherical, provided that the
interfacial tension is positive and sufficiently large. Sponta-
neous emulsification may occur if a surfactant or surfactant
system is present at a sufficient concentration to lower the
interfacial tension almost to zero. Spontaneously forming
emulsions usually have very small particle size (<100nm)
and are referred to as microemulsions.

2.1.3. Association Colloids

Association colloids are aggregates or ‘‘associations’’ of amphi-
pathic surfactant molecules. Surfactants are soluble in the
solvent, and their molecular dimensions are below the

Physical Stability of Dispersed Systems 5
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colloidal size range. However, when present in solution at
concentrations above the critical micelle concentration, these
molecules tend to form association colloids (also known as
micelles) (Fig. 1). Surfactants have a region that has a high
affinity for the medium (lyophilic), and a region that has a
low affinity for the medium (lyophobic). These molecules
adsorb at interfaces to reduce the energy between their
lyophobic region(s) and the medium. On micellization, the

Figure 1 Different types of association colloids (micelles): a) sphe-
rical micelle; b) disc-shaped micelle; c) cylindrical micelle; d) micro-
tubular micelle; e) lipid soluble drug in a swollen micelle; f) inverted
micelle.

6 Burgess
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surfactants associate such that their lyophobic regions are in
the interior, their lyophilic regions are at the surface, and
the solvent is excluded from the hydrophobic core. Not all
surfactants form micelles since a subtle balance between
the lyophilic and lyophobic portions of the surfactant molecule
is required. A charged, zwitterionic, or bulky oxygen-containing
hydrophilic group is required to form micelles in aqueous
media (1). These moieties are able to undergo significant hydro-
gen bonding and dipole interactions with water to stabilize
the micelles. Micelle formation in strongly hydrogen-bonded
solvents is very similar to that in water (1). Micellization occurs
spontaneously, depending on the lyophilic–lyophobic balance of
the surfactant, surfactant concentration, and temperature.

At room temperature, micellization of surfactants in aqu-
eous media is driven by entropy. The hydrophobic part of the
surfactants induces a degree of structuring of water, which
disturbs the hydrogen bond pattern and causes a significant
decrease in the entropy of the water. This is known as the
‘‘hydrophobic’’ effect. The effect of temperature and pressure
on micellization is dependent on surfactant properties (1,2).
Ionic surfactants generally exhibit a ‘‘Krafft’’ point. In these
systems, micelles form only at temperatures above a certain
critical temperature, the Krafft temperature. This is a conse-
quence of a marked increase in surfactant solubility at this
temperature, whereas, non-ionic surfactants tend to aggre-
gate and phase separate above a certain temperature (the
cloud point) (3).

concentrations, micelles are usually spherical with well-
defined aggregation numbers, and are monodisperse. At high
concentrations, micellar shape becomes distorted and cylindri-
cal rods or flattened discs form (4). At very high concentrations,
the surfactants arrange as liquid crystals (5–7). Surfactants
can also form two-dimensionalmembranes or bilayers separat-
ing two aqueous regions under specific conditions. If this
bilayer is continuous and encloses an aqueous region, then
vesicles result, which are known as liposomes. Micelles are
used pharmaceutically to solubilize insoluble drug substances.
The drug is solubilized within the micellar core (Fig. 1).

Physical Stability of Dispersed Systems 7
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Micellar solubilization allows the preparation of water-insolu-
ble drugs within aqueous vehicles (8). This is advantageous,
particularly for i.v. delivery of water-insoluble drugs. Entrap-
ment within a micellar system may increase the stability of
poorly stable drug substances and can enhance drug bioavail-
ability (9). Liposomes can have hydrophobic and hydrophilic
regions and therefore can be used to solubilize both water solu-
ble and water insoluble drugs.

2.2. Properties of Colloids

Characteristic properties of colloids include: particle size and
shape, scattering of radiation, and kinetic properties.

2.2.1. Particle Size and Shape

The colloidal size range is approximately 1nm to 1 mm and
most colloidal systems are heterodisperse. Solid dispersions
usually consist of particles of very irregular shape. Particles
produced by dispersion methods have shapes that depend
partly on the natural cleavage planes of the crystals and
partly on any points of weakness (imperfections) within
the crystals. The shape of solid dispersions produced by
condensation methods depends on the rate of growth of the
different crystal faces. Treatments of particle shape are
given by Beddow (10), Allen (11), and Shutton (12). Both
liquid and solid dispersions often have wide size distribu-

preparation of liquid and solid dispersions, respectively.
Refer to the chapter by and Burgess for details on
particle size analysis.)

2.2.2. Scattering of Radiation

The scattering of a narrow beam of light by a colloidal system
to form a visible cone of scattered light is known as the
Faraday–Tyndall effect. The reader is referred to the text of
Heimenz (13) for a full account of light scattering by colloidal
systems. Electromagnetic radiation induces oscillating dipoles

8 Burgess
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in the material and these act as secondary sources of emission
of scattered radiation. The scattered light has the same
wavelength (l) as the incident light. The intensity of the scat-
tered light depends on the intensity of the original light, the
polarizability of the material, the size and shape of the mate-
rial, and the angle of observation. The scattering intensity
increases with increase in particle radius, reaching a maxi-
mum, and then decreasing. This maximum in scattering inten-
sity coincides with the colloidal size range. Small particles
(l=20�particle radius) act as point sources of scattered light.
In larger particles, different regions of the same particle may
behave as scattering centers and these multiple scattering cen-
ters interfere with one another, either constructively or
destructively. As particle size increases, the number of scatter-
ing centers increases, and the resultant destructive interfer-
ence causes a reduction in the intensity of the scattered light.

2.2.3 Kinetic Properties

The kinetic properties of colloids are characterized by slow
diffusion and usually negligible sedimentation under gravity.

2.3. Thermal Motion

Colloidal particles display a zigzag-type movement as a
result of random collisions with the molecules of the sus-
pending medium, other particles, and the walls of the con-
taining vessel. The distance moved by a particle in a given
period of time is related to the kinetic energy of the particle
and the viscous friction of the medium. The thermal motion
of colloidal particles was first observed by the English bota-
nist Robert Brown and is referred to as Brownian motion
(14). As a result of Brownian motion, colloidal particles dif-
fuse from regions of high concentration to regions of lower
concentration until the concentration is uniform throughout.
Gravitational forces, which cause particles to sediment, and
Brownian motion oppose one another. Brownian forces are
stronger than gravitational forces for particles in the
colloidal size range and, therefore, colloids tend to remain
suspended.

Physical Stability of Dispersed Systems 9
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3. THERMODYNAMICS OF DISPERSED
SYSTEMS

The fundamental thermodynamic property influencing the
formation and breakdown of dispersed systems is interfacial
tension (refer above).

3.1. Colloids

Lyophilic and association colloids are thermodynamically
stable, since these are either large molecules or associations
of molecules that are in solution. However, lyophobic colloids
are thermodynamically unstable. The instability of lyophobic
colloids has a major influence on their formulation and perfor-
mance and they must be rendered kinetically stable for a per-
iod that constitutes an acceptable shelf-life for the product.
The Derjaguin–Landau and Verwey–Overbeek (DLVO) the-
ory describes the interaction between particles of a lyophobic
colloid. This theory is reviewed in the texts of Hunter (15) and
Heimenz (16) and is based on the assumption that the van der
Waals interactions (attractive forces) and the electrostatic
interactions (repulsive forces) can be treated separately and
then combined to obtain the overall effect of both of these
forces on the particles. Although this is an oversimplification,
it is the easiest way to understand the complex interactions
that are occurring between colloidal particles.

3.1.1. Attractive Forces

The van der Waals attractive forces between two particles are
considered to result from dipole–dipole interactions and are
proportional to 1=H6, where H is the separation distance
between the particles (17). Consequently, the attractive forces
operate over very short distances and the value of these
attractive forces is greater the smaller the interparticle dis-
tance. The Hamaker summation method is used to calculate
the total van der Waals interaction energy (VA), assuming
that the interactions between individual molecules in two col-
loidal particles can be added together to obtain the total inter-
action and that these interactions are not affected by the

10 Burgess
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presence of all the other molecules. The dispersion theory of
Lifshitz (18) overcomes the assumptions made in the London
theory and is based on the idea that the attractive interac-
tion between particles is propagated as an electromagnetic
wave over distances that are large compared with atomic
dimensions. In the Lifshitz theory, the colloidal particles
are considered to be made up of many local oscillating
dipoles that continuously radiate energy. These dipoles are
also continuously absorbing energy from the electromagnetic
fields generated by all the surrounding particles. The reader
is referred to the text by Hunter (15) for a full treatment of
this theory.

3.1.2. Repulsive Forces

The repulsive forces between lyophobic colloids are electro-
static in nature and are a consequence of the charge carried
by the particles. All lyophobic colloidal particles acquire a sur-
face charge when dispersed in an electrolyte solution: by
adsorption of ions from the solution; by ionization of ionizable
groups; or by selective ion dissolution from the particle sur-
face. These charged particles attract ions of the opposite
charge (counter ions), some of which become tightly bound to
the particle surface. The counter ions are also pulled away
from the particle surfaces by the bulk solution as a result of
thermal motion. A diffuse layer of ions builds up as a conse-
quence of these two opposing effects so that at a distance from
the particle surface, it appears to be electrically neutral

collectively as the electrical double layer. The electrical double
layer is responsible for the repulsive interaction between two
colloidal particles. When two colloidal particles come in close
proximity of one another, their electrical double layers over-
lap. This causes a free energy change and an increase in osmo-
tic pressure as a result of the accumulation of ions between the
particles. This repulsive interaction (VR) decreases exponen-
tially with increase in the distance between the particles.

The DLVO theory combines the attractive and repul-
sive interactions between lyophobic colloids to explain the

Physical Stability of Dispersed Systems 11
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aggregative instability of two particles at any given separa-
tion distance. The two opposing forces are summed, as shown
diagrammatically in Fig. 3, where VT is the summation of VA

and VR (VT ¼ VA þ VR). The van der Waals attractive forces
dominate at both large and small separation distances. At

Figure 2 Diffuse double layer of ions on the particle surface.

Figure 3 Potential energy diagram for two spherical particles.
VA is vander Waals attraction energy; VR is repulsive energy; VT

is total potential energy obtained by summation of VA and VR

(VT¼VAþVR).

12 Burgess
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very small distances, van der Waals attraction increases
markedly, resulting in a deep attractive well (known as the
primary minimum). However, this well is not infinitely deep
due to the very steep short range repulsion between the atoms
on each surface (15). The DLVO theory can be applied in a
broad sense to most lyophobic colloidal systems. This theory
is also applied to particles and droplets outside the colloidal
size range and is discussed below for liquid and solid disper-
sion stability in the thermodynamics section. (The reader is

theory with respect to coarse suspension.

3.1.3. Stabilization of Lyophobic Colloids

Lyophobic colloids can be kinetically stabilized by electro-
static and polymeric methods. Electrostatic stabilization
results from charge–charge repulsion, as discussed above.
Polymeric stabilization is achieved by steric stabilization
upon adsorption of macromolecules (lyophilic colloids) at the
surface of a lyophobic colloid (19). The lyophilic colloids must
extend from the surface of the particles over a distance com-
parable to, or greater than, the distance over which van der
Waals attraction is effective. Therefore, a molecular weight
of at least a few kDa is required and the lyophilic colloids
must be present at a sufficiently high concentration so that
they saturate the surfaces of the lyophobic particles. The
colloidal particles will then repel one another as a result of
volume restriction and osmotic pressure effects, as illustrated

meric stabilization. A polyelectrolyte may stabilize a lyopho-
bic colloid by a combination of steric and electrostatic
stabilization (electro-steric stabilization).

At low polymer concentrations (and hence low particle
surface coverage), lyophilic colloids tend to have multiple
points of contact on the lyophobic particle surface and lie
along the surface rather than extend from it. Segments of
individual molecules may adsorb onto more than one lyopho-

causing particle aggregation rather than repulsion.

Physical Stability of Dispersed Systems 13
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3.2. Thermodynamics of Dispersed Systems
Dosage Forms

For the purpose of thermodynamics, dispersed systems can be
considered either as liquid dispersions (emulsions) or as solid
dispersions (suspensions, liposomes, nano- and microspheres).

Figure 4 Stabilization of lyophobic colloidal particles by volume
restriction and osmotic pressure effects.

Figure 5 Bridging flocculation by adsorption of polymer chains on
lyophobic colloid particles.

14 Burgess
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The term suspension is used in this section to represent
suspensions, liposomes, nano- and microspheres.

3.2.1. Emulsions

When two immiscible liquids or liquids with very limited
mutual solubility are agitated together, they fail to dissolve.
Immiscibility arises since the cohesive forces between the
molecules of the individual liquids are greater than the adhe-
sive forces between different liquids. Consequently, the force
experienced by molecules at the interface between the immis-
cible liquids is imbalanced compared to the force experienced
by molecules in the bulk (Fig. 6). This imbalance in the force
is manifested as interfacial tension (g). When the dispersed
phase is broken into droplets, the interfacial area (A) of this
liquid becomes large compared to that of the bulk liquid and
the surface free energy is increased by an amount gDA.
According to the Gibbs equation (20), increase in interfacial
free energy causes thermodynamic instability:

DG ¼ gDA� TDS

Figure 6 Pressure gradient across a droplet: A, continuous phase;
B, thin film with thickness d; C, dispersed phase; r, radius.

Physical Stability of Dispersed Systems 15
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where G is the interfacial free energy, T is the absolute tem-
perature, and S is the configurational entropy of the system. S
approximates to the configurational entropy of the dispersed
phase since the configurational entropy of the continuous
phase approximates to zero.

In most cases Gform (formation) is positive. This implies
that Gbreak (breakdown) is negative, i.e., emulsions are ther-
modynamically unstable or metastable. Therefore, there is a
tendency to decrease the interfacial area and hence reduce
the free energy of the system. This can be achieved by droplet
size growth and phase separation. Droplet size growth is
attributed to both coalescence and Ostwald ripening. Coales-
cence is the process by which two droplets converge to form
one large droplet. Ostwald ripening is dependent on the
dispersed phase molecules having limited solubility in the
dispersion media. As a consequence of differences in surface
to volume ratios, the net effect is that dispersed phase
molecules diffuse from small droplets into the continuous
phase and merge with large droplets. Thereby small droplets
become smaller and large droplets become larger.

Large amounts of energy are required in emulsion for-
mulation to create the interface since the energy of adhesion
between the molecules of the dispersed phase must be broken.
Additionally, energy is required due to the high Laplace pres-

(P) is always greater on the concave side of a curved interface
and is inversely proportional to the radius of the spherical
droplet

DP ¼ gð1=r1 þ 1=r2Þ

where the curvature of the droplet is defined by the inner and
outer radii r1 þ r2.

3.2.2. Suspensions

Suspensions are dispersions of insoluble solid particles in a
liquid medium. As with liquid dispersions, work must be done
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sure gradient across the droplets (21) (Fig. 6). The pressure



to reduce solids into small particles and disperse them in the
continuous medium. The bonds between the molecules in the
solid particles must be broken exposing a new interfacial
area, with associated interfacial tension since the interfacial
adhesive forces are much less than the cohesive forces. The
smaller the particles, the larger the interfacial area and free
energy, and hence the more thermodynamically unstable
the system. Both liquid and solid dispersed systems tend to
approach a stable state by reduction in interfacial tension
and=or area. Suspensions aggregate rather than coalesce.
Like liquid dispersions, they are subject to Ostwald ripening.

3.2.3. Mechanisms of Emulsion and Suspension
Destabilization

Instability in emulsion systems is manifested in the following
ways: creaming, flocculation, coalescence, Ostwald ripening,
phase inversion, and cracking. Instability in suspension
systems is manifested as: sedimentation, flocculation, aggre-
gation, Ostwald ripening, and caking.

Creaming =Sedimentation

Creaming=sedimentation occurs as a result of an exter-
nal force such as gravitation, centrifugation, and electricity.
There is no change in droplet=particle size or size distribu-
tion. The dispersed phase droplets=particles either rise to
the top of the system (cream), if their density is lower than
that of the continuous phase or they sediment if their density
is higher. Droplet=particle size and size distribution are
important as well as the density difference between the two
phases and the viscosity of the continuous phase. These para-
meters are related in Stokes’ law:

n ¼ 2Drga2=9Zo

where n is the rate of creaming=sedimentation, Dr is the den-
sity difference between the two phases, a is the hydrodynamic
radius of the droplets or particles, and Zo is the viscosity of the
continuous phase.
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Stokes’ law applies to non-interacting dilute dispersions
of uniform radius and must be modified for other systems.
The structure of the sedimented or creamed layer (that is,
the distances between the droplets=particles) is dependent
on a balance between the external (gravitational, centri-
fugal, or electric) field and the interdroplet=particle forces
(van der Waals, electrostatic, and=or steric forces associated
with an interfacial polymer=surfactant layer). Packing is
further complicated by the following factors: polydispersity,
deformation (emulsions), flocculation, and coalescence (emul-
sions)=caking (suspensions). In emulsion systems, the more
rigid the interfacial film (refer below to section on emulsion sta-
bilization) the greater the resistance to deformation from sphe-
rical geometry. Deformation is also dependent on droplet size,
the greater the droplet size the greater the tendency for defor-
mation to occur. Often droplets distort into polyhedral cells
resembling foam structures with networks of more or less
planar thin films of one liquid separating cells of the other
liquid.

A creamed=sedimented system redisperses on shaking,
however since the droplets=particles are in close proximity
to one another, there is the possibility of flocculation and=or
coalescence of the creamed droplets (emulsions) and floccula-
tion and=or caking (suspensions). The stability of the
creamed layer to coalescence depends on the stability of the
thin film between the droplets to rupture (refer below to the

sediment faster as a result of the large size of the floccs.
These systems are also easier to redisperse since flocculation
occurs at the secondary minimum and therefore involves
weaker forces than aggregation at the primary minimum

Flocculation

Flocculation is the build up of aggregates (floccs), result-
ing from weak attractive forces between droplets. The identi-
ties of the individual droplets=particles are retained and
on shaking the floccs redisperse and there is no change
in droplet=particle size or size distribution. The kinetics
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(Fig. 3).

section on the Marangoni effect). Flocculated systems cream=



of flocculation are controlled by diffusion of the droplets=
particles. An equilibrium exists between flocculated droplets=
particles and singlets. In a strongly flocculated system, all the
droplets=particles are flocculated. A critical dispersed phase
volume exists below which particles are thermodynamically
stable with respect to flocculation.

In the flocculation process, emulsion droplets come into
contact and are separated by a thin liquid film. The interfacial
tensions of each of the two interfaces forming this film are
lower than that of an isolated interface:

gðhÞ ¼ gð1Þ þGiðhÞ=2

where h is the thickness of the film, and Gi(h) is the interfa-
cial free energy of the two droplets across the film.

In the case where only van der Waals attractive forces
are operating, then Gi(h) will be negative and g(h) will always
be less than g(1). Therefore, the film separating the two
droplets will spontaneously thin resulting in rupture and coa-
lescence. In the case where repulsive forces are present then
the free energy may not fall continuously with decrease in dis-
tance between the droplets. According to the DLVO theory
sufficient kinetic energy is required to surmount the free
energy barrier to coalescence, i.e., droplets must collide with

inter-droplet distances, where van der Waals attractive forces
are larger than the repulsive forces. However, the van der
Waals forces are not strong enough to cause coalescence of
emulsion droplets and irreversible aggregation of suspen-
sions. Emulsions and suspensions are often formulated to floc-
culate at the secondary minimum, since this is a relatively
stable state. There is a free energy barrier to flocculation
and if this is large enough flocculation does not occur.

Coalescence=Caking

Coalescence occurs in flocculated and creamed emulsion
systems. Caking occurs in non-flocculated suspension systems
that have sedimented. These phenomena result in a change in
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the particle size and size distribution and involve the elimina-
tion of the thin liquid film of continuous phase which sepa-
rates two particles. The particles then merge forming one
large particle. Separation of the dispersed phase is known
as cracking in the case of emulsions and caking in the case
of suspensions. The limiting state is complete separation into
two phases. In the case of emulsion droplets the film separat-
ing the droplets ruptures at a specific spot in the lamella due
to thinning. Coalescence behavior is dependent on the nature
of forces acting across the film and on the kinetic aspects asso-
ciated with local fluctuations in film thickness (thermal or
mechanical). Refer below to a description of the Marangoni
effect which opposes film rupture. The kinetics of coalescence
are controlled by molecular diffusion of liquid out of the thin
film between the droplets. The rate of coalescence is also pro-
portional to the number of contacts between droplets in an
aggregate.

The pressure of the packed particles upon one another is
sufficient to drive sedimented particles close enough together
so that van der Waals attractive forces dominate and the sedi-
mented particles lose their individual identity and can no
longer be redispersed on shaking. Sedimented flocculated par-
ticles usually do not cake as the particles are aggregated at

tance between the particles is sufficient to prevent caking. In
order for caking to occur, the particles must approach one
another at very short distances—the primary minimum. Floc-
culation is therefore utilized as a means of stabilizing suspen-
sions to caking.

Ostwald Ripening

Ostwald ripening occurs in dispersed systems where the
two phases have a finite mutual solubility (most systems) and
the dispersed phase particles are polydisperse. This process
results in a change in droplet size and size distribution.
Oswald ripening is associated with the difference in the che-
mical potential between particles of different size. Dispersed
phase molecules diffuse from the surface of smaller particles
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the secondary minimum (DLVO theory, Fig. 3), where the dis-



into the continuous medium and join with larger particles.
The particles tend to one size and ultimately the formation
of one large particle. The effect on droplet solubilities is
described by the Kelvin equation:

In Ca=Cb ¼ 2gV=RTð1=a� 1=bÞ

where Ca and Cb are the saturation solubilities of the
dispersed phase at the surface of the dispersed phase droplets
of radii a and b, respectively, V is the molar volume of the
dispersed phase, g is the interfacial tension, R is the ideal
gas constant, and T is the absolute temperature. According
to this equation, small droplets have a greater solubility than
larger droplets due to the effect of curvature on the surface
free energy. As a consequence, small droplets become smaller
and larger droplets become larger. A discussion of Ostwald
ripening and emulsion stability is presented by Jiao and
Burgess (22).

Phase Inversion

Phase inversion is the process whereby the dispersed and
continuous phases of emulsion systems invert suddenly. A
W=O emulsion inverts to an O=W emulsion or vice versa
and results in a change in droplet size and size distribution.
Phase inversion usually occurs on change in temperature,
change in phase ratios, or the addition of a new component
and normally follows droplet flocculation and coalescence. Dif-
ficulty in packing of the dispersed phase droplets drives phase
inversion above a certain volume fraction. An example of a
component that can result in phase inversion is the addition
of a second emulsifier with a different hydrophilic–lipophilic
balance (HLB) value. The second emulsifier can change the
overall HLB of the system to a value that favors the opposite
type of emulsion.

The various mechanisms involved in emulsion destabili-
zation are inter-related. For example, coalescence usually
follows from flocculation and creaming.
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3.2.4. Forces Involved in Emulsion
Destabilization

Long-range external field forces operate in emulsion and sus-
pension systems as well as interparticle forces and intermole-
cular forces. Long-range forces include gravity, centrifugal or
applied electrostatic forces and these affect creaming and
flocculation. Examples of interparticle field forces are the
electrical double layer, dispersion forces, hydrodynamic
forces, and diffusional (entropic) forces associated with dro-
plet concentration gradients within the emulsion system.
These forces determine whether creaming and sedimentation
lead to flocculation and in turn whether flocculation leads to
coalescence of droplets and coagulation of particles. Intermo-
lecular forces include diffusion and molecular entropies and
are concerned with coalescence, Oswald ripening, and phase
inversion.

3.2.5. Factors Affecting Emulsion and Suspension
Breakdown and Stabilization

Factors affecting stability include particle size, size distribu-
tion, phase volume ratio, interfacial tension, presence of
charge barriers, presence of steric barriers, and the presence
of mechanical barriers (film strength).

The smaller the initial droplet size the more stable the
emulsion. The narrower the droplet size distribution the
more stable the emulsion, since this minimizes contact
between creamed and flocculated droplets and therefore
reduces the potential for coalescence. The smaller the phase
volume ratio of the dispersed phase the more stable the
emulsion or suspension as this results in smaller droplet size
and reduces the potential for collision. The lower the interfa-
cial tension the more stable the emulsion, as explained by
the Gibbs equation. Low interfacial tension results in the
formation of droplets with small mean diameters and narrow
size distributions. Interfacial charge barriers give rise to
electrostatic repulsion between droplets and hence stabilize
dispersed systems. Steric barriers result in stabilization by
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volume restriction and osmotic effects. The stronger the
mechanical barrier the greater the resistance to coalescence
following flocculation, creaming, and collision.

The Marangoni Effect

A film of continuous phase is present around the dis-
persed phase droplets and this is very important with respect
to emulsion stability (20). If no surfactant is present, this film
is very unstable and drains away rapidly under the influence
of gravitational forces. In the presence of surfactant, an inter-
facial tension gradient is created as the film drains. Conse-
quently, surfactant molecules diffuse to the interface of the
draining film in an attempt to restore the interfacial tension
and in doing so they drag liquid with them restoring the film.
This liquid motion is caused by tangential stress and is known
as the Marangoni effect. The Marangoni effect helps to stabi-
lize emulsions by restoring the interfacial film at a thinned
area on a droplet surface and by forcing liquid into the gaps
between approaching droplets and thereby driving themapart.

The difference between the local interfacial tension at a
point on the surface of a droplet and the equilibrium value
is the surface dilational modulus:

E ¼ dg=dðIn AÞ

where E depends on the nature and amount of surfactant, the
rate of transport of surfactant to the interface, and the rate of
expansion or contraction of the film. In the case of a thin film,
transport toward the interface is very rapid since diffusion
over a short distance is rapid and consequently the nature
and amount of surfactant are the determining factors. The
Gibbs elasticity of a thin film (Ef) equals twice the surface
dilational modulus and is given by

Ef ¼ � 2dy=dðInGÞ
1þ ð1=2Þhdm=dG

where G is the surface excess concentration of surfactant, h is
the film thickness, and m is surfactant molar concentration.
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The thinner the film the higher the Ef value and conse-
quently the greater the resistance to drainage. Therefore,
during stretching the thinnest part of the film will have the
greatest resistance to stretching as long as sufficient surfac-
tant is present, since surfactant will diffuse rapidly to that
point to restore the interfacial tension. On the contrary, if sur-
factant concentration is low, then Ef will be lowest for the
thinnest part of the film and the film will be unstable. A thin
film being stretched will break as soon as it exceeds a certain
critical value (gcr). gcr will be reached more rapidly for systems
with low surfactant concentration that are being stretched
rapidly.

This has implications in emulsification as well as in
emulsion stability, as it should be easier to form emulsions
using slow stirring speeds in the initial part of the processing
when droplet formation is rapid.

Strong Marangoni effects can result in distortion of
the interface and shredding of droplets when interfacial
tension is low. Negative interfacial tension values result
in droplet shredding and the spontaneous formation of
microemulsions.

3.2.6. Emulsion and Suspension
Stabilizing Agents

Emulsifying and suspending agents work by reducing interfa-
cial tension and=or forming an interfacial film barrier to
droplet coalescence=aggregation of solids and to Ostwald
ripening. Stabilizing agents are usually classified into four
groups: inorganic electrolytes, surfactants, macromolecules,
and solid particles (20).

Inorganic electrolytes, such as potassium thiocyanate sta-
bilize dispersed systems by imparting a charge at the inter-
face. Electrostatic repulsion reduces the rate of coalescence=
aggregation, according to the DLVO theory, refer above.

Surfactants are molecules that contain both hydrophilic
and lipophilic groups and consequently have an affinity for
interfaces. Surfactants are classified according to the HLB
system. This is an arbitrary scale of values that serves to esti-
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mate the relative hydrophilicity=lipophilicity of surfactants.
According to this system, surfactants with HLB values of
approximately 3–8 are effective in stabilizing W=O emulsions
and surfactants with HLB values of approximately
8–16 are effective in stabilizing O=W emulsions. In addition
to the HLB value, the phase volumes and surfactant concen-
trations must be taken into account in determination of the
type of emulsion that will form in a given system.

Surfactants are added to emulsion and suspension sys-
tems to reduce interfacial tension and consequently increase
stability. In emulsion systems, surfactants also reduce the
initial droplet size and size distribution; draw a liquid film
between droplets in areas where film thinning may have
occurred (according to the Marangoni effect); impart steric
stabilization and in the case of charged surfactants give rise
to charge stabilization. In suspension systems, surfactants
reduce interfacial tension, decrease the contact angle between
the particles and the liquid continuous phase; impart steric
stabilization and in the case of charged surfactants result in
charge stabilization.

Some surfactant systems form liquid crystalline phases
at the emulsion droplet interface (20–22). These phases
increase emulsion stability as a consequence of their high
interfacial viscoelasticity and the decreased van der Waals
force of attraction between droplets since the van der Waals
energy distance is increased. At high concentrations, surfac-
tants increase viscosity forming a semisolid emulsion with
enhanced stability since droplet movement and molecular
diffusion are limited (20). This is known as self-bodying
action.

Specific intermolecular interactions can occur between
two interfacially adsorbed surfactants, such as cetyl sulfate
and cholesterol. This results in enhanced stability by redu-
cing interfacial tension, increasing interfacial elasticity (film
strength), which prevents lateral displacement of molecules
in thin films and increased stability.

The phase inversion temperature (PIT) is the tempera-
ture at which O=W emulsions invert to W=O or vice versa.
Emulsion PIT is influenced by surfactant HLB and emulsion
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droplets are less stable to coalescence at temperatures close to
the PIT. Emulsion stability is enhanced when the storage
temperature is significantly below the PIT (20–65�C).

Macromolecules such as proteins and certain synthetic
polymers are similar to surfactants in that they are interfa-
cially active due to a multiplicity of hydrophilic and lipophilic
groups. Interfacial adsorption of macromolecules results in a
gain in entropy due to a loss of structured water from the
macromolecular surface. Macromolecules reduce interfacial
tension, form mechanical interfacial barriers and in some
cases charge barriers to droplet coalescence. The mechanism
of steric stabilization is due to extension of the macromole-
cules into the continuous phase. This keeps the emulsion
droplets and suspended particles apart by volume restriction

particles are far enough apart that van der Waals attractive
forces are not effective. Volume restriction explains the free
energy of repulsion by a reduction in the configurational
entropy of the macromolecular chains as two droplets
approach close to one another. The osmotic effect is due to
an increase in the local osmotic pressure and free energy.
The osmotic pressure drives continuous phase into the region
between the droplets or particles and hence keeps them
apart. The polymer must fully cover the dispersed phase sur-
face as bare patches will lead to coagulation. Thicker interfa-
cial films enhance the steric stabilization effect. The polymer
must be firmly anchored to the interface. Copolymers with
hydrophilic and lipophilic moieties are best with respect to
anchoring. The continuous phase should provide a good
solvent environment for the polymer to optimize the stabiliza-
tion effects.

Finely divided solids can adsorb at the emulsion droplet
interfaces and form a mechanical barrier to droplet coales-
cence (23). The type of emulsion formed depends on which
phase wets the particles to the greater extent. If they are
wetted more by water then they will form a W=O emulsion
and if they are wetted more by oil they will form an O=W
emulsion.
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3.2.7. Predicting Emulsion Stability

Accelerated testing of dispersed systems is used to predict
emulsion stability. However, the validity of accelerated tests
is questionable as these tests often involve conditions that
the product would not normally be subjected to and conse-
quently the stability may be totally different. The level of
stress that the system is subjected to must be moderate, suffi-
cient to increase the rate(s) of the natural destabilization
mechanism(s) but not so high that the destabilization
mechanism(s) are altered (24). Abuse of a dispersed system
is useless in predicting stability. Accelerated testing methods
involve elevated temperature, freeze=thaw cycling, ultracen-
trifugation, and vibration.

Thermatropic stress is commonly used in accelerated
testing including elevated temperature, low temperature,
and freeze=thaw cycling.

Elevated temperature increases the Brownian motion of
the droplets and hence increases the probability and force of
droplet collision and consequently flocculation and coales-
cence are enhanced. Molecular diffusion increases with tem-
perature and the mutual solubility of the two phases is also
likely to increase, increasing Ostwald ripening. Elevated tem-
perature will decrease the viscosity of the continuous phase
of most systems increasing creaming=sedimentation, as
predicted by Stokes’ law. Therefore, the physical stability
of dispersed systems is expected to be lower at elevated
temperatures.

In addition to enhancing the rate of emulsion destabiliza-
tion by the normal mechanisms as outlined above, elevated
temperatures can result in several destabilizing reactions
(24). Emulsion stability is influenced by the cloud point tem-
perature and the PIT. These two phenomena are related to
the solubility of non-ionic surfactants. The cloud point is the
temperature above which a particular surfactant self associ-
ates as a result of loss of water of hydration. The surfactant
separates as a precipitate or gel and is no longer available
to stabilize the emulsion. The PIT is the temperature at which
an emulsion inverts from an O=W to a W=O emulsion or vice
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versa, depending on the relative solubility of the surfactant in
the two phases (24). Emulsions stabilized by hydrated gel
(liquid crystalline) phases exhibit a transition temperature
above which the liquid crystalline phase melts destabilizing
the emulsion (24). It is pointless to investigate emulsion sta-
bility above these temperatures as the emulsions break
rapidly and this is unrelated to emulsion stability under
normal conditions. Heat may also affect the chemical stability
of the system resulting in increased rates of hydrolysis of
the surfactant or any incorporated drug and thus complicat-
ing the assessment of emulsion physical stability.

Considering the above thermal effects high temperature
testing of emulsions must be conducted with care. In general,
emulsion breakdown at temperatures of 75�C and above
cannot be used as a predictor of stability under normal condi-
tions. Elevated temperature studies should be conducted
at moderate temperatures. Rapid emulsion breakdown at
45–50�C or below indicates that the emulsion is highly
unstable and should be reformulated.

Low Temperature Studies

There is usually little information to be gained from stu-
dies at low temperature, as low temperature increases viscos-
ity and retards the various instability mechanisms. It is
therefore rare for emulsions to fail under refrigeration.
Exceptions are formulations including certain lipids that form
unusual crystalline metamorphic phases at low temperatures
which result in emulsion destabilization.

Freeze=Thaw Cycling

The rate of freezing and thawing must be carefully con-
trolled for the test to be useful (24). The freezing rate must
be slow so that large ice crystals can form. These crystals
may alter emulsion droplet shape and=or penetrate into them
destabilizing their interfacial film. Thawing should be per-
formed slowly without agitation. Freeze=thaw cycling should
be repeated several times and after the final thawing the tem-
perature should be increased to 35–45�C and the emulsion
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compared with a similar sample that had not been frozen.
Freeze=thaw testing is important as emulsions may encoun-
ter freezing temperatures during transportation and storage.
Therefore, this is a good predictive test for emulsions that are
likely to experience these conditions.

Other accelerated testing methods for emulsions include
centrifugation and vibrational stress.

Centrifugation

This method is applicable primarily to fluid emulsions in
which sedimentation or creaming is the primary cause of
instability. Centrifugation testing under severe conditions
(ultracentrifugation) is pointless and has little or no predic-
tive value. The forces encountered in ultracentrifugation are
such that steric and electrostatic repulsive barriers around
emulsion droplets are usually destroyed (24). This is unrepre-
sentative of the normal conditions experienced by emulsion
droplets.

Slow centrifugation 500–5000 rpm can be a useful test as
the rate of creaming can be increased without destroying the
steric and repulsive barriers (24). This test is particularly use-
ful for emulsions that are normally slow rising (semisolids).
The creaming rates of these systems can be speeded up to
allow a useful evaluation in the space of a few hours.

Vibrational Testing

As applies to the accelerated stability tests discussed
above, extreme stress should be avoided as this will lead to
rapid breakdown that is not predictive of the stability of the
system (24). Shaking should be conducted at 10–100 cycles=
min. This level of vibration simulates the stress of shipping.

This type of test is particularly useful for viscous semiso-
lid emulsions, since droplet interaction is necessary for
the various instability mechanisms and these are very limited
in viscous systems. Agitation allows the droplets to approach
one another with sufficient kinetic energy to effect coales-
cence and speed up the natural destabilization mechanisms.
Shaking may lead to heavy build up of dispersed phase dro-
plets on the container walls and ultimate phase separation.
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Interfacial properties (charge, rheology, and tension) can
also be used as predictors of emulsion stability (25–34). The
interfacial charge on the emulsion droplets gives a direct mea-
surement of the electrostatic barrier to coalescence. Interfacial
rheology measures the elasticity of the interfacial film and
hence the mechanical barrier to droplet coalescence. Interfa-
cial tension is related to emulsion stability through the Gibbs
equation, the lower the interfacial tension the more condensed
the interfacial film and the lower the possibility of film drai-
nage and rupture. The relative importance of these interfacial
properties has been investigated by Burgess et al. (25–34).
They have shown that depending on the predominantmechan-
ism of emulsion destabilization, one or more of these factors
can be used to predict emulsion stability. It is therefore impor-
tant to investigate all of these parameters.

3.2.8. Methods of Emulsion Stability Testing

There is no single universally applicable criterion for quantita-
tive characterization of the rate of de-emulsification (24). It is
not possible to determine a specific reaction rate constant for
this process as many different reactions often occur simulta-
neously. It is a common practice to employ several stability tests
measuring different parameters to assess the overall stability.

Visual

Visual observations are used to assess sedimentation
and creaming (24). The separated layers can be analyzed for
content.

Rheological Tests

These are used to determine the viscoelastic nature of a
semisolid emulsion and hence the susceptibility to destabiliza-
tion by creaming, flocculation, and coalescence. Care must be
taken as the shearing involvedmay cause particle size changes
and=or destroy the rheological structure of the emulsion.

Particle Size Analysis

Emulsion stability can be defined as the rate of change in
mean droplet size and size distribution. Change in particle size
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or number change is indicative of the strength of forces resist-
ing coalescence and phase separation. According to King and
Mukherjee (35), the only precise method for the determination
of emulsion stability involves size frequency analysis of the
dispersed phase droplets as a function of aging time. The main
parameters used for the estimation of emulsion stability are
the mean droplet size and the polydispersity index. Droplet
size and size distribution analysis can be conducted using
photon correlation spectroscopy, light extinction and blockage
counting, electronic pulse counting, hydrodynamic chromato-
graphy, field flow fractionation, and microscopy. However,
there are problems associated with the various methods of
particle sizing. With the exception of microscopy, these meth-
ods fail to differentiate between floccs and individual droplets.
Microscopic tests can be highly subjective and are tedious as a
sufficiently large number of particles must be counted.
Dilution is usually required prior to particle size analysis
and this can cause stability problems. Bulk and interfacial
surfactant may re-equilibrate on dilution resulting in loss of
surfactant from the interfacial film and destabilization of the
emulsion.

Electrical Techniques

Conductivity, dielectric behavior, and zeta potential have
all been investigated (24). These methods are not very satis-
factory. Changes in dielectric constants have been measured,
however these are usually associated with chemical changes
in the emulsion such as the hydrolysis of components (36).
Changes in zeta potential have correlated with physical stabi-
lity in cases where reduction in zeta potential has been a
consequence of desorption of ionic emulsifiers from droplet
interfaces (37,38).

3.2.9. Controls for Emulsion Stability Tests

In some cases, testing is best conducted by comparison with
an emulsion of known acceptable shelf life. The stability test
is conducted on both emulsion systems and extrapolations are
made to predict the shelf life of the unknown emulsion. Other
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tests use an initial parameter of the emulsion for comparison.
For example, the initial droplet size is used to compare parti-
cle size growth with time. Burgess and Yoon (26) developed a
method of assessing the relative stability of various emulsion
systems, based on comparisons with initial measurements.
Particle size analysis was conducted at various time intervals
until the emulsion cracked. Three to five parameters were
then selected (such as initial mean diameter, maximum mean
diameter, time to reach maximum mean diameter, and time
until phase separation was observed) and the emulsions were
given a comparative score for each parameter. The highest
scores were given to the apparently most stable emulsion
for each parameter. For example, the one that took longest
to reach its maximum mean diameter. The scores for each
parameter were added and the system with the highest over-
all score was considered the most stable.

Stability comparisons between different emulsions should
be conducted on equivalent systems, that is systemswith equal
droplet size distributions, equivalent amounts of adsorbed
emulsifier and after equilibrium has been reached. Although
it may not be possible to obtain exactly equivalent systems,
the mechanical processing of the emulsions can be manipu-
lated to improve the match between the emulsions.

3.3. Multiple Emulsions

Multiple emulsions consist of at least three phases and are
formed by dispersion of an O=W emulsion in oil to form an
O=W=O emulsion or by dispersion of a W=O emulsion in water
to form a W=O=W emulsion (39). These complex systems gen-
erally have greater stability problems than simple emulsions.
Mechanisms of instability specific to multiple emulsions
(expressed for W=O=W systems) are as follows:

� Coalescence of inner aqueous droplets.
� Coalescence of multiple droplets.
� Rupture of oil layer on the surface of the internal

droplets resulting in loss of internal droplets.
� Transport of water through the oil layer.
� Migration of surfactant from one interface to another.

32 Burgess

© 2005 by Taylor & Francis Group, LLC



The multiple droplets must be large so that the inner
phase can be incorporated. This large droplet size adds to
the instability of the multiple droplets. The amount of inner
phase incorporated is also significant, as crowding will lead
to rapid coalescence of the inner droplets and rupture of the
oil layer. Emulsifier concentrations and ratios are important
as phase inversion may occur in multiple emulsion systems
as a result of migration of emulsifiers between the two inter-
faces and consequent alteration of the emulsion HLB value
(40,41). Emulsions with a higher concentration of the primary
emulsifier are generally more stable (33).

3.3.1. Criteria to Assess Multiple Emulsion
Stability

1. Marker method. A marker such as NaCl is incorpo-
rated in the inner aqueous phase and the percen-
tage released into the external aqueous phase
with time is measured (39). The marker is released
on rupture of the oil layer separating the two
aqueous phases.

2. Microscopy. This is an important method, especially
for assessment of the internal aqueous droplets.
Flocculation and coalescence of the internal droplets
cannot be directly measured by any other means.
Microscopy can be tedious and subjective. Random
samples must be prepared and the size of the multi-
ple, internal and any simple droplets must be deter-
mined. It can be difficult to determine whether the
multiple droplets contain internal droplets, particu-
larly if they are very small or if they take up a large
proportion of the multiple droplets. It may also be
difficult to observe the internal droplets due to
reflected light from the surface of the oil droplets.
Freeze etching electron microscopy is used to avoid
problems associated with very small internal
droplets. Video microscopy is a useful technique
to observe changes in emulsion stability with time.
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4. Viscometry. This is not a quantitative method, how-
ever measurement of continuous phase viscosity
changes can be useful to assess multiple droplet rup-
ture (42). Viscosity usually decreases with time as a
result of rupture of the oil layer. This is complicated
as other factors can affect viscosity, such as incorpo-
rated drugs and excipients, in particular polymers.
The release of these agents into the continuous
phase can result in an increase in viscosity.

5. Particle size analysis of multiple droplets. Particle
sizing methods as described above are utilized. A
problem in assessing the size of multiple droplets
is that possible increases in droplet diameter due
to coalescence may be offset by decreases in droplet
size due to shrinkage or loss of internal droplets
from the multiple droplets. In addition, with the
exception of microscopy, it is impossible to distin-
guish between multiple and simple droplets.
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1. INTRODUCTION

Parenteral routes of administration are often used in cases
of hampered non-parenteral bioavailability and severe dis-
ease states. Several important therapeutic groups such as
antibiotics, anti-asthmatics, anti-convulsics, anxiolytics,
and analgesics are administered by parenteral routes. The
i.v. route of administration results in a rapid increase of
drug concentration in the blood. This route of administration
has advantages over local parenteral administration in cases
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of emergency, when fast action is essential. Local adminis-
tration includes subcutaneous (s.c.) and intramuscular
(i.m.) injection and direct injection into target organs such
as the eyes, central nervous system, and heart. When the
drug is intended for local effect, for prolonged and
sustained drug release, or for drug delivery to lymph nodes,
s.c. and i.m. administration is preferred. Clinical advantages
of s.c. and i.m. drug administration may include avoidance of
high systemic peak drug concentrations, less frequent
administration, and fewer problems with compatibility of
the injection components compared to i.v. administration.

Dispersed systems for parenteral use may be developed if
a drug cannot be dissolved and administered in solution or for

of controlled or sustained drug release, drug
targeting, or reduction of toxic effects to sensitive tissues.
Examples of dispersed systems are emulsions, suspensions,

that are in use for parenteral administration.
An attractive characteristic of injectable dispersed

systems is their ability to act as sustained release systems.
Pharmaceutical research and development of injectable dis-
persed systems as sustained release systems following local
administration is mainly focused on altering the pharmaco-
kinetics of the drug so that the therapeutic agent is
delivered over an extended period of time.

This chapter focuses on biopharmaceutical principles of
absorption of locally injected drug formulations. Particular
emphasis is given to the s.c. and i.m. routes as they are most
commonly used. To gain an understanding of the biophar-
maceutical principles involved, the general features and basic
kinetics of the s.c. and i.m. absorption processes are
discussed for conventional injectable formulations (such as
solutions and suspensions in aqueous and oily vehicles).
Absorption of drugs formulated in advanced drug carrier sys-
tems (such as liposomes and microspheres) is then discussed
in the light of the basic biopharmaceutical principles.
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Table 1 Overview Dispersed Systems

Dispersed
system Definition

Particulate
material Applications

Route of
administration

Emulsions Oil in water emulsion Oil droplet Parenteral nutrition,
administration of
liquid oily drugs

i.v., s.c., i.m.

Suspensions Solid particles in
aqueous vehicle

Drugs not soluble
in water

Sustained release s.c., i.m.

Microspheres Polymeric particles Biodegradable
polymers

Sustained release,
site specific delivery

s.c., i.m.

Liposomes Lipid-based vesicles Phospholipids Reduction of drug toxicity,
site specific delivery,
sustained release

i.v., s.c., i.m.,
intra-CSF

Nanoparticles Polymeric particles Biodegradable
polymers

i.v., s.c., i.m.

In
jectab

le
D
isp

ersed
System

s
4
1



2. DRUG ABSORPTION FROM
CONVENTIONAL FORMULATIONS

2.1. Drug Absorption from Aqueous Vehicles

2.1.1. Variation in Absorption

It is often thought that drugs are rapidly and completely
absorbed from the s.c. and i.m. injection site particularly
when formulated in aqueous systems. However, it appears
that the rate as well as the extent of drug absorption is often
erratic and variable (1). Several factors may account for the
variability in absorption rate and extent. Differences in
physiological parameters such as drainage and blood flow
due to muscle activity, inflammation, and physiological reac-
tions to the injection trauma are possible explanations (2,3).
For example, after i.m. injection, the absorption of artelinic
acid, a water-soluble derivative of the anti-malaria drug arte-
misinin, is found to be very variable (Fig. 1) (4). Hydrophilic

Figure 1 Fraction of the injected dose remaining to be absorbed
after i.m. injection of sodium artelinate (20 mg/kg) aqueous solution
in rabbits. Each line represents the data of an individual animal
(n = 10). (From Ref. 4.)

42 Oussoren et al.

© 2005 by Taylor & Francis Group, LLC



compounds with rather low molecular weights (such as arte-
linic acid) are preferentially absorbed by the paracellular
route. This transport capacity is influenced by several factors
including muscle activity, inflammation, and flow of the tissue
fluid and, therefore, absorption by this route is generally very
variable (2). Another cause of variable drug absorption is
injection technique. Intra- and intermuscular injections,
within and between the muscle fibrils, respectively (5), may
result in different absorption profiles. This would result in
a bimodal distribution in the absorption rate; however,
experimental evidence for bimodality is lacking in the litera-
ture. Another likely explanation, which is not definitely pro-
ven, is a variation in the shape of the depot. The shape may
vary from spherical to almost needle-shaped in different sub-
jects. These differences depend on local cohesion between the
muscle components and the tendency for these to be torn open
by the injection procedure. Differences in the shape of the
depot cause differences in the contact area between the depot
and the surrounding tissue, the effective permeation area,
and thus in the absorption rate.

2.1.2. Extent of Absorption

Hydrophilic drugs in solution injected i.m. and s.c. are gener-
ally rapidly absorbed from a local depot. However, complete
absorption in a time relevant for therapy does not always
occur (6–9). Absorption only takes place as long as enough
vehicle or essential elements of the vehicle are present to keep
the drug in solution or to drive the absorption process. After
the vehicle has been absorbed, the absorption, rate of the drug
decreases rapidly due to precipitation at the injection site.
Particularly, salts with an alkaline or acidic reaction have
the potential to precipitate after injection due to the neutra-
lizing or buffer capacity of the tissue fluids. This has been
briefly mentioned in the literature for quinidine hydrochlor-
ide (9) and is clearly illustrated in a study using human
volunteers by Kostenbauder et al. with i.m. injected pheny-
toin (10). Relatively high concentrations of phenytoin in solu-
tion require a relatively high pH (pH 11 or higher) as well as
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co-solvents and=or complexing agents. After i.m. injection,
phenytoin is slowly absorbed over a period of approximately
5 days. After 40hr, 20% of the drug remained unabsorbed.
Precipitation and slow redissolution of the drug by tissue
fluids at the injection site may explain the slow absorption.
The authors developed a mathematical model based on this
concept. The observed drug concentration curves in plasma
fitted well with this model. Precipitation is probably a result
of the pH neutrali-zing effect of the tissue components and
possible relatively rapid absorption of one or more of the
essential solvent components (10).

Slow absorption due to precipitation is a potential risk for
reduced bioavailability as shown for i.m. injection of pheno-
barbital. After i.m. injection in the deltoid muscle of children,
phenobarbital appeared to be completely absorbed, however
bioavailability was only 80% compared to oral administration
in adults (11). A lack of stability of phenobarbital at the injec-
tion site (amide bond hydrolysis) was proposed as an explana-
tion for the incomplete bioavailability. Another possible
explanation is precipitation of phenobarbital at the site of
injection, since this formulation is very similar to the pheny-
toin formulation, described above. The detection limit of the
analytical method is also very important since slow adsorption
of precipitated drug may result in very low and clinically irre-
levant concentrations which may not be detected.

Prevention of precipitation of salts and thus enhance-
ment of absorption may be achieved by the use of cosolvents
as demonstrated in a study on the effect of propylene glycol
on the absorption of benzimidazole hydrochloride (12). It
appeared that propylene glycol, which apparently is absorbed
slower than water, may prevent, at least partly, precipitation
of the free base (or free acid) in certain circumstances. This
may enhance the absorption rate of the drugs in question.

2.1.3. Physicochemical Characteristics of Drugs

Physicochemical factors such as the lipophilicity of the drug
are important factors that determine bioavailability. Hydro-
philic drugs are usually absorbed completely. In contrast,

44 Oussoren et al.

© 2005 by Taylor & Francis Group, LLC



aqueous solutions and suspensions of relatively lipophilic
drugs are often absorbed incompletelywithin a therapeutically
relevant time. The influence of drug lipophilicity on absorption
rate is illustrated by the difference in absorption rate between
midazolam and diazepam. Midazolam is absorbed signific-
antly faster following i.m. injection than the more lipophilic
diazepam (13).

b-Blocking agents are an ideal group of compounds for
investigation of the effect of drug lipophilicity and release from
i.m. and s.c. injection sites since they have similar molecular
weights and pKa values, but differ markedly in lipophilicity.
Studies in pigs using crossover experiments have been
publishedwithb-blockingagentswithvarying lipophilicity: ate-
nolol, metoprolol, alprenolol, propranolol, and carazolol (14,15).
Figures representing the fraction remaining at the site of injec-
tion after s.c. and i.m. injection using i.v. data as references
showedbiphasicdeclines; a rapidfirstphaseandaveryslowsec-

tively correlated with drug lipophilicity expressed as fat-buffer
partition coefficients, especially after injection into the s.c. fat

more lipophilic the compound the lower the release rate and
the bioavailability. The most hydrophilic compound, atenolol,
was the only onewhichwas completely absorbed or bioavailable
within 8hr after i.m. injection and within 24hr after s.c. injec-
tion. The relatively high absorption of relatively hydrophilic
drugs is a result of fast transition of the drug into the hydrophi-
lic tissue fluid. More lipophilic drugs, which transit slower into
theaqueousphase, areabsorbedslower.Asaresult of the slower
absorption process, the aqueous vehiclemay be absorbed before
drug absorption is complete, which consequently results in
reduced bioavailability as discussed above (14,15).

In contrast to what one would expect based on lipophili-
city, propanolol was better and faster absorbed from the i.m.
injection site (15). This may be related to local tissue irritation
by the drug. Propranolol is known to have local irritating
properties which may improve blood perfusion in the muscles
and account for the deviant behavior after i.m. injection.
Absorption of propranolol after s.c. administration was as
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layers, also called the intra-adipose layers (Fig. 3) (14). The



anticipated based on its lipophilicity since the s.c. fat layer or
adipose layer is less sensitive to irritating compounds and is
less well perfused compared to the i.m. site (15).

Molecular weight appears inversely related to the
absorption rate. It has been shown that relatively small mole-
cules are absorbed primarily via the blood capillaries, while

Figure 2 Typical example of the fraction of the injected dose
remaining at the injection site after intra-adipose (s.c.) and intra-
muscular administration of a series b-blocking agents. In order of
increasing lipophilicity: atenolol (black squares); metoprolol (black
dots); alprenolol (open circles); propranolol (open squares). (From
Ref. 15.)
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compounds with molecular weights larger than approxi-
mately 16 kDa and particulate matter such as drug carriers
appear to be absorbed mainly by the lymphatics, which
results in a lower rate of absorption (6,16). (The reader is
referred to 6 in this book for a discussion of the
biopharmaceutical principles with respect to injectable
suspensions.)

2.2. Drug Absorption from Oily Vehicles

Drug solutions in oil and even suspensions in oil are often
thought to be sustained release preparations. However, rapid
absorption is often observed. Most likely, slow release is not a
property of the oily vehicle but it is the result of relatively
high lipophilicity of the drug or interactions between the drug
and the vehicle.

Oily vehicles are absorbed slowly and remain present at
the injection site for several months. As long as the oily
vehicle is present at the site of injection and contains drug
in solution, the drug will be released and absorbed from the

Figure 3 Correlation between the fat-buffer distribution constants
and release rates on intra-adipose administration of atenolol (At),
metoprolol (Me), alprenolol (Al), and propranolol (Pr). (From Ref. 14.)
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injection site. The same applies to drug suspensions in oil. For
example, the relatively hydrophilic anti-malaria drug artemi-
sinine is relatively rapidly absorbed when injected as a
suspension in oil (17). Due to drug absorption, drug concentra-
tion in the oily vehicle decreases and consequently suspended
drug will dissolve and be absorbed from the site of injection
into the blood circulation. Additionally, drugs in suspension
may migrate in particulate form to the interface of the oily
vehicle and the aqueous tissue fluid. At the interface, hydro-
philic drugs may rapidly dissolve and become absorbed

pension in an aqueous vehicle is much slower, which is most
likely the result of rapid absorption of the aqueous vehicle
and consequently low dissolution of the drug at the site of injec-
tion. As discussed in the previous section, precipitated drug is
absorbed slowly and erratically (Fig. 4B).

Drug release and absorption from an oily vehicle into the
blood circulation depends mainly on the lipophilicity of the
drug. At the oily vehicle=tissue fluid interface, the transition
of drugs from oily vehicles into the aqueous phase is con-
trolled by the oil=water partition coefficient. More lipophilic
drugs will transit slowly into the aqueous tissue fluid and
consequently will be released and absorbed slowly. Hence,
lipophilic derivatization can be used as a tool to optimize
the sustained release characteristics of the formulation.

The importance of the partition coefficient is illustrated
by experiments in which the influence of the lipophilicity of
the vehicle on the in vivo release of testosterone-decanoate
was studied (18). Disappearance of the drug from the injection
site was determined to be proportionally related to the in vitro
partition coefficient The slowest absorption rate
occurred when ethyloleate, to which the drug has the highest
affinity, was used as the vehicle. The mean absorption half-life
value increased from 3.2hr in light paraffin to 10.3hr in ethy-
loleate. Thus through formulation in a vehicle with a high lipo-
philicity sustained release of this drug was achieved (18).
These observations illustrate and endorse the importance of
the choice of vehicle and the affinity of the drug for the vehicle
on drug absorption following i.m. injection.
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(Fig. 4A). In contrast, absorption of artemisinine from a sus-



3. DRUG ABSORPTION FROM DRUG
CARRIER SYSTEMS

Drugs that are rapidly eliminated from the blood yield quickly
declining blood drug levels and result in a short duration of

Figure 4 Plots of artemisinin concentrations in serum vs. time
after an i.m. administered dose of 400mgartemisinin to human volun-
teers. A) Suspension in oil; B) Suspension in an aqueous vehicle. Each
line represents the data of an individual volunteer (n=10). (From
Ref. 17.)
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therapeutic response. For a number of drugs, it is desirable to
maintain the concentration of the drug in blood within the
therapeutic range for a long period of time and avoid toxic
levels. In these cases, the use of drug delivery systems that
provide slow release of the drug over an extended period of
time is useful. Several drug carrier systems, e.g., liposomes
and microspheres, are currently being developed as sustained
systems following s.c. or i.m. administration (19).

Absorption of drugs encapsulated in carrier systems
after s.c. and i.m. administration is more complicated than
absorption from conventional formulations. Not only absorp-
tion of the free drug but also absorption of the carrier and
release of the drug from the carrier are important issues to
be considered. After release, the drug will behave similarly
to drug administered in conventional formulations and gen-
eral biopharmaceutical principles will be applicable. How-
ever, if the drug is not released from the carrier, and the
carrier is absorbed from the injection site as an intact entity,
the drug will follow the kinetics and biodistribution of the
carrier, which is generally very different from the kinetics
of the free drug. Moreover, slow release of drug from the
circulating carrier will also affect drug concentration in the
blood circulation.

This section will deal with the absorption of s.c. and i.m.
administered drug carriers. First absorption of the carrier as
an intact entity from the local site of injection will be
discussed. Then attention will be paid to release mechanisms
of drugs from several carriers at the local injection site.

Table 2 Testosterondecanoate Fat=Phosphate Buffer Partition
and Absorption Rate Expressed as Half-Life in the Muscle

Solvent Part coeff.� 10�3 t1=2 in the muscle (h)

Ethyloleate 6.3 10.3
Octanol 5.3 9.7
Isopropylmyristate 4.3 7.8
Light liquid paraffin 1.3 3.2

Source: From Ref. 18.
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3.1. Absorption of Drug Carrier Systems

Following local administration, large molecules and particu-
late matter do not have direct access to the bloodstream as
the permeability of blood capillaries in the interstitium is
restricted to water and small molecules. Instead, large mole-
cules and particulate matter may be taken up by lymphatic
capillaries (16). Figure 5 presents a schematic illustration of
drug absorption following s.c. injection of liposome-encapsu-
lated drugs. Similar mechanisms hold for the i.m. route of
administration. Lymphatic absorption is described for
several carrier systems. Here absorption of liposomes will be
discussed as a model for other drug carriers. Generally, simi-
lar phenomena occur for the other carrier systems.

Figure 5 Schematic representation of drug release and absorp-
tion of injectable dispersed systems from the site of injection after
s.c. or i.m. injection. Small molecules can enter the blood circulation
either by entering blood capillaries or via lymphatic capillaries,
whereas larger molecules and drug encapsulated in small particles
can enter the blood circulation only via lymphatic capillaries. (From
Ref. 19.)
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Absorption of particles from the injection site after local
parenteral administration depends mainly on one important
carrier-related factor, particle size. For liposomes, several
reports refer to a cut-off value of 0.1 mm, above which lipo-
somes fail to appear in the blood to any substantial extent.
Larger liposomes will remain at the s.c. injection site for a
long period of time (20–23). This size-dependent retention
at the injection site is likely to be related to the process of
particle transport through the interstitium. The structural
organization of the interstitium dictates that larger particles
will have more difficulty to pass through the interstitium
and will remain at the site of injection to a large, almost
complete extent. Gradual release of the encapsulated drug
from liposomes remaining at the injection site results in very
low but prolonged drug levels in the blood. Therapeutic drug
levels have been reported to last for several days (24–27).
When smaller liposomes are administered, they will migrate
through the aqueous channels in the interstitium and will be
taken up by the lymphatic capillaries. Small liposomes that
have been taken up by the lymphatic capillaries reach the
general circulation where they behave as if administered
by the i.v. route (23). Obviously, if sustained drug release
is intended, larger particles that remain at the site of injec-
tion are preferred. Other liposome-related factors such as
liposome charge, liposome composition, and surface modifica-
tion appear to be of less importance for liposome absorption
(23,28).

3.2. Drug Release from Carrier Systems

Drugs encapsulated in carrier systems that remain at the site
of injection will be gradually released from the carrier. Drug
release rates are determined by both the carrier and the drug
characteristics.

The release mechanism of drugs from microspheres is
dependent on the polymer and formulation technique used.
From polyester microspheres, the drug is generally released
by diffusion through aqueous channels or pores in the poly-
mer matrix and by diffusion across the polymer barrier
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following erosion of the polymer. Surface erosion or bulk ero-
sion occurs parallel with the hydrolytic degradation of the
polymer, which influences the release pattern and stability
of incorporated drugs after injection. Anderson and Shive
summarized the factors affecting the hydrolytic degradation
behavior of biodegradable polyesters and described their bio-
compatibility (29). These factors are shown in Table 3.

Hydrogel particles are considered to be interesting
systems for peptide and protein delivery because of their good
tissue compatibility and possibilities to manipulate the
permeability for solutes. The release rate is dependent
on the molecular size of the drug, the degree of cross-linking
of the gel, and the water content (30).

Liposomes and microspheres often show a burst effect
combined with sustained release. Several mechanisms of
drug release from liposomes following local administration
have been suggested. Liposomes remaining at the site of
injection might gradually erode and eventually disintegrate
completely (e.g., as a result of attack by enzymes, destruc-
tion by neutrophils). During this process, the entrapped
drug is released. After release, free drug enters the blood
circulation by either direct absorption into the blood
capillaries or via lymphatic capillaries. As release of the

Table 3 Factors Influencing Hydrolytic Behavior of
Biodegradable Polyestersa

Water permeability and solubility (hydrophilicity=hydrophobicity)
Chemical composition
Mechanism of hydrolysis (noncatalytic, autocatalytic, enzymatic)
Additives (acidic, basic, monomers, solvents, drugs)
Morphology (crystalline, amorphous)
Device dimensions (size, shape, surface-to-volume ratio)
Porosity
Glass transition temperature (glassy, rubbery)
Molecular weight and molecular weight distribution
Physico-chemical factors (ion exchange, ionic strength, pH)
Sterilization
Site of implantation

aFrom Ref. 29.
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encapsulated drug may occur during an extended period of
time, concentrations in the blood will be prolonged. The rate
and duration of release from liposomes depends on plasma
factors and liposome stability. Serum proteins, enzymes,
phagocytosing cells, shear stress, and liposome aggregation
at the injection site play a role in the destabilization or
degradation of liposomes at the injection site and subsequent
leakage of liposomal contents (31–37).

Stable liposomes composed of saturated lipids are known
to release their content slower than liposomes with higher
membrane fluidity. Schreier et al. reported the same relation
between liposome stability and drug release after i.m. admin-
istration of liposomes (38). The rate of release of encapsulated
drug as well as the erosion of liposomes at the injection site
were found to be a function of the fluidity of the lipid mem-
branes. The release rate of gentamicin from egg phosphatidyl-
choline liposomes was about seven times slower than from soy
phosphatidylcholine liposomes with more fluid (unsaturated)
bilayers when injected i.m. In line with these observations,
Koppenhagen reported that after intratumoral injection of
111Indium-labeled desferal encapsulated in ‘‘solid’’ liposomes,
the amount of label remaining at the injection site was about
10-fold higher than when encapsulated in ‘‘fluid’’ liposomes, 6
days post-injection (39). From these observations, it may be
concluded that drug absorption rates may be controlled
(within certain limits) by using lipids with different degrees
of bilayer fluidity.

Other liposome-related factors seem to be of less impor-
tance for drug release from the injection site. Several papers
studied retention of differently charged liposomes at the injec-
tion site after i.m. injection. Results suggest that release from
negatively charged liposomes at the i.m. injection site is
somewhat less than the release of neutral and positively
charged liposomes (27,40,41). Recently, the influence of
liposome charge on the fate of methotrexate encapsulated in
neutral, positively, and negatively charged liposomes was
studied after i.m. injection (42,43). Plasma concentrations of
methotrexate were not substantially influenced by liposome
charge.
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4. FACTORS INFLUENCING DRUG
ABSORPTION

4.1. Influence of Injection Volume and Drug
Concentration

4.1.1. Conventional Drug Formulations

Hydrophilic compounds such as atropine, sodium chloride,
sugars, and polyols such as mannitol and sorbitol, are
reported to be absorbed rapidly when the compounds are
administered in relatively small injection volumes (44–46).
The faster absorption rate of hydrophilic drugs from smaller
injection volumes can be explained by higher concentrations
of the drug in the aqueous vehicle which result in a higher
diffusion rate into tissue fluid.

In contrast to the volume-dependent absorption rates of
hydrophilic drugs in solution, hydrophilic drugs in suspension
are found to be absorbed slowly from small injection volumes.
In suspensions, the drug concentration does not depend on the
volume and consequently the drug diffusion rate into tissue
fluid is constant. Hirano et al.(47–50) studied the kinetic beh-
avior of suspensions after i.m. and s.c. injection. They found
that increasing concentrations and decreasing volumes lead
to increased sustained release properties of their suspended
model compounds and thus slower absorption. This phenom-
enon is explained by the aggregation of the separate particles
by physicochemical forces and tissue tension. In 1958, Ober et
al. stated that aggregation in concentrated particulate sys-
tems often gives rise to enlarged viscosity, specific rheological
features and as a result a diminished dissolution rate after
injection (51). In addition, it is known that viscosity and spe-
cific rheological features such as (pseudo) plastic behavior in
suspensions and emulsions increase with increasing concen-
tration and with decreasing particle size. Increased viscosity
hampers diffusion of the drug out of an aggregated clot.

The influence of injection volume on the rate and extent
of bioavailability of solutions of relatively lipophilic drugs in
aqueous vehicles has been studied in rats (52). The study was
performed to find an explanation for the incomplete absorption
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of the more lipophilic b-blocking agents as described in the for-
mer section of this chapter. Propranolol was used as a model
compound. The rate and extent of absorption 8hr after injection
appeared to increase with increasing injection volume. This was
explained by the observation that with increasing vehicle
volume, the residence time of the vehicle at the injection site
increased. Consequently, the drug was dissolved over a longer
time-period resulting in a faster release rate compared to when
the drug is present in the solid state (Fig. 6). Moreover a larger
volume may increase the vehicle flow, including the drug in
solution, from the depot. This effect explains the higher absorp-
tion rate during the initial phase.

The influence of injection volume on the absorption of
drugs in solution was studied by determining the absorption
of testosterone and some other lipophilic model drugs from
different volumes of several oily vehicles (53). Lipophilic com-
pounds are faster absorbed when they are dosed in smaller

Figure 6 Individual release rate constants after i.m. injection of
3 mg propranolol HCl in 50, 100, and 200 ml aqueous solution in
rats. Lines connect the individual values of the same rat (n=6).
(From Ref. 52.)
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volumes of the oily vehicle. This effect is the same as occurs
for solutions of hydrophilic drugs in aqueous vehicles, where
the diffusion potential is dominating the absorption rate.

4.1.2. Drug Carrier Systems

In line with findings on drug absorption from hydrophilic sus-
pensions, drug release rates from drug carrier formulations,
are found to be slower when smaller volumes are injected and
whenhigher dosages are used (54–59). Themost likely explana-
tion is that the observed effect is related to the formation of a
pressure-induced aggregate at the injection site as discussed
above. Smaller injection volumes result in a smaller and more
compact depot fromwhich drug releasewill be slower than from
a larger depot. Studies with i.m. and s.c. injections of liposomal
chloroquine inmicehave confirmed that an increased volumeat
a fixed concentration of liposomes results in an increased
absorption rate, whereas an increased dose or liposome concen-
tration results in a decreased absorption rate. Hence, the
absorption rate constants showed a positive correlation with
injection volume after both routes of administration (60).

The finding that smaller volumes and higher concentra-
tions in dispersed systems formulations may decrease the
rate and extent of drug absorption has important clinical
implications. Increasing the injected dose is often thought to
lead to a proportional drug concentration increase in the blood
circulation. However, dose increase in dispersed systems such
as suspensions or liposomal dispersions often leads to a
decrease in the absorption rate due to aggregation. This
may cause even lower drug plasma concentrations and longer
residence times at the site of injection. In general, in the case
of dispersed injections, higher plasma concentrations can only
be reached with multiple injections.

4.2. Injection Depth

Injection depth appears to be a major factor determining the
absorption profile of lipophilic drugs. Generally, for i.m. injec-
tion a needle length larger than the s.c. fat layer is needed.
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However, one should realize that the thickness of the s.c. fat
layer varies greatly. For example, in the gluteal region, the
s.c. layer shows a large interindividual variation. Moreover,
large differences are found between males and females. Cock-
shott et al. investigated the thickness of the gluteal s.c. fat
layer and found a large difference in mean skin to muscle dis-
tance between the investigated 63 males and 60 females (61).
The skin to muscle distance was about 3–9 cm within the
group of females whereas 1 cm to about 7 cm was measured
in males. In line with these observations, large differences
in absorption rates were found between males and females
after injection of cefradine in the gluteal region (62). Differ-
ences in absorption rate between deep i.m. injections and

The absorption rate of the hydrophilic atenolol after i.m.
injection is considerably faster than after s.c. administration.
Atenolol was already completely absorbed within 8hr after
i.m. injection whereas 24hr after s.c. or intra-adipose injec-
tion absorption still occurred (15).

Generally, absorption from the i.m. injection site is in
most cases much faster than from the adipose s.c. fat layer
which can be explained by structural and physiological
differences in the tissue. The fatty connective tissues and
adipose layers at the s.c. injection site are more lipomatous
and much less perfused than muscular tissues (2). Lipophilic
drugs will be more easily absorbed from hydrophilic tissue
than from lipophilic tissue. Absorption of hydrophilic drugs
from aqueous solutions is less dependent on injection depth.

These observations have important clinical implications.
In 1974, a letter appeared in the Lancet (63) in which diaze-
pam concentrations in plasma, 90 min after i.m. injection
(administered by either 3 or 4 cm long needles) in the gluteal
region were measured in females. With the 3-cm needle injec-
tions, plasma diazepam concentrations appeared very low and
were therapeutically inadequate. In contrast, injections given
with 4 cm needles resulted in much, therapeutically relevant
diazepam concentrations. This indicates that the 3-cm injec-
tion was too shallow and that the injection was very likely
placed in the s.c. fat layer instead of the intended gluteus
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maximus. Additionally, a too shallow injection might have
great clinical impact in disease prophylaxis by vaccination.
For example, despite timely post-exposure treatment with
rabies vaccine in the gluteal region, a patient died from rabies
encephalitis (64), probably due to too shallow injection.

In contrast to fast absorption from the i.m. injection site,
s.c. injection generally results in slow absorption. Therefore,
sustained release injections are better placed in the s.c. or lipo-
matous tissues. This has been demonstrated by Modderman
et al. (65) and Pieters et al. (66). They found marked differ-
ences in dapsone absorption profile between males and
females. Males showed high peak concentrations in the first
week and a shorter mean residence time. These differences
were not found if injections were given at two-third of the indi-
vidually measured skin to muscle distance, which is a guaran-
tee for s.c. injection. Additionally, the sustained release
characteristics were much better after intra-adipose (s.c. in
the gluteal region) than after i.m. injection. Release times up
to a month were obtained with dapsone and up to 3 months
with its more lipophilic derivative monoacetyldapsone (67).

4.3. Anatomical Site of Injection

The anatomical site of injection may be another important
factor determining the absorption rate of drug carriers after
s.c. administration. This was clearly demonstratedwhen small
(0.1 mm) liposomes were administered at different sites of the
body of rats. After s.c. injection into the flank of rats, disap-
pearance from the site of injection was much lower than after
injection in the footpad or into the dorsal side of the foot. In
fact, after s.c. injection into the flank of rats, the injected lipo-
somes remain to a large, almost complete extent, at the site of
injection, whereas about 60% of the injected dose reaches the
blood circulation after injection into the foot The
observed site-dependent disposition is attributed to differences
in the structural organization of the s.c. tissue at the different
sites of injection (68). These results demonstrate that the ana-
tomical site of s.c. injection should be considered carefully
when designing injectable dispersions for local administration.
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5. CARRIER KINETICS AND TARGETING

The i.v. route is the preferable route of administration
to study carrier kinetics. Here, we will discuss mainly the
biodistribution and pharmacokinetics of liposomes after i.v.
administration as an example. Other particulate systems such
as microspheres behave similarly to large liposomes because
size and surface characteristics are the major determinants.

Studies on the in vivo fate or elimination of i.v. adminis-
tered liposomes also provide information on other routes of
injection, since liposomes, which are injected by other routes

Figure 7 Recovery of liposomal label from blood after s.c. admin-
istration of liposomes at three different sites of injection. A single
dose of radiolabeled liposomes (EPC:EPG:Chol, molar ratio 10:1:4;
mean diameter, 0.1 mm, 2 mmol total lipid) was injected s.c. into
the flank, into the dorsal side of the foot and into the footpad of rats.
Values represent the mean percentage of injected dose circulating
in the total blood volume �SD of 4 animals. (From Ref. 68.)
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than the i.v. route, usually reach the circulation to some
extent (23). Upon i.v. injection or intact absorption from local
injection sites, liposomes and other particulate systems are
mainly eliminated by accumulation in organs rich in cells
belonging to the mononuclear phagocyte system (MPS). Due
to rich blood supplies and the abundance of phagocytic MPS
cells, the major sites of accumulation are the liver and spleen.
A dummy dose of a particulate system, or other phagocytotic
depressant, can decrease the uptake of a dispersed system by
the MPS through presaturation of the system. Dose-
dependent kinetics follow logically from these observations
and have been demonstrated for liposomes (69–72).

A number of studies have illustrated that when lipo-
somes are exposed to serum or plasma, they rapidly acquire
a coating of proteinaceous molecules (73–76). Protein binding
can be demonstrated by separating liposomes from serum or
plasma incubations and then analyzing the liposome-protein
complexes by sodium dodecylsulfate–polyacrylamide gel elec-
trophoresis. Protein binding differs considerably in amount
and pattern depending on the dose, size, lipid composition,
bilayer rigidity, and surface characteristics (such as charge
and hydrophilicity) of the vesicles. These liposome–blood pro-
tein interactions have a number of important consequences
for the subsequent pharmacokinetic behavior of the vesicles
in vivo and for their use as drug carrier systems. Generally,
small liposomes are cleared more slowly than large liposomes,
partly due to less mechanical obstruction but also resulting
from a lower affinity of serum proteins (opsonines) which
are involved with the liver uptake by phagocytic cells (77).
Opsonic activity also seems to depend on the lipophilicity of
the particle surface, and on the presence of divalent cations
which probably play a role in conformational changes in the
opsonins (78). In addition, the net surface charge influences
the opsonization process. Positively charged and neutral
liposomes of similar size appear to circulate longer than nega-
tively charged liposomes (79). Increasing the negative charge
results in a dramatic acceleration of liposome clearance (80).
Additionally, bilayer fluidity, which can be influenced by the
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use of phospholipids with long and saturated acyl chains or by
the incorporation of cholesterol in the liposomal bilayer,
determines stability in plasma and thus blood circulation
times of liposomes.

Liposomes are relatively rapidly cleared from the blood
circulation by the MPS. To avoid this rapid clearance, sur-
face-modified liposomes which escape from MPS uptake and
achieve prolonged circulation half-times in vivo have been
extensively investigated during the last decade. Steric hinder-
ing of negative charge by surface modification, hydrophiliza-
tion, leads to increased circulation times and half-life by
preventing interaction with opsonins. Increase of carrier half-
life can be realized by the addition of carbohydrate moieties
or the introduction of poly(ethyleneglycol) (PEG) derivatives
absorbed or covalently bound to particulate materials or mem-
brane lipids of liposomes. The most popular means to obtain
sterically stabilized liposomes is to incorporate PEG conju-
gated to distearoyl-phosphatidyl-ethanolamine (DSPE-PEG)
into the liposomal bilayer (28,81–86).

Prolonged circulation times of sterically stabilized lipo-
somes result in increased amounts of liposomes extravasating
in areas where the permeability of the endothelial barrier is
increased, specifically infected tissue and tumor tissue. There-
fore, sterically stabilized liposomes can be used to target drugs
to these tissues (passive targeting) (87–89). An approach to site
specific delivery of liposomes is to conjugate them with homing
devices such as monoclonal or polyclonal antibodies (active
targeting). These immunoliposomes demonstrate high selectiv-
ity of drug delivery in vitro (90–92). However, coupling of
antibodies to liposomes increases MPS uptake. As a result, cir-
culation times of immunoliposomes in blood are generally
shorter than circulation times of conventional liposomes.
Therefore, sterically stabilized immunoliposomes are currently
under investigation (93–98). Results demonstrate that these
liposomes combine the advantages of both systems, long circu-
lation times, and site, specific drug delivery. To date, only a few
reports on the therapeutic applications of long circulating
immunoliposomes have appeared (99–102).
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6. TISSUE PROTECTIVE EFFECT OF DISPERSED
SYSTEMS

S.c. and i.m. administration of drugs may cause discomfort
and pain at the site of injection. Injury by injection can be
caused by disruption of the tissue by the needle or by
specific toxic effects of the injected material. Several consti-
tuents such as drug and excipients of the pharmaceutical
formulation may cause irritation and=or damage to the
surrounding tissue. The use of carriers such as liposomes
is an interesting tool to prevent or reduce tissue damage.
Liposomes have been reported to protect tissue against
irritating drugs after both i.v. and local injection in a
number of papers (103–106).

The ability of liposomes to prevent tissue irritation by
the non-steroid anti-inflammatory drug novaminsulfone and
the anti-malarial drug chloroquine has been investigated in
animal studies. These drugs are known to be irritating, caus-
ing hemorrhage, cell necrosis, inflammatory reactions, and
eventually fibrosis (107). I.m. injection of free novaminsulfone
resulted in severe tissue damage, whereas the same dose of
novaminsulfone entrapped in liposomes was not irritating.
Differences were less pronounced when tissue irritation was
compared after i.m. injection of chloroquine and liposome
encapsulated chloroquine. The difference between novamin-
sulfone and chloroquine was explained by the fact that nova-
minsulfone is known to possess stronger irritating properties
(108). In line with these findings, Al-Suwayeh et al. showed
that liposomal encapsulation of loxapine (i.m. injection) sig-
nificantly reduced myotoxicity compared to the same dose of
loxapine in a commercially available formulation containing
propylene glycol (70% v=v) and polysorbate 80 (5% w=v) after
i.m. injection (109).

Liposomal formulation factors such as bilayer rigidity
have a marked influence on the liposomal protective effect
against s.c. administered model drugs mitoxantrone and
doxorubicin. Both model drugs are, in the chosen dosage, pro-
gressively vesicant and cause similar patterns of tissue
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damage. Liposome rigidity was an important factor in tissue
protection. Gel-state liposomes with more rigid bilayers pro-
tected surrounding tissue more efficiently than fluid-state
liposomes, which are more susceptible to leakage of the drug.
The presence of a hydrophilic PEG-coating did not affect the
protective effect of liposomes (110).

Additionally, in animal studies, local tissue damage was
found to be strongly dependent on the route of administra-
tion. Initially, surrounding tissue was protected efficiently
against the toxic effects of the encapsulated mitoxantrone,
both after s.c. and i.m. injection. However, 7 days post-injec-
tion toxic effects after i.m. administration were reduced more
than after s.c. administration (110). The differences between
the protective effect after s.c. and i.m. administration were
ascribed to higher clearance from the injection site of
injected material after i.m. injection than after s.c. adminis-
tration. Differences were attributed to a richer supply of
blood and the presence of abundant lymphatic capillaries in
muscle tissue and incre-ased blood and lymph flow through
muscles during body movement of the animal. As surround-
ing tissue will only be exposed to very low concentrations of
the free drug, tissue damage will be negligible. In contrast,
the prolonged inflammatory response observed following
s.c. administration of mitoxantrone- and doxorubicin-con-
taining liposomes may be the result of a large proportion of
the injected liposomal dose remaining at the injection site
for a longer period of time.

Differences in damaging properties between novaminsul-
fone and chloroquine, mitoxantrone, and doxorubicin and in
the potential of liposomal protection show that drugs differ
in intrinsic irritating properties. Some drugs cause dose-
related injury whereas others such as anthracyclines cause
cumulative and=or irreversible damage. In the latter case,
the impact of protection by encapsulation of the drug in lipo-
somes may be of limited value (110). In general, liposomes
might offer good protection against tissue damage, but each
particular combination of drug and liposomes should be tested
carefully and extensively for its clinical value.
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7. SUMMARY

Dispersed systems for injection are developed in cases that
solution dosage forms are impossible or to achieve a specific
objective (e.g., sustained drug release, drug targeting, or
reduction of toxic effects to sensitive tissues).

The rate of action of s.c. and i.m. injected drugs depends
greatly on drug release from the formulation and absorption
from the site of injection. Variables that are known to affect
drug release and absorption after s.c. or i.m. injection include
pharmaceutical aspects of the formulation, e.g., the initial
drug concentration, the properties of the vehicle in which
the drug is formulated, and the physicochemical properties
of the drug. Biopharmaceutical aspects, e.g., the route of
administration, injection site, injection technique, and in-
jection depth, are also known to affect drug absorption.
Moreover, physiologic aspects such as blood supply and
temperature at the injection site and body movement may
influence drug absorption after local administration.

Much attention has been paid to the development of par-
ticulate drug carrier systems such as liposomes and micro-
spheres. Absorption of drugs encapsulated in drug carriers
depends on carrier characteristics. Absorption of the carrier
occurs only if the carrier is smaller than about 0.1 mm. Parti-
cles larger than about 0.1 mm remain at the injection site and
disintegrate or release their contents gradually resulting in
low but prolonged plasma concentrations. The rate and
extent of release of the encapsulated drug may be controlled
by manipulating physical and chemical characteristics of
both drug and formulation.

Findings on the influence of formulation characteristics
and biopharmaceutical aspects on the absorption of s.c. and
i.m. injected drugs or drug carriers such as described in this
chapter have important clinical implications and should be
taken into consideration when designing formulations
intended for s.c. and i.m. administration.
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1. INTRODUCTION

The successful development and manufacture of pharmaceu-
tical dispersions for parenteral administration relies on accu-
rate analysis and characterization of these products.
Applications of injectable emulsions, liposomes, and suspen-
sions share one common problem: a few oversize particles in
any of these submicron colloidal systems could cost the loss
of hundreds of thousands of dollars and, even more impor-
tantly, more loss of life in the case of intravenous (i.v) delivery
(1). It is imperative that high-quality injectable dispersed
systems be developed and maintained, and that adequate,
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consistent, and comprehensive tests are available to ensure
product quality and safety.

Appropriate assessment of an injectable dispersed sys-
tem requires characterization of both chemical and physical
stabilities. However, since the amount of active pharmaceuti-
cal ingredients dissolved in the continuous phase is
limited by the drug solubility, the drug concentration avail-
able for chemical reactions is usually low and approximately
constant over the product shelf life and drug degradation fol-
lows zero-order kinetics (2). As a result, chemical stability is
relatively less of an issue compared to physical stability,
which is often considered the determining factor for shelf life
of dispersions such as emulsions and suspensions, as well as
conventional liposome products. Physical properties are also
very important with respect to the performance of dispersed
systems. For example, the targeting of liposome systems
may be dependent on particle size and=or charge (refer to

microspheres are often dependent on particle size, as well
as other factors such as polymer type and molecular weight

The physical stability of dispersed systems can be char-
acterized by evaluation of the optical, kinetic, and electric
properties of the dispersed phase. The optical properties of a
particle reflect its light scattering behavior and provide a
basis for particle size and size distribution measurement by
light microscopy and sizing techniques of light scattering, dif-
fraction, and blocking. Kinetic properties resulting from
Brownian motion and particle diffusion determine the rate
of sedimentation or creaming of suspensions and emulsions
that may eventually lead to caking and phase separation.
Electrical properties resulting from the presence of a charge
on the surface of a particle determine particle–particle inter-
actions and affect flocculation and agglomeration. Electrical
properties of particles also affect their interaction with cells
in the body and can enable cellular uptake.

Commonly used characterization techniques for determi-
nation of particle size, zeta potential, and rheology are
reviewed here.
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2. PARTICLE SIZE MEASUREMENT

Particle size distribution is one of the most important character-
istics of injectable dispersed systems. For example, sedimenta-
tion or creaming tendencies of a dispersed system can be
minimized by changing the particle size of the system. The sta-
bility of injectable dispersed systems can also be conveniently
monitored by measuring changes in particle size and size distri-
bution. The biofate of some dispersed system dosage forms is
dependent on their particle size distribution (3,4). Tomazic-Jezic
et al. (5) reported an intensive phagocytosis of small- and med-
ium-sized polystyrene particles (1.2 and 5.2mm) after peritoneal
injection of the polystyrene particles into mice but no engulf-
ment of large polystyrene particles (12.5mm) by the macro-
phages was observed. The intravenous injection of emulsion
droplets above 5mm is clinically unacceptable because they
cause the formation of pulmonary emboli (6,7). The size require-
ment for suspensions administered intravenously is even smal-
ler since unlike emulsion droplets solid particles lack flexibility
that would enable passage through small capillaries.

A wide range of particle sizes is typical of dispersed sys-
tems as evidenced by intravenous fat emulsions that contain
droplets in the range of 10nm–1mm and by emulsions used
as contrast media in computerized tomography that are of
1–5mm size (8,9). Droplets larger than 5 mm are sometimes
present because of inefficient homogenization or as a result
of emulsion instability. Clearly, it is difficult to use a single
method for determination of all particle sizes in such a wide
range. For most colloidal dispersions the mean particle size
as well as size distribution can be accurately determined by
photon correlation spectroscopy (PCS). However, this method
is not capable of measuring sizes greater than 3 mm in dia-
meter. Laser diffraction can be used for measurement of par-
ticles greater than 3 mm and is therefore useful for detecting
larger particles. Photomicroscopy can also be used for sizing

methods and approximate size ranges for each. Some of these
methods including microscopy, electrical=optical sensing
zone, and light scattering are reviewed in detail.
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Table 1 Approximate Size Range of Methods for Particle Size Analysis

Particle sizing method
Size range
(mm) Comments

Optical microscopy (transmitted,
reflected, polarized light, fluorescence,
and confocal)

�0.5–600 Important tool for assessing particle size, shape,
flocculation, aggregation, and coalescence, etc. Results
are subjective and affected by sampling technique

Electron microscopy (transmission and
scanning)

�0.01–10 High magnification and direct observation of particle size
and shape. Samples need to be dry, coated, or frozen
which can affect stability and size. Instrument is
relatively expensive and difficult to operate

Electrical sensing zone (Coulter counter) �0.5–500 Accurate but requires samples containing electrolyte to
conduct current

Sedimentation �1–500 Based on Stokes’ law and applied to particles that settle in
the dispersion medium by gravity without causing
turbulence

Ultracentrifugation �0.01–5 Based on Stokes’ law and applied to particles that can be
separated in the dispersion medium under centrifugal
force

Sieving �50–5000 No practical significance for colloidal dispersed systems
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Dynamic light scattering (Malvern,
Nicomp, Brookhaven)

�0.01–3 Commonly used particle size method for injectable
dispersed systems. Upper size limit 3 mm

Static light scattering �0.02–2000 Commonly used particle size method for injectable
dispersed systems

X-ray and neutron scattering �0.005–10 Similar to light scattering techniques but with better
resolution

Size exclusive chromatography or
field-flow fractionation

�0.05–20 Particles are separated according to size by interacting
with the stationary phase or field force applied to
samples (electric, magnetic, or thermal). Requires
sample be stable under separating conditions

Optical sensing zone (HIAC, AccuSizer) �0.5–500 Based on the principle of light blockage and is the
commonly used method for coarse-dispersed systems
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2.1. Microscopic Methods

Microscopy is viewed by many as the ultimate tool for sizing
particles since the direct observation of a sample is simple
to interpret (10). Microscopy is also the most direct technique
of assessing stability of dispersed systems because changes in
particle size=shape and particle–particle interactions such as
flocculation and aggregation can be visually observed. In gen-
eral, microscopy is categorized into two groups depending on
the radiation sources used: optical and electron. The optical
microscope uses visible light as its radiation source and is
only able to distinguish two particles separated by about
300nm. The radiation source of the electron microscope is a
beam of high-energy electrons having wavelengths in the
region of 0.1 Å, which enables it to distinguish two particles
separated by approximately 10 Å.

2.1.1. Optical Microscopy

Optical microscopy involves the use of transmitted light,
reflected light, polarized light, fluorescence, and more
recently techniques such as confocal microscopy. Each of
these methods has particular strengths and applicabilities.
Transmitted light microscopy requires a sample sufficiently
thin to allow light to pass through it. This requirement is
often accomplished by simple smearing of the sample on a
slide. Most samples are transparent to white light or polar-
ized light that is used as the light source to observe the sam-
ples. To enhance observation of dispersed systems, for
example, emulsions, the fluorescence behavior of the organic
phase is used. This approach involves incident light of violet
or ultraviolet wavelength and observation of the fluorescent
light in the visible region. The incident reflected beam is fil-
tered out, and the returning light is due to the fluorescent
behavior of the oil phase.

In cases where the sample cannot be made thin enough,
a reflected light technique can be used. The reflecting micro-
scope differs substantially from the petrographic (transmitted
light) microscope. In particular, light must be directed onto
the smooth surface of an opaque sample in such a manner
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that it can reflect up the microscope tube, rather than being
transmitted through the material being investigated as is
the case with transparent materials. For this reason, an illu-
minating system is located part way up the microscope tube,
light is directed horizontally through an assemblage of dia-
phragms, lenses, and a polarizer such that polarized light is
incident on a reflecting mechanism (mirror in the microscope
tube) that directs some of the rays downward. The rays pass
through an objective, hit the surface of interest, and reflect
upward, partly passing through the reflector up the tube,
through an ocular lens system, then reaching the observer.

Regular light microscopy has a limited depth of field or a
narrow focal plane. Some samples, such as multiple emul-
sions containing large multiple droplets, have difficulty in
being accommodated in the focal plane and signals above
and below this plane are acquired as out-of-focus blurs that
distort and degrade the contrast and sharpness of the final
image. The confocal microscope solves these problems and
adds a new dimension to optical microscopic analysis (11).
Confocal microscopy uses a single-point source of light
brightly illuminating a small volume inside thick samples.
The area surrounding this point is weakly illuminated. A pin-
hole mask placed before the image detector allows only the
single brightly illuminated spot to go through and be
detected. The remaining area is blocked out so that a clear
single-point image is formed. The point light source or sample
station can be moved to map out the whole sample point by
point. With the aid of fluorescent labeling, confocal micro-
scopy is able to provide three-dimensional images of samples
with 30–60 sec temporal and �0.2 mm spatial resolution which
is often sufficient for the structural details of dispersion sam-
ples to be observed.

Using optical microscopy dispersed systems can be exam-
ined as is without sample treatment so that the network
structure of particles such as flocculation and agglomeration
may be directly observed. Video microscopy allows continuous
monitoring of samples and therefore provides a better under-
standing of the destabilization process. Video microscopy has
been used to determine multiple emulsion formation and
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droplet instability (12,13). However, one should be aware that
samples placed on glass slides for light microscopic examina-
tion have a different environment than that of the bulk phase
and these environmental changes may introduce different
instability pathways from those that normally occur. Also
microscopic examination requires the use of a coverslip placed
over the sample (14). The coverslip can create enough pres-
sure to deform, break or coalesce particles, and consequently
alter destabilization pathways (Jiao et al., 2000).

2.1.2. Electron Microscopy

Particles smaller than about 0.5 mm begin to approach the
resolution limit of the optical microscope which is a function
of the visible light wavelength (typically 500–600nm)
and the numerical aperture of the objective (maximum at
1.3–1.4 with 100� oil immersion lens and 1.6 refraction index
immersion oil). For observation of such small particles, elec-
tron microscopy has to be used. There are two types of elec-
tron microscopy: scanning and transmission. These are
analogous to conventional optical microscopy but offer signifi-
cant advantages in terms of depth of field and resolution. A
transmission electron microscope (TEM) works much like a
slide projector and shines a beam of electrons through the
specimen. The electron beam passes through it and is affected
by the structures of specimens and results in transmission of
only a certain part of the electron beam. The transmitted
beam is then projected onto the phosphor screen forming an
enlarged image of the sample. In a scanning electron micro-
scope (SEM), an electron gun emits a beam of high-energy
electrons that travels downward through a series of magnetic
lenses designed to focus the electrons to a fine point. Near the
bottom, a set of scanning coils moves the focused beam back
and forth across the specimen row by row. As the electron
beam hits each spot on the sample, secondary electrons are
knocked loose from its surface. A detector counts these elec-
trons and sends the signals to an amplifier. The final image
is built up from the number of electrons emitted from each
spot on the sample. SEM shows detailed three-dimensional
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images at much higher magnifications than is possible with a
light microscope.

There are, however, disadvantages associated with elec-
tron microscopic methods. First, the samples have to with-
stand the vacuum inside the SEM and need to be dry and
coated with a thin layer of gold to conduct electricity, result-
ing in possible loss of the structure that exists when particles
remain in the continuous phase. For example, drug crystals
containing hydrates in suspension may lose associated water
upon drying and become pseudomorphs (Grant, 2001). Emul-
sion droplets cannot be directly measured unless the sample
is frozen and a freeze-etching electron microscopy technique
is applied (15). Second, the instruments are more expensive
and the observation process is time consuming compared to
optical microscopy, thus making them inapplicable for routine
size analysis.

2.2. Electrical Sensing Zone Method

In this, instrument particles are diluted in an electrolyte solu-
tion and passed through a fine capillary that connects two lar-
ger chambers containing immersed electrodes. A potential
difference is applied between the electrodes. The resistance
change that occurs when a particle passes through the orifice
between the chambers is proportional to particle size
(volume). The most common instrument for this technique is
the Coulter counter, which is widely used for biological or
industrial applications in quality control or research. This
technique has high accuracy and resolution. The Coulter
counter uses an aperture instead of a fine capillary to sepa-
rate the two electrodes that are immersed in a weak electro-
lyte solution between which an electric current flows and
suspended particles are drawn through. As each particle
passes through the aperture (or ‘‘sensing zone’’), it momenta-
rily displaces its own volume of conducting liquid thus
increasing the impedance of the aperture. This change in
impedance produces a tiny but proportional current flow into
an amplifier that converts the current fluctuation into a vol-
tage pulse large enough for accurate measurement. Scaling
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these pulse heights in volume units enables a size distribution
to be acquired and displayed. In addition, if a metering device
is used to draw a known volume of the particle suspension
through the aperture, a count of the number of pulses will
yield the concentration of particles in the sample.

A wide range of aperture sizes is available to cover parti-
cle sizes between 0.5 and about 500 mm. However, the concen-
tration of suspended particles cannot be too high because the
appearance of two or more particles in the sensing zone at one
time would be measured as a single larger particle. The size
range analyzed in a single aperture is also limited because
particles of the same or larger size than the aperture diameter
lead to blockage, and particles smaller than about 2% of the
aperture diameter do not produce a signal above the back-
ground noise. Furthermore, electrolytes may change the prop-
erties of dispersed system and therefore affect the results.
Some Coulter models have mercury gauges or switches in
them. The mercury may be in a pressure gauge, on–off switch,
timing count gauge, vacuum gauge, and possibly other
gauges, depending on the model and year. There is no
evidence that the mercury in such equipment is spilling,
leaking, or causing other problems. However, operation,
repair, and maintenance service of such instruments requires
extra precautions.

2.3. Optical Sensing Zone Method

The principle of the optical sensing zone method is analogous
to that of the electrozone method. The optical sensing instru-
ment consists of an autodiluter, an optical sensor, and a capil-
lary placed on the path of a beam of light. When a solution
containing particles flows through the capillary, the particles
interrupt the incident light beam and decrease the amount of
light that reaches the optical sensor. The decrease in light
transmission produces a voltage pulse proportional to the pro-
jected area of each particle. For this reason, it is also referred
to as light extinction or blockage method. This approach is in
contrast to ‘‘ensemble’’ methods, such as Fraunhofer diff-
raction and sedimentation, which must process information
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produced by many particles simultaneously. The method uses
simple statistics to convert differential and cumulative popu-
lation data (counts vs. size) to the respective number, area,
and volume distributions. It has advantages such as high
resolution because of the single-particle counting mechanism,
high reproducibility due to auto dilution, quick measurement,
and the absence of electrolyte in the counting medium so that
particles can be suspended in any medium including organic
solvents.

However, the low concentration limits of the sensors
require extensive dilutions of concentrated dispersions, making
the system more suitable for particle contamination monitoring
rather than particle sizing. Typically clean room conditions are
required for optimal sensitivity.

2.4. Dynamic Light Scattering Method (Photon
Correlation Spectroscopy)

Of the many techniques available for particle sizing light scat-
tering offers many advantages: speed, versatility, small sam-
ple size, non-destructive measuring, and measurement times
independent of particle density. The oscillating electromag-
netic field of light induces oscillations of the electrons in a
particle. These oscillatory changes form the source of the scat-
tered light. Many features of the scattered light have been
used to determine particle size. These include: (1) changes
in the average intensity as a function of angle; (2) changes
in the polarization; 3) changes in the wavelength; and (4) fluc-
tuations about the average intensity (Brookhaven, 1999).

The phenomenon of fluctuation about the average inten-
sity is the basis for quasi-elastic light scattering (QELS), the
technique utilized in the photon correlation spectroscopy
(PCS) method. In the PCS instrument, the distance between
the detector monitoring scattered light from each particle
and the scattering volume containing a large number of par-
ticles is fixed. Since the small particles are moving around
randomly in the liquid, undergoing diffusive Brownian
motion, the distance that the scattered waves travel to the
detector varies as a function of time. The scattered wave
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can interfere constructively or destructively depending on the
distances traveled to the detector just like water and sound
waves. The decay times of the fluctuations are related to the
diffusion constants and, therefore, the particle size. Small
particles moving rapidly cause faster decaying fluctuations
than large particles moving slowly. The decay times of these
fluctuations may be determined either in the frequency
domain (using a spectrum analyzer) or in the time domain
(using a correlator). The correlator generally offers the most
efficient means for this type of measurement. In QELS, the
total time over which a measurement is made is divided into
small time intervals called decay times. These intervals are
selected to be small compared with the time it takes for a typi-
cal fluctuation to relax back to the average. The scattered
light intensity in each of these intervals, as represented by
the number of electrical pulses, fluctuates about a mean
value. The intensity autocorrelation function (ACF) is formed
by averaging the products of the intensities in these small
time intervals as a function of the time between the intervals.

2.4.1. Basic Equations

The random motion of small particles in a liquid gives rise to
fluctuations in the time intensity of the scattered light. The
fluctuating signals are processed by forming the ACF, C(t), t
being the time delay. For short times, the correlation is
high. As t increases the correlation is lost, and the function
approaches the constant background term B. In between these
two limits the function decays exponentially for a monodis-
perse suspension of rigid, spherical particles and is given by

CðtÞ ¼ Ae�2Gt þ B ð1Þ

where A is an optical constant determined by the instrument
design, and G is related to the relaxation of the fluctuations by

G ¼ Dq2 ðrad=secÞ ð2Þ

The value of q is calculated from the scattering angle y (e.g.,
90�), the wavelength of the laser light l0 (e.g., 0.635mm), and
the refraction index n (e.g., 1.33) of the suspending liquid.
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The equation relating these quantities is

q ¼ 2pn
l0

2 sin
y
2

� �
ð3Þ

The translational diffusion coefficient, D, is the principal
quantity measured by QELS. It is an inherently important
property of particles and macromolecules. QELS has become
the preferred technique for measuring diffusion coefficients
of submicron particles. Notice that no assumption about parti-
cle shape has to be made in order to obtain D other than
assuming a general globular shape. Not until needle shaped
particles have aspect ratios of greater than about 5, does a
rotational diffusion term appear in Eq. (1).

Particle size is related to D for simple common shapes like
a sphere, ellipsoid, cylinder, and random coil. Of these, the
spherical assumption is useful in most cases. For a sphere,

D ¼ kBT

3pZðtÞd ðcm2=secÞ ð4Þ

where kB is Boltzmann’s constant, T is the temperature in K,
Z(t) (in centipoises) is the viscosity of the liquid in which the
particle is moving; and d is the particle diameter. This equation
assumes that the particles are moving independently of one
another. Generally the determination of particle size consists
of four steps: (1) measurement of the ACF; (2) fitting the mea-
sured function to Eq. (1) to determine G; (3) calculating D from
Eq. (2) given n, y, and G; and (4) calculating particle diameter d
from Eq. (4) given T and Z.

2.4.2. Data Interpretation

The type of diameter obtained with PCS is the hydrodynamic
diameter (the particle diameter plus the double layer thick-
ness) that is the diameter a sphere would have in order to dif-
fuse at the same rate as the particle being measured. When a
distribution of sizes is present, the effective diameter mea-
sured is an average diameter weighted by the intensity of
light scattered by each particle. This intensity weighting,
which is discussed below, is not the same as the population or
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number weighting used in a single-particle counter such as in
electron microscopy. However, for narrowly dispersed samples,
the average diameters obtained are usually in good agreement
with those obtained by single-particle techniques. The mea-
sured ACF determined using the above equations provides
accurate particle size results for mono- or narrowly dispersed
rigid spheres. When a broad distribution of spheres is present
in the sample, Eq. (1) must be modified before data analysis of
the measured ACF can proceed. Each size contributes its own
exponential, hence the mathematical problem becomes

gðtÞ ¼
Z

GðGÞe�GtdG ð5Þ

here the baselineB of Eq. (1) has been subtracted and the square
root of the remaining part has been taken eliminating the factor
of 2 in the exponent.

The left-hand side of Eq. (5) is the measured data, and
the desired distribution information, G(G), is contained under
the integral sign on the right-hand side. The solution to this
Laplace transformequation isnon-trivial. The insufficient condi-
tioning of this transform, combinedwithmeasurementnoise and
baseline drifts, makes the function particularly difficult to solve.
It is therefore imperative to acquire the best possible statistics.

2.4.3. Fit to a Known Distribution

Several schemes have been proposed for obtaining informa-
tion from Eq. (5). These may be grouped as follows: (1) fit to
a known distribution; (2) cumulant analysis; (3) inverse
Laplace transform. The fit to a known distribution method
requires the assumption of a particular distribution. For
example, if the distribution is assumed to consist of only
two peaks, each of which is very narrow, then Eq. (5) reduces
to the sum of two exponentials. The measured ACF is then fit
to this sum of exponentials. The ratio of the fitted, pre-expo-
nential factors contains information on the ratio of scattered
intensities for each of the two peaks, which in turn can be
related to their mass ratio. Similarly the fitted G contains
information on the diameters of the two peaks.
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The assumption of a given form (here bimodal) for the
distribution is problematic. One might think that different
models (unimodal, bimodal, trimodal, etc.) could be compared
using a statistical criteria such as a goodness-of-fit parameter
like chi-squared. Unfortunately, it is well known that this
approach often leads to ambiguous results with equations
such as Eq. (5). An alternative approach is to assume an ana-
lytical equation for the distribution and fit the results to the
measurements. However, this approach again suffers from
the assumption of a particular form of the distribution and
has generally not proven successful.

2.4.4. Cumulant Analysis

The method of cumulants is more general compared to the
above method (Brown et al., 1975). An understanding of this
method provides the researcher with an insight into
the ‘‘intensity’’-weighted character of the results from PCS.
Cumulant results are very often reported in the scientific lit-
erature. They are often the starting point for further analysis.
During a measurement, the cumulant results (effective dia-
meter and polydispersity index) are calculated and displayed
on an ongoing basis. No assumption has to be made about the
form of the distribution function in the method of cumulants.
The exponential in Eq. (5) is expanded in a Taylor series
about the mean value. The resulting series is integrated to
give a very general result. This result shows that the loga-
rithm of the ACF can be expressed as a polynomial in the delay
time, t. The coefficients of the powers of t are called the cumu-
lants of the distribution. In practice, only the first couple of
cumulants are obtained reliably, and these are identical to the
moments of the distribution. In general, the first moment of
any distribution is the average and the second is the variance.

The first two moments of the distribution G(G) are as
follows:

G ¼ Dq2 ð6Þ

m2 ¼ D2 �D�2� �
q4 ð7Þ
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where q is the scattering vector given previously and D� is the
average diffusion coefficient. Equation (7) shows that m2 is
proportional to the variance of the intensity-weighted diffu-
sion coefficient distribution. As such, it carries information
on the width of the size distribution. The magnitude and units
of m2 are not immediately useful for characterizing a size dis-
tribution. Furthermore, distribution with the same relative
width (same shape) may have very different means and
variances. For these reasons, a relative width (reduced second
moment) is conveniently defined as follows:

Polydispersity ¼ m2
G2

ð8Þ

Polydispersity has no units. It is close to zero (0–0.2) for
monodisperse or nearly monodisperse samples, small (0.2–0.8)
for narrow distributions, and larger for broader distributions.

2.4.5. Intensity Weighting of the Averaging
Process

The intensity of light scattering by a suspension of particles
with diameter d is proportional to the number of particles
N, the square of the particle mass M, and the particle-form
factor P(q,d) which depends on size, scattering angle, index
of refraction, and wavelength. Using ‘‘intensity’’ weighting,
the following equations may be derived for the moments of
the diffusion coefficient distribution:

D ¼
P

NM2Pðq;dÞDP
NM2Pðq;dÞ ð9Þ

D2 ¼
P

NM2Pðq;dÞD2P
NM2Pðq;dÞ ð10Þ

here the sums are carried out over all the particles. For par-
ticles much smaller than the wavelength of light (say, 60nm
and smaller), P(q,d) equals 1. Likewise, it equals 1 if mea-
surements are extrapolated to zero angle. For narrow
distributions, an average value of P(q,d) can be used. In this
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case, it cancels out of both equations. In other cases, suitable
approximations exist for P(q,d) (Allcock and Frederick, 1981).
To further understand the intensity weighting process and
how it is related to other techniques, consider the simple case
where P(q,d)¼ 1. Then

D ¼ Dz ¼
P

NM2DP
NM2

ð11Þ

This is called the z-average. More familiar are the number,
area, and weight or volume averages. Furthermore, since
the diffusion coefficient is inversely proportional to the
diameter for a sphere, the ‘‘average’’ obtained in this type of
light scattering experiment is the inverse z-average given by

1

dz
¼
P

NM2ð1=dÞP
NM2

ð12Þ

since M is proportional to d3, and since an average rather
than an inverse average is preferred, the effective diameter,
in this case, is defined by the following equation:

dpsc ¼
1

dz

� ��1

¼
P

Nd6P
Nd5

ð13Þ

Comparing this to the number average (dn¼
P

Nd=
P

N),
the area average (da¼

P
Nd3=

P
Nd2), and the weight average

diameter (dw¼
P

Nd4=
P

Nd3), all four averages are equally
descriptive of the same sample. One may be preferred
for a particular application: dn when numbers of particles
are important; da when surface area is important; dw when
mass or volume is important; and dpcs when light scatter-
ing-dependent properties are important.

Examination of the above equations shows that, quite
generally, dn�da�dw�dpcs. The equal sign occurs only for
monodisperse samples. For this reason, the weight average
diameter is always less than or equal to the effective
diameter. For narrow distribution, they are nearly equal,
and for broader distributions they will differ considerably.
In order to transform the cumulant results to weight
average results, it is necessary to assume a form for the size
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distribution. (Please note that this is quite different from
assuming a form prior to determining the cumulants as
discussed before.) The lognormal distribution by weight has
been widely used in applications of particle sizing. The log-
normal distribution by weight is given by

dW ¼ 1

lnsg
ffiffiffiffiffiffi
2p

p exp � lndð� lnMMDÞ2

lnsg
ffiffiffi
2

p
 !2

2
4

3
5

8<
:

9=
;dðlndÞ

ð14Þ

where MMD is the mass median diameter (50% by mass,
weight, or volume is above and 50% is below this value) and
sg is the geometric standard deviation. With these two para-
meters, all other distributions, averages, tables, and graphs
can be produced.

For narrow, unimodal size distributions any other two
parameter equation is equally adequate. For broad and unim-
odal distributions, the lognormal is a better assumption than
a symmetric form like a Gaussian (neither grinding, accre-
tion, nor aggregation lead to symmetrical size distributions).
Furthermore, manipulation of the lognormal equation is par-
ticularly convenient. The lognormal parameters are described
in any number of standard tests on size distributions (Hinds,
1982). To monitor relative changes in size distribution either
the cumulant results or the lognormal fit will usually suffice.
However, when one requires more detailed information (for
example, is it bimodal or just broad and skewed?) then the
cumulant=lognormal analysis is no longer adequate.

2.4.6. Non-spherical Particles

Describing the ‘‘size’’ distribution of non-spherical particles
presents difficulties for any technique including PCS. If shape
information is needed, then an image analysis is necessary.
Even then problems arise with sample preparation,
statistical relevance of the small number of particles sized,
and finally, choosing the right statistical description of ‘‘size’’.
Other techniques have their pitfalls. The settling velocity of
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non-spherical particles depends, in a non-trivial fashion, on
shape. Thus, results from sedimentation techniques are shape
dependent. Highly porous, rough, or multifaceted particles
present much more surface area than smooth spheres of
equivalent volume, therefore, size distributions based on sur-
face area measurements may be highly biased toward large
sizes. Non-spherical particles may interact quite differently
with the flow than spherical ones.

Angular light scattering measurements have the capabil-
ity, in some circumstance, of distinguishing between simple
shapes like spheres, ellipsoids, rods, and random coils (poly-
mers). However, this is not possible with only one scattering
angle unless extra information is supplied. For example, if
it were known that the particles were all prolate ellipsoids
(cigar shaped), with the same aspect ratio (major=minor
ratio), then the diffusion coefficient results obtained by PCS
could be used in conjunction with an equation relating the
translational diffusion coefficient of an ellipsoid to its aspect
ratio to obtain the other dimension (Cummins, 1964).

2.4.7. Advanced Data Interpretation

As explained before, the general solution of Eq. (5) is surpris-
ingly difficult. Several approximate solutions have been pro-
posed over the more than 20 years since the initial QELS
measurements were performed. Most are of very limited uti-
lity. The reason for the many failures has been addressed in
a paper by Pike (16). Grabowski and Morrison (17) formulated
an approach for the solution of this problem. This approach
called the non-negatively constrained least squares (NNLS)
algorithm is used at the heart of PCS. The prime assumptions
with NNLS are: (1) only positive contributions to the inten-
sity-weighted distribution are allowed; (2) the ratio between
any two successive diameters is constant; (3) a least squares
criterion for judging each iteration is used. In order to calcu-
late the weight (or mass or volume) and number fractions
from the intensity fractions, scattering factors have to be cal-
culated. These are called spherical Mie factors. In order to cal-
culate these corrections, the complex refractive index of the
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particle (in addition to the refractive index of the liquid) must
be known. It is worth repeating that the most important
pieces of information obtained in PCS using any multimodal
size distribution analysis are the positions of the peaks and
the ratio of the peak areas. The widths of the peaks, however,
are not particularly reliable. They will narrow, typically,
with increasing experiment duration, until a limit is reached.

2.4.8. Particle Size Characterization of Injectable
Dispersed Systems

tion of experimental injectable dispersions. As an example,
Bakan et al. (18) reported a study on a lipid emulsion for
hepatocyte-selective delivery of polyiodinated triglycerides
as a contrast agent for computed tomography. They success-
fully incorporated the lipophilic compound into the delivery
vehicle to form a stable chylomicron-remnant-like emulsion
capable of localizing material to the liver following intrave-
nous injection. Particle size was determined using laser PCS
and transmission electron microscopy. PCS was conducted
using Nicomp 370 submicron particle analyzer (Particle Siz-
ing Systems, Santa Barbara, CA, USA). Samples were diluted
approximately 1000-fold with deionized water prior to analy-
sis. The Nicomp 370 was calibrated against NIST-traceable
latex standards (Duke Scientific, Palo Alto, CA, USA) to
within 10% or less of the certified diameter. Transmission
electron microscopy was performed using both freeze-fracture
and negative staining techniques. For freeze-fracture studies,
a 2–4mL sample of concentrated emulsion was frozen in liquid
nitrogen, loaded in a double-replica breaking device, and
placed on the specimen stage of a Balzers Model BAF 301
freeze-fracture=etch unit. The specimen stage was evacuated
and the temperature was raised from �170 to �115�C.
Samples were fractured, etched for 60 s, and coated with 1–
2nm of platinum which was then dried at an angle of 45�

while the sample was rapidly rotating. The platinum was
stabilized with 10–20nm of vapor carbon applied at a 90�

angle. Replicas were floated off the sample in double-distilled
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water and submerged in methanol. The methanol was
replaced slowly with 50% chlorine bleach and held overnight.
Samples were rinsed three times with double-distilled water
and placed on 400 mesh copper grids for visualization. For
negative staining, emulsion samples were diluted in 1%
ammonium molybdate and freshly glow-discharged carbon-
coated 400-mesh copper grids were floated on 25mL of the
diluted sample for 1min. Grids were removed and air-dried
prior to examination. All images were collected using a Phil-
lips Electronics Instrument Model CM-10 transmission elec-
tron microscope using a 60kV accelerating voltage and
30mm objective aperture.

2.4.9. Limitations

ments should be used for what particle size ranges. There are
overlaps where more than one sizing instrument can measure
a particular size range. It is common that different sizing instru-
ments provide different particle sizes on the same sample due to
different instrument operation principles, e.g., microscopy vs.
PCS. Even instruments with the same fundamental basis made
by different vendors can produce different results because of
different detector designs and proprietary algorithms, not to
mention the effect that sampling technique has on the results.
Onehas to be aware of such instrumentation-related differences
for stability assessment and product development, especially
when comparing particle size data from different sources or col-
laborating multiple laboratory efforts where each laboratory
has its own particle sizing capability. Inconsistencies in particle
size and size distribution often cause difficulties or delay in
formulation development and technology transfer from
laboratory to production scale.

3. ZETA POTENTIAL

Almost all solids acquire a surface charge when placed in
polar liquids. The charge can arise in a number of ways
including ionization of surface groups such as carboxyl, amino
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Table 2 Selected Papers Reporting Particle Size Characterization of Dispersed Systems for Parenteral
Administration

Dispersed
system Application

Particle size
range Sizing method

Injection
route

Literature
source

Liposomes Intrahepatic distribution of
phosphatidylglycerol and
phosphatidylserine

200–400nm Dynamic laser
light
scattering

i.v. in rats Daemen et al.
(49)

Lipid emulsion Target delivery of highly
lipophilic antitumor agent
13-O-palmitoylrhizoxin

94–474nm Dynamic laser
light
scattering

i.v. in rats Kurihara et al
(50)

Polymethyl
methacrylate
and
polystyrene
suspensions

Tissue distribution and
phagocytosis of particulates
from wear of injected
biomaterials

1.2–12.5 mm Laser light
diffraction

i.p. in mice Tomazic-Jezic
et al. (5)

Liposomes Target delivery of heme
oxygenase inhibitor tin
mesoporphyrin

< 200nm Nicomp 270
submicron
particle
analyzer

i.v. in rats Cannon et al.
(51)

Liposomes Formulation development for
Atovaquone-containing
liposomes

�260nm Photon
correlation
spectroscopy

in vitro Cauchetier
et al. (52)
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Polyethylene
suspension

Bone resorption activity
of macrophages on
polyethylene wear debris of
artificial hip joint

0.24–7.62 mm Laser light
diffraction

in vitro Green et al.
(53)

Lipid emulsion Hepatocyte-selective imaging
agent for computed
tomography

�200nm Nicomp 370
submicron

particle analyzer
and TEM

i.v. in rats Bakan et al.
(18)

Microsphere Development of cross-linked
dextran microspheres for
parenterals

10–20 mm Laser light
diffraction

s.c. in rats Cadée et al.
(54)

Super
paramagnetic
iron oxide

Enhancement of liver and
spleen uptake of iron oxide
for blood pool MR-
angiography

65nm SEM i.v. in
rabbits

Christoph
et al.
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groups, adsorption of ions such as surfactants, multivalent
ions, polyelectrolytes, and unequal dissolution of the ions
comprising the surface molecules such as metal oxides and
silver halides. Surface charge affects the physical interactions
of particles and plays an active role in governing dispersed
system stability (19,20).

For emulsions, liposomes, and nanoparticles, their poten-
tial as drug carriers is closely related to their in vivo distribu-
tion. After intravenous administration, these carriers are
rapidly removed from the circulation as a result of phagocyto-
sis by mononuclear cells. Much research has been devoted to
developing carrier systems which can avoid phagocytosis
and thus circulate longer. It is known that when the surface
of particles is covered with hydrophilic chains (such as poly-
ethylene glycol and polyoxyethylene) then opsonization of
the particles is reduced. This technique has been successfully
applied to liposomes (21), nanoparticles (22,23), and emulsions
(24–27). The surface properties of colloidal systems are critical
in determining the drug carrier potential, which will control
interactions with plasma proteins (28). Zeta potential mea-
surements provide information on particle surface charge
and on how this is affected by changes in the environment
(e.g., pH, presence of counter ions, adsorption of proteins).
Charge shielding by PEG or other hydrophilic groups can be
used to predict the effectiveness of the barrier function against
opsonization in vivo. Zeta potential can also be used to deter-
mine the type of interaction between the active substance
and the carrier; i.e., whether the drug is encapsulated inside
the particle or simply adsorbed on the particle surface. This
is important because adsorbed drug may not be protected from
enzymatic degradation, or may be released rapidly after
administration.

Attractive forces exist even for completely non-polar par-
ticles. Such forces have their origin in the permanent and the
momentarily induced dipole effects that arise when non-polar
particles approach each other at random. For simple mole-
cules, the potential energy of the attractive forces varies as
r�6, where r is the intermolecular distance. However, for
colloidal particles, the potential energy of the attractive forces
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varies between D�1 and D�2 as a result of the sum of the
attractive forces over all individual molecular forces, where
D is the shortest distance between particles. Consequently,
colloidal particles attract each other over much longer ranges
than individual molecules. This leads to aggregation unless a
repulsive force is present.

Repulsive forces between particles, mainly electrostatic
repulsion, depend on particle surface charge. The surface charge
varies with solution conditions such as pH, ionic strength, and
concentrations of surfactants or other reagents. In general, a
charged surface tends to gather ions of the opposite charge
(counter ions) close to it. The closest counter ions may remain
permanently at the particle surface and be carried along with
the particle in motion. Those ions that are further away from
the particle surface will be replaced by other ions as the particle
moves. The distribution of ions in the region around the particle
is a difficult theoretical problem to solve. Close to the particle
surface, the ion distributionmay be dominated by effects related
to the shape and size of the surface and by ions in the solution.
Whereas far from the surface, the ion distribution is primarily,
dominated by electrostatic considerations. This gives rise to the
formation of a double layer, the inner and diffuse regions being
characterized by different ionic behaviors. The overall effect of
the ionic atmosphere is to shield the surface charge. The higher
the ionic strength of the medium the more compact the diffuse
region becomes due to the strong inter-ionic attraction. The
more compact the diffuse layer, the greater the shielding effect.
At some distance from the surface within the double layer the
ions are no longer dragged along with a moving or
diffusing particle, but remain in the bulk solution. This is
referred to as the plane of shear where electrokinetic and sta-
tionary ions are separated. The potential at the plane of shear
is, by definition, the zeta (z) potential and can be measured
using eletrophoretic techniques (29).

3.1. Electrophoresis

When an electric field is applied to a liquid, the dispersed par-
ticles in the liquid having a surface charge will move towards
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either the positive or the negative pole. The direction of par-
ticle movement is a clear indication of the sign of their charge.
The velocity with which they travel is proportional to the
magnitude of the charge. The technique that measures both
the direction and the velocity of the particles under the influ-
ence of a known electrical field is termed electrophoresis.
Classically, this technique involved measuring the velocity
of individual particles in a suspension or emulsion, viewed
in a microscope fitted with a reticule, and the transit times
across the reticule being recorded using some more or less
sophisticated timer. This technique is clearly limited to parti-
cles large enough to be visible (in practice �0.4 mm or above).
It has less obvious limitations in that Brownian motion can
blur particle positions, particles of high potential may move
so fast across the reticule that they do not remain in focus
long enough to time accurately. In addition, many particles
must be measured to get a high accuracy, which is a time
consuming and tiring process. These considerations were
sufficiently weighty to severely limit the use of this technique.

3.2. Laser Doppler Electrophoresis

It is well known that light scattered from a moving particle
experiences a frequency shift called the Doppler shift. Modern
zeta potential instruments measure zeta potential using the
Doppler shift of laser light scattered by particles moving in
an electric field. In such instruments, a laser beam passes
through the sample in a cell carrying two electrodes to pro-
vide the electrical field. Light scattered at certain angles
(typically 15� angle) is detected for the Doppler shift which
is proportional to the velocity of the moving particles. Nor-
mally the Doppler shift is of the order of a 102Hz, a negligible
value compared to the frequency of light 1014Hz. To measure
such small changes in the frequency of scattered light an opti-
cal mixing or interferometric technique has to be used. This is
done in practice using a pair of mutually coherent laser beams
derived from a single source and following similar path
lengths. Usually a portion of the beam is split off (the refer-
ence beam or the local oscillator) and then recombined with

102 Jiao and Burgess

© 2005 by Taylor & Francis Group, LLC



the scattered beam after it is modulated at 250Hz. What this
means is that in the absence of an electrical field, a power
spectrum of the signal from the detector would have a sharp
peak at 250Hz. When an electrical field is applied, any resul-
tant Doppler shift would occur from this frequency, and it is
easy to detect a shift of 100Hz from 250Hz. This arrangement
is referred to as heterodyne measurement and is much more
efficient than the traditional technique. The frequency is con-
verted successively to velocity, electrophoretic mobility, and
finally zeta potential. Also, this automatically allows for
detection of charge sign. The electronics is arranged such that
if the resultant shift is <250Hz, the sign of the zeta potential
is negative and vice versa.

3.3. Zeta Potential Calculation

Since the measured velocity is proportional to the applied
field, the electrophoretic mobility can be defined as follows:

n ¼ mEE ð15Þ

where n is the measured velocity, E the applied electric field,
and mE is the electrophoretic mobility. The mobility is clearly
the velocity in unit electric field. It is this quantity that can be
measured directly. The situation is analogous to the measure-
ment of particle size by PCS, in which a diffusion coefficient is
measured and a particle size is derived by applying Stokes–
Einstein law. In the case of zeta potential, a modification of
the Stokes–Einstein law applies in which the driving force
is the electric field rather than random diffusion,

n
E
¼ mE ¼ Q

6paZ
ð16Þ

where Q is the effective charge on the particle, Z the viscosity,
and a is the particle radius. The effective charge arises from
both the actual surface charge and the charge in the double
layer. The thickness of the double layer is quantified by k, a
parameter with the dimensions of inverse length. Its dimen-
sionless number ka effectively measures the ratio of particle
radius to double layer thickness. Q can be estimated using
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some approximations. Providing that the value of charge is
low (zeta potential < 30mV or so) the Henry equation can
be applied (30):

mE ¼ 2ez
3Z

1þ 1

16
kað Þ2� 5

48
kað Þ3� 1

96
kað Þ5

�

� 1

8
kað Þ4� 1

96
kað Þ6

� �
exp kað Þ

Zka
1

e�tdt

t

1
A ¼ 2ex

3Z
f kað Þ

ð17Þ
For small ka, the Henry function f(ka) approaches 1, for

large ka it approaches 1.5, these corresponding to limiting
cases where the particle is either much smaller or much lar-
ger than the double layer thickness. These are also known
as the Huckel and Smoluchowski limits, respectively, and
are the usual relationships used in the zeta potential calcu-
lations. The Huckel limit applies when the ionic concentra-
tion approaches zero, as in virtually non-conductive media.
The Smoluchowski limit applies when the salt concentration
is high enough to significantly compress the double layer.
For typical colloidal dispersions and salt concentrations, it
is much easier to arrange for ka> 1 than it is for ka< 1.
Therefore, the Smoluchowski equation is much simpler to
apply and used almost exclusively to convert mobility to zeta
potential. In the Smoluchowski limit, a unit of mobility
corresponds to 12.85mV zeta potential in an aqueous media
at 25�C.

3.4. Contribution of Zeta Potential
Measurements

Zeta potential measurements help characterize the surface of
amphiphilic b-cyclodextrin nanospheres and predict their
behavior in different environments (31). Cyclodextrins are
used in the pharmaceutical industry to solubilize lipophilic
drugs. It was shown possible to prepare nanospheres of about
100nm diameter from amphiphilic b-cyclodextrins (acylated
at C2 and C3) by a nanoprecipitation method. In such a
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system, drug could be incorporated either within the cyclodex-
trin molecules or between them in the matrix, or be adsorbed
on the surface, thus allowing a high payload. In the study, it
was shown that particles of identical size could be formed in
the presence or absence of a non-ionic surfactant, Pluronic
F68. At pH 7.4 in 1mm KCl, the zeta potential of the two pre-
parations, measured using a Malvern Zetasizer equipped with
a tubular cell of 2.6mm diameter, was similar (about
�25mV). However, nanoparticles prepared without the sur-
factant had a significant change in zeta potential as pH
moved away from neutral pH, indicating that they would
aggregate in acidic or basic medium. On the other hand,
particles prepared with the surfactant had a constant zeta
potential irrespective of pH, probably because the surfactant
prevented binding of counter-ions within the cavity of
the cyclodextrin. Such particles would be expected to be
stable.

Zeta potential and size measurement were used to con-
firm the adsorption of poloxamer onto the liposomes. In the
study conducted by Bochot et al. (32), liposomes dispersed in
a gel that solidifies at physiological temperature were investi-
gated as a possible solution to overcome the challenge of
designing ocular dosage forms to retain the drug in the pre-
corneal area for sufficient absorption. The zeta potentials were
measured after liposomes of different compositions were mixed

results indicated that poloxamer 407 interacted strongly with
liposomes that were either negatively (phosphatidylglycerol-
containing) or positively (stearylamine-containing) charged.
Thiswas confirmedby the size increases of the charged liposome
vesicles but no size increase in the neutral ones in these
samples.

Zeta potential was also used for preparation and charac-
terization of positively charged submicron emulsions that
were reported to be stable in the presence of physiological
cations and can interact in vivo with negatively charged bio-
logical membranes, resulting in an enhanced drug uptake
and site-specific targeting (24). The positive charge of the
submicron emulsions was introduced by adding cationic
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lipids, polymers, and surfactants, such as stearylamine
(33,34), chitosan (35,36), and cetyltrimethylammonium
bromide (37) to the emulsions. Elbaz et al. (33) reported that
the zeta potential of the submicron emulsion used in their
study changed from –14.6 mV in the absence of stearylamine
to a positive value (up to þ21.0mV) in the presence of 0.3%
w=w of stearylamine. Similar behavior was observed by
Jumma and Muller (36) that addition of positively charged
chitosan to lipid emulsions led to a change of surface charge
of oil droplets from negative (–11mV) to positive values
(þ23mV).

3.5. Limitations

Several parameters can significantly affect zeta potential
measurement. Electrical double layer is directly dependent
on the ionic strength of the sample to be measured. Sampling
techniques such as dilution may substantially change zeta
potential due to change in ionic strength upon dilution. This
change can be magnified if a viscosity difference is introduced
after dilution. Electro-osmosis effect, which is not discussed in
this chapter, should be taken into consideration [there are
many good references on this topic such as Hunter (38)]. In
addition, zeta potential data may be inaccurate if samples
being measured have low mobilities due to there being close
to the isoelectric point, contain high salt concentration
(> �20mM), or if they consist of oils or organic solvents.

Table 3 Effect of Poloxamer 407 on Zeta Potential of Liposomes

Liposome composition

Zeta potential (mV � SD)

Without poloxamer With poloxamer

PC=CHOL �9.5 � 2.1 �12.4 � 0.8
PC=CHOL=PG �25.0 � 0.5 �15.2 � 0.1
PC=CHOL=SA þ14.6 � 0.4 �8.2 � 1.7
PC=CHOL=PEG-DSPE �8.6 � 1.9 �12.9 � 0.4

PC, Phosphatidylcholine; CHOL, cholesterol; PG, phosphatidylglycerol; SA, stearyla-
mine; PEG-DSPE, distearoylphosphatidylethanolamine coupled to PEG.
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4. RHEOLOGY

Many injectable dispersed formulations, whether intended
for local drug delivery (for example, to heal bone injury) or
as intramuscular implants to prolong drug release (39),
require formulations possessing adequate rheological proper-
ties to achieve these desired therapeutic effects. Appropriate
rheological properties are also needed to prevent phase
separation of emulsions due to creaming or caking of sus-
pensions due to sedimentation on storage. Rheology plays
an important role in the formulation, mixing, handling, pro-
cessing, transporting, storing, and performance of such
systems.

Rosenblatt et al. (40) reported a rheological study on a
concentrated dispersion of phase-separated collagen fibers
in aqueous solution used to correct dermal contour defects
through intradermal injection. The effect of electrostatic
forces on the rheology of injectable collagen was studied
using oscillatory rheological measurements on dispersions
of varying ionic strengths (0.06–0.30). The associated relaxa-
tion time spectra, interpreted using the theory of Kamphuis
et al. for concentrated dispersions, shows that collagen fibers
become more flexible as ionic strength increases. This result
was analyzed at the molecular level from the perspective
that collagen fibers are a liquid-crystalline phase of rigid
rod collagen molecules which have phase-separated from
solution. Electrostatic forces affect the volume fraction of
water present in the collagen fibers which in turn alters
the rigidity of the fibers. Flexible collagen fiber dispersions
displayed emulsion-like flow properties whereas more rigid
collagen fiber dispersions displayed suspension-like flow
properties. Changes in fiber rigidity significantly altered
the injectability of collagen dispersions which is critical in
clinical performance.

4.1. Bulk Rheology

Bulk rheology measures flow properties such as viscosity,
elasticity, yield stress, shear thinning, and thixotropy. There
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are typically three test procedures that can be used to deter-
mine these properties.

4.1.1. Flow Tests

Flow tests measure non-Newtonian (shear-thinning) behavior
when the viscosity is not constant but decreases with increas-
ing stress. Many injectable dispersed systems are shear-
thinning, which can be an extremely useful property. They
possess a high viscosity under low stress to prevent sedimen-
tation or creaming but a low viscosity at high stress for ease of
injection, or a relatively low-viscosity fluid that is a liquid for-
mulation prior to injection but undergoes a rapid change in
physical form to a semi-solid or solid depot once injected in
the body (41). The reasons for shear thinning are often com-
plex and vary between materials. In polymer gels, such as
pectin and gelatin, this occurs due to rupture of junction
zones of attraction between adjacent polymer molecules. In
flocculated colloidal dispersions such as yoghurts, the flocs are
broken down into smaller units, and eventually into
primary particles.

Not only can the viscosity of materials depend on the
magnitude of the applied stress, it may also depend on the
length of time for which the stress is applied. The viscosity
of many dispersions will decrease with time upon stressing,
and will take time to recover following removal of the stress.
This effect is known as thixotropy. Like pseudoplasticity, a
reasonable degree of thixotropy is often useful, for example
it enables surface coatings to flow out after application,
removing irregularities, before they stiffen. The complete vis-
cometric characterization of a liquid would therefore require
the shear rate to be monitored as a function of shear stress,
time, and temperature, but in practice such completeness is
seldom necessary. It is usually enough to identify the condi-
tions and parameters of interest and make the corresponding
measurements.

A large body of viscosity data has been published for
many materials, and it is remarkable that the curves of visc-
osity, plotted against shear rate, of almost all of these are very
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similar in shape. The main features of such curves are most
easily seen if the data are plotted on a logarithmic axes (i.e.,
with 0.1, 1, 10, 100, etc., equally spaced). At low shear rates,
a Newtonian region exists, followed at higher rates by shear
thinning a region which often takes the form of a power law
(straight line on logarithmic axes). At still higher rates, a
second Newtonian region is observed. In some cases, the
material will eventually shear thicken.

If the shear thickening region is ignored, then it is possi-
ble to describe a curve of the form by four parameters. Two of
these are the low shear viscosity, Z0, and the high shear visc-
osity, Z1. The shear-thinning part of the curve usually
approximates to a straight line when plotted on logarithmic
axes, and can therefore be described by a two-parameter
power law relationship. Combining gives the equation:

Z ¼ Z0 � Z1
1þ ðKgÞm

þ Z1 ð18Þ

where K is known as the characteristic time of the material.
The greater the value of K, the further to the left the curve
lies, and the greater the value of the index m, the greater
the degree of shear thinning.

4.1.2. Creep Tests

Many important processes are driven by very low stresses,
such as those produced by gravity or surface tension. These
include settling and creaming in dispersions. Moreover the
handling properties of some materials are affected by elasti-
city, the ability to recover in some part their original shape
after forced deformation.

These properties can be investigated using a creep test,
in which a very low shearing stress is applied to the sample,
and the resulting strain (displacement) is monitored. It is
usual to plot the compliance, J, defined as the strain divided
by the stress, against time. If a low stress is placed on a solid
sample, it will respond by deforming almost instantaneously
to a new position, and then stopping. When the stress is
removed, the sample will immediately recover its original
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dimensions. The compliance will depend on the material: the
stiffer the material, the lower the compliance. Typical values
are about 10�3=Pa for a 2% gelatin solution in water,
5� 10�5=Pa for foam rubber, 3� 10�7=Pa for natural rubber,
and 2� 10�9=Pa for nylon.

If the stress is placed on a liquid material, it will deform
continuously, the rate of deformation being inversely propor-
tional to the viscosity of the liquid. When the stress is
removed, the sample will cease to deform, and will not show
any recovery. Typical values of viscosity are 1mPa s for
water, 1Pa s glycerin, about 1000Pa s for polymer melts.
Many dispersed systems are neither completely solid nor com-
pletely liquid. They show properties that are some way
between these limiting forms of behavior, and are called
viscoelastic. When a stress is placed on a viscoelastic mat-
erial, the deformation may be retarded. When the stress is
removed, the recovery may also be retarded. In some cases,
a sample will show both retarded deformation and continuous
flow (liquid-like properties), in which case recovery after
removal of the stress will be incomplete.

The elastic properties of the material can then be read
from the retarded deformation and the recovery parts of the
curve, while the continuous flow part of the curve provides
the viscosity at the applied stress. This is identical to the
low shear viscosity obtained from a flow curve. For dilute
dispersions of monodisperse hard spheres, the settling rate
can be predicted from Stokes’ law combined with
Archimedes’ principle shown by the following equation:

V ¼
2r2gðrp � rmÞ

9Z
ð19Þ

where V is the sedimentation velocity, r is the particle radius,
g is the acceleration due to gravity, rp and rm are the den-
sity of the particles and medium, respectively, and Z is the
viscosity.

Most industrial dispersions do not fulfill the criteria for
this expression, but the viscosity will nonetheless give a qua-
litative indication of the relative stability to sedimentation of

110 Jiao and Burgess

© 2005 by Taylor & Francis Group, LLC



comparable dispersions. In some cases, the stability against
particle aggregation or emulsion coalescence can also be pre-
dicted from low shear viscosity. Food ‘‘stabilizers’’, for exam-
ple, do not impart stability in the thermodynamic sense, but
reduce the rate of particle motion by increasing the viscosity
of the medium. It is important that industrial and biological
materials should have the correct degree of elasticity. An
IM depot formulation, for example, will fail to pass through
a syringe if it is too elastic, but will give poor depot perfor-
mance if it is insufficiently so (42).

4.1.3. Oscillatory Tests

Many dispersion materials show behavior which is neither
completely liquid nor completely solid, but is somewhere
between. Such materials are termed viscoelastic. It is viscoe-
lasticity which is responsible, at least in part, for the handling
properties of these materials. There are several ways of exam-
ining the viscoelastic properties of materials. But the most
common way is to use oscillatory rheology.

If a sinusoidal stress (s) (force acting over an area) is placed
on a solid sample, a sinusoidal displacement (strain, g)
will result which is in phase with the applied stress. The
modulus, or stiffness, of the material can be obtained by
dividing the amplitude of the stress, s0, by the amplitude of
the strain, g0. If a sinusoidal stress is applied to a liquid sam-
ple, the stress is in phase with the rate of change of strain,
and a phase lag of 90� is therefore introduced between the
stress and the strain. For viscoelastic materials, the phase
angle, d, will be somewhere between 0� and 90�. The ratio
of the stress to the strain amplitude gives the stiffness of
the material, and the phase angle describes its viscoelastic
nature.

The degree to which a material behaves as a solid or
liquid depends on the timescale of the observation. Water is
usually described as a liquid, of course, but if examined over
timescales of less than about a nanosecond, would appear to
be a solid. Ice behaves as a liquid under very high stresses,
over periods of years, hence glacier flow. It happens that the
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materials which are listed above as being viscoelastic show a
transition from liquid to solid behavior over typical laboratory
timescales. To examine more precisely the transition time,
the frequency (w) of the applied stress can be varied.

The usual method of performing an oscillation experi-
ment is to apply a sinusoidal stress to a sample, over a range
of frequencies, and to monitor the strain and phase angle. The
stress is kept low so that it can be assumed that the unper-
turbed properties of the sample are determined. Rather than
reporting s0=g0 and phase angle directly, it is more usual to
report the storage modulus, G0, and loss modulus, G00. These
are defined as G0 ¼ s0 cos(d=g0) and G00 ¼ s0 sin(d=g0). The
advantage of this is that G0 represents the ‘‘solid’’ component
of the material, and G00 the ‘‘liquid’’ component. The viscosity
of a liquid with no solid component would actually be G00. Just
as polymers show broad transitions in melting point, some-
times over many decades of temperature, they also show rheo-
logical property changes over broad frequency ranges. In
general, the higher the polymer molecular weight, the
broader the range. If examined over short timescales, they
may appear to be solid, while over longer timescales, they
may flow like a liquid.

4.1.4. Applications

Suspension

Ramstack et al. (43) reported that increased viscosity of an
injection vehicle containing the fluid phase of a suspension
significantly reduces in vivo injection failures. Injectable
compositions for microspheres can be made by mixing dry
microparticles with an aqueous injection vehicle to form a
suspension, and then mixing the suspension with a viscosity-
enhancing agent to increase the viscosity of the fluid phase of
the suspension to the desired level for improved injectability.

Emulsion Examples

Viscosity can be monitored by standard rheological tech-
niques. The rheological properties of emulsions, reviewed by
Sherman (1983), can be complex and depend on the identity
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of surfactants and oil used, the ratio of the disperse and con-
tinuous phases, particle size, as well as other factors. Floccu-
lation will generally increase viscosity, thus, monitoring
viscosity on storage is important for assessing shelf-life
stability.

Viscosity can be used to assess multiple emulsion stabi-
lity. This method is based on change in viscosity of the exter-
nal aqueous phase as water is lost from the internal to the
external aqueous phase of W=O=W emulsions due to rupture
of the oil layer. As the overall viscosity of the emulsion system
is dependent on the continuous phase viscosity, Kita et al. (44)
attempted to estimate the stability of W=O=W emulsions
which had relatively low volume fractions of internal aqueous
phase (< 0.2) by measuring viscosity as a function of time.
Viscosity was related to the volume fraction of the internal
aqueous phase using a modified Mooney’s equation:

ln Zrel ¼
aðfwi þ foÞ

1� lðfwi þ foÞ
ð20Þ

where Zrel is the relative viscosity, a is the shape factor, l is
the crowding factor, (fwiþfo) represents the dispersed phase
volume fraction and where fwi and fo are the volume frac-
tions of the internal aqueous and oil phases, respectively.
The equation can be written as a function of the volume frac-
tion of the internal aqueous phase fwi as follows:

fwi ¼
a½log Zrelfð2:303=aÞ � ð2:303lfo=aÞg � fo�

aþ ð2:303Þl log Zrel
ð21Þ

fo remains constant, however, fw decreases with increasing
rupture of the oil layer as the internal aqueous droplets are
mixed with external aqueous phase. Kita et al. (44) used the
viscometric method to estimate stability of W=O=W emulsions
with relatively low volume fractions of internal aqueous
phase (< 0.2). Emulsions with higher volume fractions do
not exhibit Newtonian flow at low shearing rates and there-
fore cannot be assessed using this method. Ingredients such
as glucose, bovine serum albumin, and electrolytes did not
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allow an accurate estimation of multiple emulsion stability as
these molecules alter the dispersion state of the droplets.

Matsumoto and Kohda (45) calculated the rate of swel-
ling and shrinkage of the internal aqueous phase of W=O=W
emulsions under the influence of an osmotic gradient from
the rate change in viscosity. The rate of change of viscosity
was determined to be proportional to the osmotic pressure dif-
ference across the oil phase. The authors estimated the flux of
water across the oil layer from viscosity changes in the initial
stages of aging using modified Mooney’s equation (18). This
enabled the authors to estimate a water permeation coeffi-
cient (P0) for the oil layer. P0 was determined to be in the
range of 10�4 to 10�5 cm=s at 25�C. The rate of swelling or
shrinkage was calculated by subtracting the quantity of water
taken up into the oil layer by solubilizing micelles from the
total water flux. When glucose or sodium chloride was present
in the internal aqueous phase, the viscosity of the emulsions
increased initially and then decreased. This was explained
by the migration of water from the outer to the internal aqu-
eous phase to satisfy the osmotic gradient caused by glucose
or sodium chloride in the internal phase leading to swelling
of the internal droplets with an increase in viscosity. Further
swelling of the internal droplets was considered to result in
rupture of the oil layer causing release of the internal water
with consequent decrease in the external phase viscosity.

4.1.5. Interfacial Rheology

Surfactants added to dispersed systems adsorb at interfaces
reducing interfacial tension and forming an interfacial film
which resists coalescence or agglomeration following particle
collision. It has been shown that the stronger this film the
more stable the dispersions and that the interfacial film can
play a more crucial role than the reduction of interfacial ten-
sion in maintaining long-term emulsion stability to coales-
cence for certain emulsion systems (46). The strength of the
interfacial film, which can be a monolayer, a multilayer or a
collection of small particles adsorbed at the interface, depends
on the structure and conformation of surfactant molecules at
the interface (47). The structure and conformation can be
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affected by formulation variables including surfactant type
and concentration, other additives and their concentrations,
storage temperature, ionic strength, and pH. For the film to
be an efficient barrier, it should remain intact when sand-
wiched between two particles. If broken, the film should have
the capacity to reform rapidly. This requires that the film pos-
sess a certain degree of surface elasticity. It has been shown
that interfacial elasticity correlates well with interfacial
film strength and can be used to predict emulsion stability
(Opawale and Burgess 1997).

An oscillating shear interfacial rheometer consists of
four interconnecting systems: a moving-coil galvanometer; a
Du Nouy ring attached to the galvanometer; an amplitude
controller for motion of the ring; and a data processor. The
equation of motion for the instrument and the associated the-
ory has been explained by Sheriff and Warburton (48). A nor-
malized resonance mode is used where the frequency of phase
resonance was > 2Hz. At phase resonance, the input stress
leads the strain by 90�. The outputs are the strain amplitude
and=or the frequency of phase resonance. The amplitude of
motion of the ring is measured via a proximity probe transdu-
cer and automatic analysis of the signal generated provides
the dynamic interfacial rigidity modulus (interfacial
elasticity, G0

s (mN=m). G0
s is defined as

G0
s ¼ gfIo4p2ðf 2 � F2

0Þ ð22Þ

where I0 is the moment of inertia of the ring, f and f0 are the
sample and reference interfacial resonance frequencies,
respectively, and gf is the geometric factor. The gf is defined as

gf ¼
4pðR2

1 R2
2Þ

ðR1 þ R2ÞðR2 �R1Þ
ð23Þ

where R1 is the radius of the ring and R2 is the radius of the
sample cell.

4.1.6. Limitations

Accurate measurement of the mechanical and rheological
properties of injectable dispersed systems relies on accuracy
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of force applied to the samples since rheology describes the
interrelation between force, deformation, and time. For non-
Newtonian systems, measuring viscosity at low shear stress
(or yield) may be significantly influenced by precision of con-
trolled stress force, history of sample to be measured, and
timescale for the measurement. One of the main limitations
of most commercial rheometers lies in the frequency range.
Frequencies above 100 Hz are often hard to achieve, and
frequencies below 0.01 Hz require significant time investment
to collect data.

5. CONCLUSIONS

Particle size, zeta potential, and rheological properties are
important and useful indicators of injectable dispersed system
stability. However, there are several pitfalls that one has to
be aware of when characterizing and analyzing injectable dis-
persed systems using these parameters. To obtain accurate
and reproducible results for particle size, surface charge,
and rheological properties requires knowledge of the inject-
able dispersed systems under development, understanding
instrumentation operation basis, and careful experimental
planning.
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1. IN VITRO RELEASE

1.1. Basis of Dissolution Testing

Dissolution testing is an in vitro procedure designed to discri-
minate important differences in components, composition,
and=or method of manufacture between dosage forms (1). A
dissolution test for solid oral dosage forms, utilizing a rotating
basket apparatus, was first included in the United States
Pharmacopeia (USP) 18 in 1970. The current USP (2) includes
general methods for disintegration, dissolution, and drug
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release. The disintegration and dissolution tests are intended
primarily for immediate release solid oral dosage forms, the
former controlling the time taken for a tablet or capsule to
break down and the latter controlling release of the active
ingredient(s). The drug release test is intended for application
to modified release articles including delayed and extended
release tablets; seven apparatus are described, the choice
being based on knowledge of the formulation design and
actual dosage form performance in the in vitro test system.
Specific guidance is given with regard to the utility of Appara-
tus 1 (basket) or 2 (paddle) at higher rotation frequencies,
Apparatus 3 (reciprocating cylinder) for bead-type delivery
systems, Apparatus 4 (flow cell) for modified release dosage
forms containing active ingredients of very limited solubility,
Apparatus 5 (paddle over disc) or Apparatus 6 (cylinder) for
transdermal patches, and Apparatus 7 (reciprocating disc)
for transdermal systems and non-disintegrating oral modified
release dosage forms. The usage of the various apparatus
across all modified release dosage forms described in the
current USP is shown in Fig. 1.

The state of science is such that in vivo testing is neces-
sary in the development and evaluation of dosage forms. It is

Figure 1 Modified release dosage forms—usage of USP apparatus
for drug release, as indicated in USP27-NF22.
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a goal of the pharmaceutical scientist to find a relationship
between an in vitro characteristic of a dosage form and its

Correlation for Modified Release Parenteral Drug Delivery

1.2. General Considerations

Whatever dissolution apparatus is used, close control must
be applied to several parameters, including geometry, dimen-
sions, materials of construction, environment, temperature,
and time, in order that reliable results may be obtained. Con-
sideration should be given to the potential for extraction of
interferants from the equipment, or adsorption of the active
substance, and method validation should include an assess-
ment of recovery for a completely dissolved dosage unit.

The dissolution test is carried out at constant temperature
(normally 37�C, body temperature, for oral and parenteral
dosage forms, or 32�C, skin temperature, for transdermal sys-
tems), although other temperatures may be used with justifica-
tion. Temperature should be controlled with a tolerance of
� 0.5�C and should be measured and verified as being within
limits over the duration of the test.

The dissolution test may be carried out using water, or
a medium chosen to mimic physiological conditions, and may
include a buffer system to maintain pH, additives such as
surfactants or albumin (to mimic protein binding of lipo-
philic drugs when administered intravenously). A bacterio-
static agent may be incorporated to control microbiological
growth, which can be a particular problem for real-time
release testing of extended release formulations. Deaeration
of dissolution media should be considered, as degassing
resulting in the formation of air bubbles on the surface of
the dosage form will significantly affect surface area and
hence rate of release. The use of non-aqueous media is not
normally recommended, as a meaningful in vitro–in vivo
correlation is unlikely.

The test is normally carried out on a unit dose of the
formulation. The dose may be dispersed in the dissolution
medium, contained within a cell, or for solid dosage forms
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retained by a sinker, for example, a platinum wire, designed
to minimally occlude the dosage form.

The composition and volume of dissolution medium
should be chosen to ensure that, when all of the drug substance
has dissolved, the concentration of the resulting solution will
be less than one-third of that of a saturated solution; thus,
the dissolution medium acts as a sink, in which the concentra-
tion of dissolved drug will be low enough not to inhibit ongoing
release. The usual volume of dissolution medium is 500–1000
mL, but other volumes may be used with justification.

Under certain circumstances, usually tomimic the change
in environment as an enteric-coated or extended release tablet
or capsule moves through the gastrointestinal tract, the disso-
lution medium may be modified=changed at a predetermined
intermediate time-point.

The dissolution medium should be stirred, or the sample
compartment rotated or oscillated, to ensure homogeneity of
solution. Other than this, the dissolution apparatus should
not contribute and should be isolated from, any vibration or
other motion which could affect the rate of release.

Test duration is normally 30–60 min for immediate
release formulations, but may be much longer for extended
release products. Evaporative losses during the test must be
minimized or compensated for. For tests longer than 24 hr,
measures (sanitization of equipment and=or inclusion of anti-
microbial additive) must be taken to prevent microbiological
proliferation.

The release profile may be characterized by determining
the concentration of drug released at each of a minimum of
three time-points—an early time-point to determine ‘‘dose
dumping,’’ a late time-point to evaluate completeness of
release, and an intermediate time-point to define the in vitro
release profile. Measurement may be continuous (e.g., by use
of a flow cell or fiber-optic probe) or discrete, and if a sample of
dissolution medium is withdrawn for analysis, it should be
replaced (if the assay method is non-destructive), or an equal
volume of fresh dissolution medium added and the amount of
drug removed corrected for in subsequent calculations, or
the test may be continued with diminished volume. If a
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sample-and-replace approach is used, care should be taken to
minimize any perturbation to temperature, perhaps by pre-
heating the replacement medium. For products containing
two or more active ingredients, release should be measured
for each active ingredient.

The analytical methodology used to determine drug con-
centration should be selective for the active ingredient. Where
the formulation is dispersed in the dissolution medium,
separation of dissolved from undissolved drug may be accom-
plished by filtration, centrifugation or by the use of an analy-
tical technique sensitive only to dissolved drug. Care must be
taken to ensure that the sampling and subsequent analysis
does not influence the distribution of drug between undis-
solved and dissolved forms. Degradation of the drug sub-
stance under the conditions of the test should be evaluated
during method development (3,4); if significant degradation
is apparent, it may be appropriate to sum active and degra-
dants, or to utilize a non-specific method, such that the
reported results are indicative of release. It is normal practice
to report results as cumulative release, as a percentage of the
labeled content of drug (Q).

The drug release test is normally performed in replicate,
initially using 6units but with the scope for additional testing
(up to a total of 24units) if acceptance criteria are not met.
Acceptance criteria should control mean release and the range
of individual values for a batch of the formulation. The drug
release test is normally considered to be stability indicating.

1.3. Applicability to Injectable Dispersed Systems

Current guidance is that no product where a solid phase
exists, including suspensions and chewable tablets, should
be developed without dissolution or drug release characteriza-
tion. In the context of injectable dispersed systems, it is there-
fore appropriate to apply a drug release test to suspensions
and microspheres. Drug release characterization is also
relevant for emulsion and liposomal products where the
formulation is designed to control the release of the active
substance(s).
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1.4. Mechanistic Studies

The development of in vitro drug release methodology should
be underpinned by an understanding of the mechanism of
drug release. This requires knowledge of the drug substance,
the release-controlling excipients, and any interactions in the
formulation. Depending on the characteristics of the dosage
form and the route of administration, in vitro drug release
may involve hydration, swelling, aggregation, disintegration,
diffusion, hydrolysis, and=or erosion. In vivo release may be
additionally complicated by enzymatic action, encapsulation
by tissue, complexation, or partitioning into tissue.

1.4.1. Emulsions

Submicron emulsions are typically used for parenteral nutri-
tion or the intravenous administration of a hydrophobic, lipo-
philic drug substance. Characterization studies should
include investigation of particle size distribution (particles
> 5 mm are likely to cause pulmonary embolism), zeta
(surface) potential, which is a key indicator of the physical
stability of the emulsion, pH, which is a determinant factor
for surface potential and which is liable to decrease on storage
due to the formation of free fatty acids, and drug substance
content. The drug substance will partition between the dis-
perse (oil) phase, the continuous (aqueous) phase, and the
oil–water interface where the drug may associate with the
emulsifying agent(s). A quantitative assessment of drug dis-
tribution is required if the mechanism of release is to be
understood, and this may be determined using a combination
of ultrafiltration and ultracentrifugation techniques (5).

1.4.2. Liposomes

Liposomes may be used for drug delivery to confer sustained
release, for tumor targeting, to increase bioavailability or
expand the therapeutic window. The characterization
techniques described above for emulsions may also be applied
to liposomes, although the partitioning of the drug substance
is complicated by the existence of internal and external
aqueous phases.
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1.4.3. Suspensions

Injectable suspensions may be used for drug delivery primarily
for insoluble drug substances; for intravenous administration,
a submicron particle size distribution is essential. Characteri-
zation studies should encompass particle size distribution,
partitioning of the drug substance between solid and solution;
and the potential for Ostwald ripening should be considered.

1.4.4. Microspheres

Microsphere drug delivery systems are usually based on biode-
gradable polymers (6) such as poly(lactic acid), poly(lactide-co-
glycolide), polyanhydrides, cross-linked polysaccharides, gela-
tin or serum albumin, and are intended for subcutaneous or
intramuscular administration. Drug loading is determined
by potency, duration of release, and other factors, but is gener-
ally in the range 0.1–15% by weight. Characterization studies
should include the particle size distribution, drug distribution
within the formulation (solid solution, drug polymer salt, dis-
crete domains of drug in the polymer matrix), and the surface
and bulk morphology. Solid state imaging techniques are
important in elucidating structural information.

1.5. Methodology

Experimental methodology for the determination of in vitro
release from injectable disperse systems may be considered
to fall into four categories (7): membrane diffusion, sample
and separate, in situ, and continuous flow methods.

1.5.1. Membrane Diffusion Techniques

These techniques are characterized by their use of a dialysis
membrane to partition the sample and test media, thereby
facilitating the determination of concentration of released
drug. The membrane is selected to have a molecular weight
cut-off allowing permeation of the drug substance, and it is
assumed that diffusion of drug through the membrane is
not a rate-limiting step. The dialysis membrane must be con-
ditioned by soaking in dissolution medium prior to use, in
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order to remove extractables which may interfere in the
subsequent analysis.

The dialysis sac diffusion technique involves placing a
suitably sized sample (unit dose if possible), along with a sui-
table carrier medium (continuous phase, suspending medium
or dissolution buffer), into a dialysis sac or tube. This is sealed
and placed in a large volume of dissolution buffer, which is
stirred to ensure uniform mixing, and the concentration of
drug arising from diffusion through the membrane is deter-
mined at an appropriate frequency. The dialysis sac diffusion
technique has been used to measure in vitro release from lipo-
somes (8), submicron emulsions (9,10), and microspheres (11).

In a variation of the method, release is determined by
assay of microspheres remaining within a dialysis tube at
each test time-point (12); this approach also allows measure-
ment of mass loss, hydration, and polymer degradation. The
technique is simple to apply, separates the sample from the
dissolution medium simplifying subsequent assay, and is
applicable to a wide range of formulation types, but suffers
the significant disadvantage that the sample within the dialy-
sis sac is largely undiluted and therefore sink conditions do
not apply. In the example of an emulsion formulation of a lipo-
philic drug substance, release rate measured using this tech-
nique will be determined largely by the partition coefficient
between disperse and continuous phases within the dialysis
bag and will not be indicative of release in the blood stream,
which can be considered a true sink due to binding of the lipo-
philic drug substance to blood proteins. This issue may be
resolved by the inclusion of a solubilizing agent, in the form
of a hydrophilic b-cyclodextrin derivative, in the dissolution
medium to maintain sink conditions (13). Further applica-
tions may include the study of depot formulations adminis-
tered by subcutaneous or intramuscular injection, where the
depot may become encapsulated by tissue leading to
membrane-mediated release.

A modification to the above approach, the bulk equili-
brium reverse dialysis sac technique (5,10), avoids this pro-
blem by placing the sample directly into an appropriate
volume of dissolution buffer in equilibrium with several

132 Clark et al.

© 2005 by Taylor & Francis Group, LLC



dialysis sacs each containing 1 mL of the same dissolution
buffer. At appropriate intervals, one dialysis sac and a 1 mL
sample from the bulk dissolution buffer are removed and
the drug contents of the dialysis sac and the bulk solution
are assayed. In this approach, release may be studied under
sink conditions. If the active substance is chemically stable
under the conditions of the test, and if the sample is accu-
rately dispersed, analysis of the bulk solution is unnecessary
as the percentage release can be calculated from the assay of
the dialysis sac alone. In this approach, the formulation is
diluted in a large volume of dissolution medium and sink con-
ditions may be considered to apply. The technique may there-
fore have utility in the study of intravenous emulsions and
liposomes.

This approach has been further developed into a fully
automated system, microdialysis sampling, initially applied
to tablets (14,15), and subsequently to implants (16). A sche-
matic illustration of such an apparatus is shown in Fig. 2.

The test sample is added to a suitable volume of continu-
ously stirred dissolution medium and the microdialysis probe,
consisting of narrow-bore dialysis tubing, is positioned below
the surface. A perfusion medium is continuously pumped
through theprobeandcollected for analysis byhigh-performance

Figure 2 Microdialysis sampling.
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liquid chromatography (HPLC). The perfusion medium may be
buffered to ensure compatibility with the HPLC column, and
the flow rate and surface area of the microdialysis probe may
be manipulated to ensure that the drug concentration is within
the range of the assay method.

As for the reverse dialysis sac technique, this approach
allows sink conditions to be maintained, and therefore may
be applicable to intravenous formulations.

The rotating dialysis cell is a further variation on the
membrane diffusion theme. This approach was first used to
assess in vitro release from parenteral oil depot formulations
(17) and has also been used to assess drug salt release from
suspensions (18). The apparatus consists of a small (10 mL)
and a large (1000 mL) compartment separated by a dialysis
membrane, as shown in Fig. 3.

In use, approximately 5 mL of sample is introduced into
the dialysis cell which is placed in a large (typically 1000 mL)
volume of dissolution medium. The dialysis cell is rotated at a
constant speed, typically 50 rpm, and the concentration of
drug arising through diffusion into the sink solution is mea-
sured at appropriate intervals.

Figure 3 Rotating dialysis cell.
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It is considered that this approach, in which the apparatus
acts as a two-compartment model, may mimic release in vivo
where the route of administration is into a small compartment
(e.g., intra-articular) or where release into the systemic circu-
lation is mediated by passive diffusion through a membrane.

1.5.2. Sample and Separate Techniques

This category covers methods in which the sample is diluted
with dissolution medium under sink conditions, a sample is
withdrawn at appropriate intervals, and undissolved material
removed leaving a solution containing dissolved drug.

This approach has been applied to assess drug release
from PLGA microspheres, using USP Apparatus 2 (paddle
method); samples were withdrawn, filtered, and the filtrate
analyzed by HPLC (19). A variation involved shaking several
tubes (one per test time-point) containing sample, taking one
tube at each test time-point, and centrifuging to separate free
drug in solution from undissolved material then determining
dissolved drug concentration using HPLC (20). Tube-to-tube
variability may be eliminated by replacing the supernatant
removed for assay with an equal volume of fresh dissolution
medium, vortexing to resuspend, then continuing the test
with the same tube (21).

The centrifugal ultrafiltration technique developed by
Millipore (22) in the form of the Ultrafree�-MC unit, illu-

a nominal molecular weight limit (NMWL) of 5000–100,000
Da. A maximum 400 mL sample of dissolution medium con-
taining the suspended formulation is withdrawn from the dis-
solution vessel at appropriate intervals and transferred to a
centrifugal filter unit with an NMWL value chosen to allow
passage of the drug. The unit is placed in a microcentrifuge
tube and centrifuged at up to 5000g using a fixed angle micro-
centrifuge. The resulting ultrafiltrate is assayed to determine
the free drug substance concentration.

The centrifugal ultrafiltration method has been applied
to the determination of in vitro release from a submicron
emulsion (23).
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1.5.3. In Situ Techniques

In this approach, the sample is diluted in the dissolution med-
ium and release is measured in situ, without separation of
undissolved material, using a suitable analytical methodology
specific to dissolved drug. This approach is little used in the
determination of drug release from injectable dispersed sys-
tems, as correction for interference from undissolved drug
may be problematic. Differential pulse polarography has been
successfully used to determine the release of pyroxicam from
polymeric nanoparticle dispersions (24).

1.5.4. Continuous Flow Methods

This category includes single-pass methods in which dissolu-
tion medium is pumped through a cell containing the sample
and the eluant is analyzed continuously or fractions are col-
lected for subsequent assay; and loop methods in which the
dissolution medium is continuously recirculated.

This technique is mainly applicable to microspheres and
other solid dosage forms which may be retained in the flow-
through cell by use of an appropriate filter. The sample may
be mixed with glass beads to minimize aggregation as well

Figure 4 Centrifugal ultrafiltration apparatus.

136 Clark et al.

© 2005 by Taylor & Francis Group, LLC



as to alter the flow pattern within the sample bed to help
avoid channeling effects that would lead to inaccurate release
patterns. The flow-through cell is placed vertically in a
thermo-jacketed vessel and dissolution medium pumped from
the reservoir, through a delay coil to allow temperature equi-
libration, through the flow-through cell from bottom to top,
then through an in-line measurement device such as a UV
spectrophotometer before being returned to the reservoir.
The volume of dissolution medium remains constant through-
out. A schematic illustration is shown in Fig. 5.

The flow-through apparatus has been used extensively to
evaluatedrug release fromoral solid dosage formsandhasbeen
applied to injectable dispersed systems, mainly microspheres.
Release from microwave-treated gelatin microspheres has
been investigated under sink and non-sink conditions, using
deionized water as dissolution medium (25). In a study of vera-
pamil hydrochloride-loaded microspheres intended for oral
administration, a surfactant was added to the dissolutionmed-
ium to improve wetting, and the flow rate was controlled to
maintain sink conditions in the flow-through cell; different dis-
solution media were evaluated, and in the ‘‘half-change’’
method, step changes in pHwere introduced at predetermined

Figure 5 USP Apparatus 4 (flow-through cell).
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time-points (26). A novel approach was used to investigate
release of glial cell line-derived neurotrophic factor (GDNF)
from PLGAmicrospheres; the apparatus utilized an unpacked
HPLCcolumnas the sample compartment; dissolutionmedium
was passed through the column to a fraction collector, and pro-
tein release determined by gamma counting, ELISA, and=or
bioassaymethods. A study of the dissolution of a poorly soluble
compound in unmicronized and micronized form concluded
that homogeneous mixing of the sample with the glass beads
in the flow-through cell was effective in achieving maximum
dissolution with minimum variability for unmicronized pow-
ders, but for micronized powders poor wetting resulted in par-
ticles being carried into the filter, resulting in anomalously low
release. Presuspending drug in dissolutionmediummodified to
include a suspending medium (0.3% HPMC) and a surfactant
(0.2% Tween 80), introducing the sample as a slug below the
glass beads, and reducing flow rate, were shown to lead to
release profiles in line with particle size (27).

1.6. Method Development

Preliminary method development should be based on a knowl-
edge of the dosage form and route of administration, and the
in vitro procedure should emulate in vivo conditions so far as
is reasonably practical.

For extended release dosage forms, which may be
designed to release drug over prolonged periods up to 12
months, the development of an accelerated in vitro release
procedure may offer considerable benefits in reducing devel-
opment time-lines and, for marketed products, in resource
efficiency and enhanced responsiveness to manufacturing
problems. In vitro release may be accelerated by the choice
of appropriate conditions, in particular increased tempera-
ture and extreme pH, but the same requirements for
biorelevance must be met.

When in vivo data from exploratory studies are available,
method optimization should be carried out with the aim of
achieving an in vivo–in vitro correlation for fast, intermedi-
ate, and slow-releasing batches. An experimental design
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approach should be utilized; the following are generally
considered to be critical parameters for investigation:

� Volume of dissolution medium (sink conditions)
� Composition and pH of dissolution medium
� Temperature
� Agitation=flow.

Systematic variation of selected parameters to optimize
discrimination, duration of release, and release profile for
two or more batches or formulation variants known to behave

vant release test.
For detailed information on the development of an in

2. DATA MANIPULATION

2.1. Calculation of Cumulative Release

For an analytical system in which volume is constant, as is
the case for in situ methods and recirculatory continuous flow
systems with in-line concentration measurement, cumulative
release may be determined as follows:

Rn ¼ 100
CnV

D

where Rn is the percentage cumulative release at time-point
n, Cn the concentration at time-point n, and D is the drug con-
tent of the sample; for a regulatory test, it is normal practice
that the test comprise, multiple determinations of a single
unit dose, and for D to represent the labeled dose.

Where the release test involves the withdrawal of a
sample of dissolution medium in which the formulation is
homogeneously dispersed, and the test is continued with
diminished volume, the formulation:dissolution medium ratio
is unaffected by the sampling operation and hence the concen-
tration of dissolved drug at subsequent time-points is the
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same as would be the case in the constant volume procedure
described above. Cumulative release is given by

Rn ¼ 100
CnV0

D

where Rn, Cn, and D are as previously described and V0 is the
initial volume of dissolution medium.

Where the method involves in-situ filtration such that
supernatant medium containing dissolved drug is withdrawn
and not replaced, a correction factor must be applied as
follows:

Rn ¼ 100
CnVn þ

Pn�1
i¼1 CiVs

D

( )

where Rn, Cn, and D are as previously described, and Vs is the
volume of supernatant medium withdrawn at each time-point.

2.2. Mathematical Description of Release Profile

In general, drug dissolution from solids can be described
using the Noyes–Whitney equation as modified by Nernst
and Brunner:

dM

dt
¼ DSðCs � CtÞ

h

where M is the amount of drug dissolved in time t, D is the
diffusion coefficient of the solute in the dissolution medium,
S is the surface area of the expressed drug, h is the thickness
of the diffusion layer, Cs is the solubility of the solute and Ct is
the concentration of the solute in the medium at time t; the
equation may be simplified by assuming that, for dissolution
testing under sink conditions, Ct is zero.

This model assumes that a layer of saturated solution
forms instantly around a solid particle, and that the dissolu-
tion rate-controlling step is transport across this so-called
diffusion layer. Ficks law describes the diffusion process:

m

t
¼ DADC

L
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wherem=t is the mass flow rate (massm diffusing in time t),D
is the diffusion constant, DC is the concentration difference, A
is the cross-sectional area, and L is the diffusion path length.

The cube root law developed by Hixson and Crowell takes
into account Fick’s law and may be considered to describe the
dissolution of a single spherical particle under sink conditions:

w1=3 ¼ w
1=3
0 � k1=3t; k1=3 ¼

4pr
3

� �1=3 DCs

rh

where w is particle weight at time t, w0 is the initial particle
weight, k1=3 is the composite rate constant, r is the density
of the particle, and D, Cs, and h are as previously defined.

The expressions above may be used as the basis for
mathematical models of drug release (28).

2.3. Comparison of Release Profiles

A comparison of dissolution profiles may be necessary to
support changes in formulation, site, scale or method of man-
ufacture. The comparison should be based on at least 12units
of reference (prechange) and test (postchange) product.

A common procedure is the model-independent approach
(29,30), which involves calculation of a difference factor (f1)
and a difference factor (f2) to compare profiles. This approach
is suitable where the dissolution profile is based on three or
more time-points, only one of which occurs after 85% dissolu-
tion; the time-points for the reference and test batches must
be the same and no modification to the release test is permis-
sible. The reference profile may be based on the mean dissolu-
tion values for the last prechange batch, or the last two or
more consecutively manufactured prechange batches; for
mean data to be meaningful, the RSD should be < 20% for
the initial time-point and <10% for subsequent time-points.

The difference factor (f1) calculates the percentage
difference between the two curves at each time-point and is
a measurement of the relative error between the two curves:

f1 ¼ 100

Pn
t¼1 j Rt � Tt jPn

t¼1 Rt
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where n is the number of time-points, Rt is the dissolution
value of the reference (prechange) batch at time t, and Tt is
the dissolution value of the test (postchange) batch at time
t. For curves to be considered similar, f1 should be close to zero
and within the range 0–15.

The similarity factor (f2) is a logarithmic reciprocal
square root transformation of the sum of squared error and
is a measurement of the similarity between the two curves:

f2 ¼ 50 log
100ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

½1þ ð1=nÞ
Pn

t¼1ðRt � TtÞ2�
q

8><
>:

9>=
>;

where n, t, Rt, and Tt are as defined for the calculation of
difference factor.

For curves to be considered similar, the similarity factor
(f2) should be close to 100 and within the range 50–100.

Where batch-to-batch variation within the reference and
test batches is greater than 15% RSD, misleading results may
arise and an alternative approach is preferable. A model-
dependent method, involving the derivation of a mathemati-
cal function to describe the dissolution profile followed by
determination of the statistical distance between the refer-
ence and test batches (31), may be used to compare the test
and reference profiles taking into account variance and covar-
iance of the data sets and allowing the use of different
sampling schemes for the reference and test lots.

A comparison of anova-based, model-dependent, and
model-independent methodologies for immediate release
tablets (32) concluded that the anova-based and model-depen-
dent methods have narrower limits and are more discrimina-
tory than the similarity=difference factor methods.

3. IN VIVO RELEASE

3.1. Introduction

The following section discusses the preclinical in vivo
evaluation of injectable dispersed systems particularly the
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evaluation of extended release systems intended for intra-
muscular or subcutaneous administration and should be read
in conjunction with the chapters in this book by Oussoren
et al. (Biopharm) and Young et al. (IVIVC).

Preclinical testing of parenteral modified release formu-
lations is performed for two major reasons:

� To provide data that support the ethical dosing of new
chemical entities and formulations, clinically with
regard to safety and efficacy.

� To support the pharmaceutical development of formu-
lations with the predicted desired clinical performance
(which is usually assessed by pharmacokinetic perfor-
mance).

This section will focus on the design of in vivo preclinical
experiments aimed at supporting the pharmaceutical develop-
ment of modified release particulate drug delivery systems
with special emphasis on those in which the excipient modify-
ing release is a poly-lactic acid or poly-lacticco-glycolic acid
ester polymer (PLA=PLGA). When performing preclinical in
vivo evaluations, a fundamental assumption is that the model=
species chosen is likely to be predictive of the clinical situation.
There is, however, a lack of systematic investigations to estab-
lish which animal species are the most predictive of the clinical
situation. Indeed an AAPS, FDA, and USP co-sponsored work-
shop on ‘‘Assuring Quality and Performance of Sustained and
Controlled Release Parenterals’’ recommended the initiation
of research in this area (33). Notwithstanding this lack of sys-
tematic research, from a knowledge of first principles and
review of the literature, it is possible to draw conclusions about
the relative merits of different animal models.

During the pharmaceutical development of PLGA-based
dispersed systems, the primary aim of preclinical experiments,
in common with in vitro dissolution testing, is to characterize
the release of drug from the delivery system. Therefore, the pri-
mary requirement for the preclinical model is that the absorp-
tion=injection site is sufficiently similar to that in humans
such that the release mechanism and release kinetics of drug
from thePLA=PLGA systemare qualitatively equivalent to that
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which will be experienced in the clinic. There is a substantial
body of evidence supporting the hypothesis that the release of
drug from PLA=PLGA-based systems is predominately con-
trolled by the characteristics of the delivery system and depen-
dent mainly on a combination of diffusion (early phase) and
hydrolytic erosion (later phase) (34). For PLA=PLGA-dispersed
systems, it is clear that this release is also the rate-determining
step for the pharmacokinetics (35), otherwise there would be no
pharmacokinetic driver to produce such a complicated system.
It is therefore not unreasonable to assume that if the injection
sites of preclinical species do not differ too markedly for human
tissue in terms of biochemistry and tissue reaction then the
release profiles are likely to be comparable across species.
Exhaustive comparative analysis of the subcutaneous and
intramuscular tissue interstitial fluid has apparently not been
performed; however, we know that interstitial fluid is in equili-
brium with serum= plasma and the serum data for preclinical

For larger molecular weight species (plasma proteins),
the equilibrium point between plasma and interstitial fluid
is dependent on the endothelial properties of each tissue
(37) and, for both small and large molecular weight species,
the metabolic fate within the tissue (38). Lymph to plasma
(interstitial) concentration ratios are available for different
species. While somewhat variable, and dependent upon mea-
surement technique (39), they are broadly comparable across
species although for albumin, dogs and rabbits may exhibit a
lower ratio than seen in humans while rats show the most
similar ratios. It should also be noted that tissue differences
in concentration ratios also exist with interstitial albumin
concentration being higher in skeletal muscle than subcuta-
neous tissue under some conditions (37,40). Thus it can be
concluded that in terms of biochemistry interstitial fluid is
likely to be broadly similar across species.

The histopathological reaction observed following injec-
tion of PLA=PLGA microspheres is typical of a response to
an inert foreign body in which the aim of the tissue reaction
is the removal of the material from the host without the
generation of an antigen-specific immune response. The cells
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Table 1 Mean Values of the Inorganic Components in the Serum of the Male of Each Species Listed

Mice (albino) Rat (albino) Rabbit Dog Man

Sodium
(mEq=L)

138 (128–145) 147 (143–156) 146 (138–155) 147 (139–153) 141 (135–155)

Potassium
(mEq=L)

5.25 (4.85–5.85) 5.82 (5.4–7) 5.75 (3.7–6.8) 4.54 (3.6–5.2) 4.1 (3.6–5.5)

Chloride
(mEq=L)

108 (105–110) 102 (100–110) 101 (92–112) 114 (103–121) 104 (98–109)

Bicarbonate
(mEq=L)

26.2 (20–31.5) 24 (12.6–32) 24.2 (16.2–31.8) 21.8 (14.6–29.4) 27 (22–33)

Phosphorous
(mg=dL)

5.6 (2.3–9.2) 7.56 (3.11–11.0) 4.82 (2.3–6.9) 4.4 (2.7–5.7) 3.5 (2.5–4.8)

Calcium
(mg=dL)

5.6 (3.2–8.5) 12.2 (7.2–13.9) 10 (5.6–12.1) 10.2 (9.3–11.7) 9.8 (8.5–10.7)

Magnesium
(mg=dL)

3.11 (0.8–3.9) 3.12 (1.6–4.44) 2.52 (2–5.4) 2.1 (1.5–2.8) 2.12 (1.8–2.9)

The bracketed values indicate the range in literature values.
(From Ref. 36.)
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involved in this reaction are overwhelmingly those of the
macrophage series, but the detailed form of the response is
dependent upon the size of the microspheres injected.

Following injection of microspheres of less than approxi-
mately 10mm in diameter, the response is characterized by
the progressive invasion and phagocytosis of themass ofmicro-
spheres by single macrophages. The single macrophage, how-
ever, is incapable of phagocytosing larger microspheres, and
if these are injected the host reaction includes large numbers
of multinucleate giant cells that are formed from the fusion
of individual macrophages. The macrophages or giant cells
engulf and presumably digest the microspheres. In all
instances, a two- to three-cell thick rim of fibrous tissue sur-
rounds the invading phagocytic cells and small blood vessels

This is a subcutaneous injection site and hair follicles are
clearly visible (�). An area of the microsphere tissue reaction
is illustrated. There is a thin fibrous capsule (arrow), under
which there is the advancing wall of macrophages and giant
cells (line) that is engulfing microspheres (arrowhead). To
the center of the reaction site, the microspheres are lost as
a tissue processing artifact.

The size of the lesion is directly related to the number of
microspheres injected. It is the mass of invading phagocytic
cells which are palpable at the injection site, which explains
the delay between injection of the microspheres and the for-
mation of a clinically obvious lump. These lesions are progres-
sive, and resolution is complete to a point where there is no
histopathological abnormality detected at the injection site.

This tissue reaction is identical in subcutaneous and
intramuscular injection sites, and is very similar across spe-
cies including rat, mouse, and primate.

For drugs which are non-irritant, the tissue reaction to
drug laden microspheres is indistinguishable from that to
control microspheres. If the drug is an irritant or has other
proinflammatory properties, the cellular infiltrate contains
large numbers of lymphocytes and fibrosis is prominent.

To summarize, it seems reasonable to conclude that
the absorption site environment across species should be
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sufficiently similar so as not to affect the release kinetics of
drugs from PLA=PLGAmicrospheres. Review of the literature
in which PLA=PLGA-based systems have been administered
to more than one species or strain or have been administrated
both subcutaneously and intramuscularly seem, to confirm
this conclusion. It was shown during the development of a
1-month leuprolide acetate PLGA microsphere formulation
(41,42) that the rate of release of leuprolide acetate from
PLGA microspheres (as measured by loss from the injection
site) was the same after administration to both subcuta-
neous and skeletal muscle tissue. Furthermore, the rat strain
(Sprague–Dawley vs. Wistar) did not affect the performance
of the microspheres as assessed by pharmacodynamic end-
points (41). This research group also demonstrated that the
plasma concentration–time curves for leuprolide acetate in
dogs and rats after intramuscular administration of leuprolide
acetate-loaded PLGA microspheres had essentially the same

Figure 6 Photomicrograph illustrating the typical tissue reaction
to PLGA microspheres, showing hair follicles (�), the fibrous capsule
(#), giant cells ( j ) and microspheres (;).
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pattern indicating non-species-specific release of leuprolide
acetate from the microspheres (43). Furthermore, the same
group also demonstrated similar performance for rat and dog
after subcutaneous and skeletal muscle administration for a
3-month leuprolide acetate PLAmicrosphere formulation (44).

Although a case has been made for the similarity of all ani-
mal models including humans for the evaluation of the release
(pharmacokinetic) behavior of preformed PLA=PLGA-based sys-
tems, a few cautionary points should be considered. If there is
likely to be a specific immune interaction in a species that is
notpresent inother species then thismaymake this species inap-
propriate for the pharmacokinetic evaluation of the PLGA sys-
tem. This has been highlighted previously for liposomal
systems (45). The foregoing discussion can only be considered
to apply to ‘‘preformed’’ controlled release systems. For other for-
mulationswhich are dependent on the formation of the rate-con-
trolling structure in vivo (for instance precipitation), there may
be sufficient difference between species for the structure forming
step, which is likely to be rapid, to be sufficiently different to give
different formulation behavior. For this type of formulation, the
identification of the most appropriate preclinical species may
need to be performed empirically as part of the development
program. Finally, it should be remembered that rabbits, and
possibly dogs, have a slightly higher body temperature (rabbit
38.5–39.5�C; dog 37.5–39.0�C) than other preclinical species
(mouse 36.5–38.0�C; rat 35.9–37.5�C; non-human primate
37.0–39.0�C) which maybe an important consideration depend-
ing on the glass transition temperature of the formulation.

3.2. Choice of Animal Species

As all preclinical species are likely to be equally predictive for
preformed PLA=PLGA delivery systems other selection cri-
teria become important. These are discussed briefly below.

3.2.1. Ethical Considerations

Within the European Union and United Kingdom in particu-
lar, there is an ethical and legal obligation to use the species
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with the lowest neurophysiological sensitivity to meet the
objectives of the experiment.

3.2.2. Dose Volume and Sample Volume
Considerations

Both ethically and scientifically, it is desirable not to give dose
volumes or take blood volumes that will unduly change the
physiology of the animal and therefore cause unnecessary dis-
comfort or invalidate the scientific integrity of the study.
Therefore, there is a balance to be struck between delivering
sufficient drug to give quantifiable systemic plasma drug con-
centrations (see Sec. 4) or volumes of complex formulations

can be ethically and scientifically justified. Currently accepted
European good practice guide on dosing and sampling volumes
are reported (46). A strategy to allow experimental design to
meet these limits is discussed in the case study.

3.2.3. Toxicological Species

Where possible, it would seem appropriate that the formula-
tion development program is performed in species that are
to be used in the safety assessment evaluation of the com-
pound and formulation as this should reduce the number of
studies that need to be performed (for instance avoidance of
pharmacokinetic sighting studies prior to the start of a full
safety assessment study). Choice of toxicological species is dri-
ven by the regulatory requirement to provide data in a rodent
and non-rodent, demonstration of pharmacological activity in
the chosen species, and the ethical consideration to use ani-
mals of the lowest neurophysiological sensitivity to meet the
objectives of the experiment.

4. BIOANALYSIS

There is little value in taking such care to choose species and
design the live phase of any preclinical evaluation if the drug
blood=plasma concentration analysis is then lacking. Many
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compounds are considered for parenteral-controlled release due
to their poor oral bioavailability and usually short elimination
half-life (in many cases, these compounds are peptides and pro-
teins). This presents the bioanalystwith considerable challenges
as these compounds are usually unstable in blood=plasma and
also difficult to resolve from endogenous material in plasma.
The advent of quantitative HPLC–MS–MS has made this task
easier (47,48); however, radioimunnoassay may still need to be
considered as an analytical method. Development of the assay
and assessment of assay performance should meet accepted cri-
teria, for instance those proposed (49) and documented in FDA
guidance documents (50). For biopharmaceuticals, special atten-
tion should be given to the stability of the drug in blood=plasma
which is likely to be relatively poor and requires special steps to
makethestabilitymanageable, forexample, inclusionofprotease
inhibitors; special care to avoid hemolysis on plasma collection;
storage on ice and specialized collection procedures. At the
planning stage of an in vivo study, it is particularly important
to talk through theseaspects of sample collectionwith theanimal
technicians who will perform the study as this is likely to be
somewhat different to the procedures they usually follow.

5. INJECTABILITY

In vitro measurements of content and dose uniformity should
be reviewed in the light of in vivo (clinical) behavior. It is
important to note that under clinical conditions, this behavior
may be substantially compromised. Injectability has been
identified as an important performance parameter. Injection
into tissue differs in two ways from that experienced when
using standard in vitro techniques due to changes in fluid
dynamics and the potential for ‘‘coring’’ of tissue within the

Both these factors increase the potential for needle block-
age possibly preceded by filtering out of the microspheres.
That is if the microsphere size, morphology, and suspending
agent characteristics are not optimal then the suspending
fluid is able to pass into the tissue while the microspheres
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are trapped in the needle and syringe luer. The trapped
microspheres eventually reach a critical mass and on further
pressure to the syringe plunger compress to form a ‘‘plug’’
which blocks the needle=syringe. When there is a potential
for sieving to occur, for instance with earlier development for-
mulations, it is important to note that injection volume may
not necessarily equate to microsphere dose and a prudent step
maybe to assay for drug remaining in the syringe even if a
correct volume has been injected. A useful model to qualita-
tively assess in vivo injectability is injection into meat. We
have found that subcutaneous injection into chicken carcasses
produced for the food industry mimics subcutaneous inject-
ability in preclinical species.

6. CONCLUSIONS

In vivo and in vitro studies are essential components of the
drug development process. The objective of such studies is
to determine a relationship between an in vitro characteristic
of a dosage form and its in vivo performance, such that the in
vitro test may be used to predict in vivo performance. In vitro
testing is used in early development to select batches for in
vivo pharmacokinetic=pharmacodynamic studies, but the

Figure 7 Example of tissue coring that can partially occlude the
needle and lead to filtering of the microspheres and eventually
blockage (example shown is a wide bore needle for clarity).
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ultimate objective is a test capable of distinguishing, prior to
medical use, clinically effective batches from those which
would be ineffective and=or unsafe if used.

In vitro dissolution tests were first developed for immedi-
ate release solid oral dosage forms then extended to modified
release formulations. In recent years, the application of disso-
lution testing has been extended to ‘‘special’’ dosage forms
including injectable dispersed systems, and for such products
administered by a non-oral route the term ‘‘drug release’’ or
‘‘in vitro release’’ test is preferred. Due to the significant dif-
ferences in formulation and hence in physicochemical and
release characteristics, it is not possible to specify a generally
applicable apparatus or method, rather different techniques
are employed on a case-by-case basis (51).

Preclinical in vivo studies are performed to provide safety,
efficacy, and pharmacokinetic data to support formulation
development and clinical use. Animal models are selected on
the basis of their relevance to humans,with reference to the for-
mulationand route of administration.Fordepot formulations in
particular, it is important to study histopathological reactions
at the injection site, as this may mediate drug release and is
important in assessing the tissue compatability of both the for-
mulation and the drug substance. Injectability may be an issue
for injectable dispersed systems, and should be assessedprior to
the commencement of in vivo studies. Ethical considerations
govern the choice of animal species (that with the lowest neuro-
physiological sensitivity, other factors being equal), dosing, and
sampling regimes; where possible the scale of in vivo testing
should be minimized by, for example, use of the same species
for toxicological and pharmacokinetic studies, and by the early
development of a predictive in vitro release test.

A thorough understanding of the in vivo drug release
mechanism of the dosage form, underpinned by comprehen-
sive physicochemical characterization of the drug substance
and delivery system, is a necessary foundation both for the
development of a discriminatory in vitro release test and for
the development of a high-quality product. Application of the
principles outlined in this chapter should lead to a biorelevant
release test and facilitate the development of a meaningful
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in vitro–in vivo correlation using techniques described else-
where in this publication. This information should be consid-
ered an essential component of the Chemistry and
Manufacturing Controls section of a New Drug=Marketing
Authorization Application for Injectable Dispersed Systems.
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1. INTRODUCTION

A number of Food and Drug Administration (FDA) guidances
discuss the development and role of in vitro–in vivo correla-
tion (IVIVC) in oral solid dosage forms (1–4). One of these
guidances, the FDA IVIVC Guidance (1), has defined
IVIVC as

a predictive mathematical model describing the relation-
ship between an in vitro property (usually the rate or
extent of drug dissolution or release) . . . and a relevant
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in vivo response, e.g., plasma drug concentration or
amount of drug absorbed.

Four types of IVIVC approaches (i.e., Level A, Level B,
Level C, Multiple Level C) are defined within this guidance.
A Level A correlation is ‘‘a predictive mathematical model
for the relationship between the entire in vitro dissolution
release time course and the entire in vivo response time
course.’’ A Level B correlation is ‘‘a predictive mathematical
model for the relationship between summary parameters that
characterize the in vitro and in vivo time courses, e.g., models
that relate mean in vitro dissolution time to the mean in vivo
dissolution time.’’ A Level C correlation is ‘‘a predictive math-
ematical model for the relationship between the amount dis-
solved in vitro at a particular time (or the time required for
in vitro dissolution of a fixed percent of the dose) and a sum-
mary parameter that characterizes the in vivo time course
(e.g., Cmax or AUC).’’ A Multiple Level C correlation is ‘‘a
Level C correlation at several time points in the dissolution
profile.’’ Although each type of IVIVC may have its place in
the product development process, the Level A correlation is
accepted as the most informative IVIVC for oral drug delivery
systems.

As modified release parenteral dosage forms have
become more viable alternative drug delivery systems, scien-
tists and regulatory agencies have begun to investigate the
development and role of IVIVC for these dosage forms (5,6).
Since the Level A correlation is the only type of IVIVC that
encompasses the entire time course of the in vivo curve and
is accepted as the most informative and valuable, this chapter
will present the general principles of Level A IVIVC as well as
some of the approaches that can be used to develop a Level A
IVIVC for modified release parenteral dosage forms. Since it
is not the intent of this chapter to provide examples of Level
A IVIVC for every type of parenteral formulation (e.g., micro-
spheres, liposomes, implants, oily suspensions), this chapter
will use the microsphere delivery system to describe the
IVIVC issues relevant to other modified release parenteral
drug delivery systems.
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2. A GENERAL APPROACH TO DEVELOPING A
LEVEL A IVIVC

The Level A correlation can be developed using a two-stage
deconvolution procedure, a one-stage convolution procedure,
a compartmental modeling approach, or any modeling techni-
que that relates in vitro dissolution to the in vivo curve (1).
Independent of the procedure, the entire in vivo time course
must be described from the in vitro data.

The most common approach used in the development of
the Level A correlation and the only approach discussed in
this chapter is the two-stage procedure. The first stage is to
estimate the in vivo absorption or in vivo dissolution time
course using deconvolution or a mass balance approach
such as Wagner–Nelson. Equation (1) presents the convolu-
tion=deconvolution equation that can be used to perform the
first stage of deconvolution:

cðtÞ ¼
Z t

0

cdðt� uÞx0vivoðuÞdu ð1Þ

where c is the plasma drug concentration of the formulation
to correlate (e.g., the extended release formulation), xvivo the
cumulative amount absorbed or released in vivo of the formu-
lation to correlate (e.g., the extended release formulation),
x0vivo the in vivo absorption or release rate (i.e., the first deri-
vative of xvivo), and cd is the unit impulse response (i.e., the
plasma concentration time course resulting from the instan-
taneous in vivo absorption or release of a unit amount of
drug).

In the second stage, a model is developed to describe the
relationship between the in vitro release (IVR) and the in vivo
absorption (or release) estimated in stage 1. Prior to the pub-
lication of the FDA IVIVC Guidance (1) and the first meeting
solely dedicated to IVIVC (7), an IVIVC model was thought to
be a linear ‘‘point-to-point’’ relationship between the cumula-
tive amount released in vitro and the cumulative amount
absorbed (or released) in vivo for one formulation. Since
1996, the view of the IVIVC model has changed. An IVIVC
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no longer exists when the in vitro–in vivo relationship is
developed for a single formulation. The accepted criteria
now require that the mathematical model describes the
in vitro–in vivo relationship for two or more formulations
(1,7). In addition, models more complex than linear correla-
tion models are now accepted with nonlinear and=or time-
variant models becoming very common (1,7).

Once a model is developed to describe the relationship
between in vivo and in vitro response, the next task is to
determine the validity of the model. Within the FDA IVIVC
Guidance, the predictability of the IVIVC model is used to
validate the IVIVC model. This predictability of an IVIVC
model is a verification of the model’s ability to describe the
in vivo bioavailability from:

1. The data set that was used to develop the model
(internal predictability) and=or

2. A data set not used to develop the model (external
predictability).

The Cmax and AUC predicted by the IVIVC model are
compared to the observed Cmax and AUC. Percent prediction
errors (%PE) are estimated from the following equation

%PE ¼ Observed value � Predicted value

Observed value
� 100 ð2Þ

All IVIVC models should be evaluated for their internal
predictability. In order to evaluate the robustness beyond
the internally used data, external predictability can be used.

For regulatory purposes, the FDA IVIVC Guidance sets
an acceptable criterion for internal and external predictabil-
ity. The internal predictability criteria for a regulatory accep-
table IVIVC model is that the Cmax and AUC %PE for each
formulation is less than or equal to 15% and the average abso-
lute %PE of Cmax and AUC for all formulations is less than or
equal to 10%.

If the internal predictability is greater than the accepta-
ble criteria or the drug is a narrow therapeutic index drug,
the FDA requires the more robust analysis of the model using
external predictability. The external predictability criteria for
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an acceptable IVIVC model is that the Cmax and AUC %PE for
the external formulation is less than or equal to 10%. If the
%PE is between 10% and 20%, the predictability is inconclu-
sive and additional data sets and=or formulations should be
evaluated. If the %PE is greater than 20%, this generally indi-
cates that the IVIVC model does not adequately predict in
vivo bioavailability parameters for regulatory use.

The importance of a predictable IVIVC model (based on
the above criteria) cannot be overemphasized from a regula-
tory perspective (1). However, if the IVIVC is to be used for
development purposes (e.g., improving a formulation), the
criteria defined in the FDA IVIVC Guidance are not required
(7). The only requirement is the belief that the model has
enough robust validity to assist the formulator in the further
development of the formulation.

2.1. Level A Model Development

In order to understand the basic two-stage approach to devel-
oping a Level A IVIVC, an example is presented for five mod-
ified release oral formulations with differing IVR profiles

and an immediate release solution. The plasma
concentration data after administering each formulation to
human normal volunteers were obtained (Fig. 1b). The mean
in vivo and in vitro data were then used for the analysis. The

Deconvolution was performed using the plasma concentration
data from the five modified release dosage forms and the unit
impulse response from the solution. The cumulative amount
absorbed over time is provided in Fig. 1c. The relationship
between in vivo and in vitro is presented in Fig. 1d and
follows a linear relationship.

2.2. Predictability of the Level A IVIVC

An example demonstrating how to evaluate the predictability

represents the screen shot from the program PDx-IVIVC
(8,9). The in vitro and in vivo plasma data were placed in
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plasma concentration profile for the solution is not presented.

1a)

of an IVIVC model is presented in Figs. 2 and 3. Figure 2
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Figure 1 Diagram of the basic two-stage approach to IVIVC. (a) % Released in vitro vs. time for five formu-
lations to be administered for the IVIVC study (top center), (b) plasma concentration vs. time for the five
formulations with in vitro release profiles described in (a), (c) % released=absorbed in vivo vs. time for the
five formulations after performing the deconvolution using a solution administered through the same route,
and (d) the % released in vitro vs. % release=absorbed in vivo with the solid line representing the predicted
relationship based on the IVIVC model.
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the program for four formulations (three modified release and
one solution). The program was used to perform the deconvo-
lution and to develop an IVIVC model. The plot of % relea-
sed=absorbed in vivo vs. % released in vitro is presented in
Fig. 2, the bullets represent the raw data and the solid line
represents the predicted line from the IVIVC model.

illustrates how the PDx-IVIVC program then compares the
predicted and observed Cmax and AUC for the modified
release formulations. The results show that the %PE for each
formulation and the mean %PE are all within the criteria for
a predictable regulatory standard IVIVC. For external predic-
tion, predicted and observed Cmax and AUC of a formulation
not used to develop the IVIVC model are compared (CR 3 in

Figure 2 Output from the PDx-IVIVC software comparing %
absorbed in vivo to time scaled=shifted % dissolved in vitro. The
bullets represent the observed data and the solid line the predicted
line from the IVIVC model.
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In order to demonstrate the validation process, Fig. 3

Figs. 4 and 5). If the %PE is within the FDA criteria, the



IVIVC model can be designated a validated regulatory model
with external predictability.

3. ISSUES RELATED TO DEVELOPING AN
IVIVC FOR MODIFIED RELEASE PARENTAL
DRUG DELIVERY SYSTEMS

Although there are many modified release parental drug
delivery systems, this chapter is unable to discuss the issues
associated with each delivery system. Instead, this chapter
will focus on some of the general IVIVC issues associated with
some of these delivery systems.

3.1. Study Design

The study design for modified release parenteral drug
delivery systems should be similar to the design for oral

Figure 3 Output from the PDx-IVIVC software showing the inter-

Cmax and AUC are presented.
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Figure 5 Output from the PDx-IVIVC software showing the
external prediction from Fig. 4. Observed and predicted Cmax and
AUC are presented.

Figure 4 Output from the PDx-IVIVC software plot on plasma
concentration vs. time for a formulation used for external prediction
(CRB). Both observed data and the IVIVC model predicted plasma
curve are presented.
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formulations, if logistically possible. Typically, two or more
formulations with different release rates and formulation
characteristics are administered to normal human volun-
teers. Patients may be used in the study if administration
of the drug to normal volunteers is unsafe or the patient
population significantly handles the drug and=or delivery sys-
tem differently. The active drug in solution (defined here as
the reference formulation) is also administered i.v. or through
the same route of administration as the modified release
formulation in order to perform a Level A IVIVC. Although
a complete crossover study design is preferred, the logistical
problems associated with running such a study may be diffi-
cult given the time-course of in vivo delivery (e.g., implant
delivery over a number of months). If the complete crossover
study design is not possible, incomplete block and parallel
designs have also been used. Regardless of the design, every
subject should receive the reference formulation as the first
arm of the study in order to define the unit impulse response
and to ensure that a deconvolution can be performed even if a
subject drops out after receiving only one of three modified
release formulations.

3.2. In Vitro Release System

Although IVR systems are well established for all types of oral
formulations, standard IVR systems for modified release
parenterals do not exist. The literature reports a range of
systems from destructive test tube systems to the USP 4
apparatus. Although the IVR system is critical to the IVIVC
modeling, this chapter will concentrate on the modeling
aspects and leave any further discussion of the IVR systems
to other chapters.

3.3. IVIVC Using Time Scaling and Shifting

With some of the modified release parenteral dosage forms,
IVR occurs over hours or days while complete in vivo release
may take days, weeks, or months. The linear IVIVC models
developed in the 1970s and 1980s could not deal with this
time difference between the two releases. Over the last
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decade, time-variant models (1,10) have been introduced and
used to deal with the differences in the time course of release.
A model that has provided an enormous amount of flexibility
in its ability to fit time-variant and linear time-invariant
IVIVC data has been the model described by Gillespie (10)
and others (9,11). Both time shifting and time scaling can
be described by the model, which allows the model to fit a
wide variety of in vitro–in vivo profiles. The model used to
describe both time shifting and scaling is presented in the
following equation:

xvivoðtÞ ¼
(

0 t < 0
u ¼ t for t � T

a1 þ a2xvitroð�b1 þ b2uÞ u ¼ T for t > T
ð3Þ

where xvivo(t) is the cumulative amount absorbed or released
in vivo, xvitro the cumulative amount released in vitro, a1

the intercept for a linear IVIVC, a2 the slope for a linear
IVIVC, b1 the coefficient representing a time shift between
in vivo and in vitro, and b2 is the coefficient representing a
time scaling between in vitro and in vivo. If b1¼�1 and
b2¼ 0, the IVIVC is the linear ‘‘point-to-point’’ model that
has been reported in the literature over the years.

Predictable models have been developed using this
approach for modified oral and parenteral drug delivery sys-
tems. An example of the impact of these type of models can

tions are presented in Fig. 6. Two of the formulations (K1, K2)
have faster in vivo release than in vitro while two of the for-
mulations have faster IVR (K3, K4). It would be impossible to
develop one model to describe all four formulations using a
conventional linear time-invariant model. However, using
Eq. (2) to describe the shift and scaling, b1 and b2 can be
estimated to obtain a single time-variant model for all four
formulations. The %PE of Cmax and AUC for each formulation
was <15% and the average %PE was <10% for both Cmax and
AUC. These %PE met the FDA criteria for internal predict-
ability.
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3.4. Plasma Concentration Profiles

with modified release parenteral delivery systems: Type 1
with one peak and continuous delivery (Fig. 7, Product A),
and Type 2 with an initial peak and a second peak at a later
time (Fig. 7, Product B). The ideal approach to IVIVC model-
ing is to develop one IVIVC model for the total plasma profile.
This approach has been used to develop an IVIVC for Type 1
plasma profiles but has been less successful for Type 2 pro-
files. Developing a single model to describe the in vitro–in
vivo relationship for Type 1 formulations has been success-
fully accomplished for multiple formulations (i.e., represent-
ing an IVIVC) and for a single formulation. To illustrate a
slightly different approach in developing a model between in
vitro dissolution and the entire in vivo relationship for the

Figure 6 Cumulative percentage absorbed vs. cumulative percen-
tage dissolved with no time shifting.
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There are two types of profiles (Fig. 7) that have been seen



the percent of total AUC at each time point and the percent
released in vitro for a microsphere drug delivery system

since only one formulation was used, it illustrates how the
entire in vivo curve can be related to the in vitro curve. Other
approaches (e.g., two-stage approach and compartmental
modeling) have also used to develop an IVIVC model for
multiple formulations but have not been reported in the
literature (13).

Investigators have attempted to develop a single IVIVC
model for Type 2 plasma profiles using two-stage deconvolu-
tion and compartmental modeling approaches (14). In order
to develop a single model, the IVR system must be able to cor-
relate to the very fast absorption rate of the first plasma peak

Figure 7 Plot of plasma concentration vs. time after two different
microsphere products were administered, Product A with an early
peak and prolonged continued release and Product B with an initial
release and a second release.
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(12). Although this example does not represent a true IVIVC

Type 1 curve, Fig. 8 shows the successful correlation between



and the slower absorption rate of the second plasma peak.

order to develop an IVIVC for the Type 2 dual peak plasma
profile (13). Although a significant amount of time has been
spent in trying to develop an IVIVC and IVR system for formu-
lations with a Type 2 profile, at the present time an example of
this type of in vitro system or a validated IVIVC model describ-
ing both plasma peaks has not been reported in the literature.

For Type 2 plasma profiles, investigators have also
attempted to develop an IVIVC for different parts of the
plasma profile (14). This approach has also been difficult
because the first peak and second peak represent different
release mechanisms from the dosage form and the magnitude
of the second peak appears to be related to the magnitude of

Figure 8 Comparison of in vitro leuprolide release profile with in
vivo release profile, the latter plotted as cumulative area under
serum peptide curve—normalized as percent of the total area (large
panel) and in vitro–in vivo correlation plot (small panel).
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the first peak. Investigators have attempted to use one IVR
system as well as multiple IVR systems: the accelerated
release IVR systems (e.g., higher temperature) and more phy-
siologically relevant conditions. Although acceptable IVIVC
models have been developed for formulation development
work, IVIVC models that meet the strict predictability
criteria of the FDA IVIVC Guidance have not been reported
for the complete Type 2 plasma profile.

The major problem appears to be developing the relation-
ship between the first peak and the IVR profiles. The in vitro
profile in this situation represents the complete release of
drug from the microsphere over time rather than the release
of drug associated with the surface of the microsphere,
usually the major source of drug for the first plasma peak.

Using time-invariant models, predictable IVIVC models

illustrates how a time-variant model successfully related the
IVR over 7 days to the in vivo release of a second peak that

Figure 9 Plot % released in vitro vs. time that is required to
develop an IVIVC with Type 2, two peak plasma concentration
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have been successfully developed for the second peak. Table 1

profiles (Fig. 7, Product B).



occurred 20–50 days after administration. The IVIVC model
met the strict predictability criteria of the FDA IVIVC
Guidance for both the Cmax and AUC of the second peak (14).

4. CONCLUSION

The FDA IVIVC Guidance has described the basic approach
that all scientists have used to develop an IVIVC for all deliv-
ery systems (1). This chapter has not presented all aspects of
IVIVC but has provided some of the specific aspects of IVIVC
modeling that are relevant to modified release parenteral
drug delivery systems. Given the number of different parent-
eral delivery systems, it is not possible to discuss or present
examples for each system but the basic principles presented
here apply to all parenteral delivery systems. In order to
apply IVIVC models throughout the development and regula-
tory cycle for all parenteral products, further IVIVC research
is still required in order to develop appropriate in vitro
systems as well as modeling the more complex relationship
between the in vitro and in vivo processes.
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Table 1 Internal Validation of an IVIVC Model Relating the
Second Peak to In Vitro Release for Three Microsphere Formulations
(A, B, C) that have Type 2 plasma Profiles (MAPPE is the Mean
Absolute Percent Prediction Error of All Three Formulations)

Treatment Cmax j%PEj AUC j%PEj

A 11.8 6.7
B 9.5 13.4
C 2.1 5.3
MAPPE 7.8 8.5
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1. INTRODUCTION

A coarse suspension is a system in which an internal, or sus-
pended, phase is uniformly dispersed in an external phase,
which is called the vehicle. The suspended phase is solid,
and the vehicle may be either aqueous or non-aqueous. Dis-
persions of a solid in a liquid vehicle are also categorized
according to the size of the suspended particles. Colloidal dis-
persions are suspensions in which the particle size is small
enough that the suspended phase does not settle under the
force of gravity; that is, the particles remain suspended by
Brownian motion. The particle size in a colloidal dispersion
ranges from about 1 nm to an upper limit of about 1 mm.

SECTION II: DOSAGE FORMS
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Examples of colloidal dispersions in the pharmaceutical world
include association colloids such as micellar systems and
lipsomes. Macromolecules such as proteins and DNA that
have at least one dimension larger than about 1 nm also
exhibit properties of colloidal systems.

In contrast to colloidal dispersions, coarse suspensions
typically contain dispersed solid particles in the size range
of about 1 to about 50 mm. The suspending medium, or vehicle,
may be either aqueous or non-aqueous. Pharmaceutical
coarse suspensions fall into three categories—oral suspen-
sions, topical suspensions, and parenteral suspensions.
Ophthalmic suspensions; that is, suspensions instilled onto
the eye, can be regarded as parenteral suspensions in the
sense that they must be prepared as sterile dosage forms.
This chapter will deal exclusively with parenteral coarse sus-
pensions.

Parenteral suspensions are typically administered intra-
muscularly (into the muscle tissue), subcutaneously (into the
layer of tissues between the skin and the muscle tissue),
intra-articularly (into a joint), or intradermally (just beneath
the outermost layer of skin). Coarse suspensions should never
be administered intravenously (into a vein) or intra-arterially
(into an artery), since the particles in a coarse suspension are
usually larger than the diameter of capillaries. Inadvertent
intravenous administration of coarse suspensions has led to
fatalities, for example, when lipid emulsions were adminis-
tered which contained precipitated calcium phosphate from
calcium gluconate and sodium phosphate additives to the
emulsion (1).

Parenteral suspensions are typically used when (i) the
drug has limited aqueous solubility, and attempts to solubi-
lize the drug would compromise safety, (ii) sustained release
of the drug is needed, or (iii) when a local effect is needed.
Sustained release formulations typically are either aqueous
or oil-based suspensions administered intramuscularly or
subcutaneously. A common example of a suspension for local
effect is intra-articular (into the synovial sacs of joints)
administration of steroid suspensions, which generally result
in prolonged relief from the inflammatory effects of arthritis.
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Most parenteral suspensions are provided as a ready-to-
use product, with the solid uniformly dispersed in the vehicle.
The USP nomenclature for such products is [Drug Name]
Injectable Suspension. However, some parenteral suspensions
are provided as sterile powders for reconstitution with water
for injection. In this case, the USP nomenclature is [Drug
Name] for Injectable Suspension. An example of this is Specti-
nomycin Hydrochloride for Injectable Suspension.

Parenteral coarse suspensions are, in general, difficult to
formulate and difficult to manufacture relative to other
pharmaceutical dosage forms. This arises largely because
such systems tend to be physically unstable, resulting in loss
of quality attributes essential to a pharmaceutically accepta-
ble product. Particle size of the drug is critical to drug product
performance; that is, the particles must be small enough to
easily pass through a syringe needle, and stay that way
throughout the shelf life of the product. However, because of
Ostwald ripening effects, where small particles tend to
become smaller and large particles tend to become larger,
the particle size distribution tends to change over time. The
milling process needed for particle size reduction tends to
create amorphous material, and this can give rise to both
physical and chemical instability. Amorphous solids have
been shown to be up to an order of magnitude less chemically
stable in the solid state than the same compound as a crystal-
line solid (2). In addition, amorphous solids tend to crystallize
over time. If a substantial amount of amorphous material was
present to begin with, this crystallization may not only lead to
particle growth, but may also change the bioavailability of the
product. Polymorphism is commonly observed in drugs, and
the pharmaceutical scientist must be concerned with the
potential for conversion of one crystal form to another, again
changing the release characteristics of the drug from the
injection site.

Manufacture of parenteral coarse suspensions is challen-
ging because of the difficulty of carrying out the size reduc-
tion step in such a way as to provide a uniformly small
particle size and narrow particle size distribution. Aseptic
processing of parenteral suspensions is challenging because
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suspensions, in general, cannot be terminally sterilized by
autoclaving. They cannot be sterile filtered once the solid
phase has been dispersed into the vehicle; rather, they must
be manufactured by sterile filtration of the vehicle, aseptic
preparation of the solid phase, and aseptic incorporation of
solid into the vehicle. Uniform dispensing of suspensions into
vials can be a challenge as well, given the tendency of coarse
suspensions to settle with time. Therefore, the system must
be appropriately agitated, and the process carefully moni-
tored, in order to avoid problems with vial-to-vial dose
uniformity.

The purpose of this chapter is to give the reader a broad
exposure to formulation and manufacturing aspects of parent-
eral coarse suspensions, as well as to cover some basic bio-
pharmaceutic aspects of these dosage forms as well as basic
aspects of the physical stability of coarse suspensions.

2. PREPARATION AND CHARACTERIZATION
OF THE DRUG

The ease with which a drug can be formulated into a pharma-
ceutically acceptable coarse suspension depends largely upon
the properties of the drug itself, including chemical stability
in the solid and solution states, solubility, tendency to exist
in the metastable amorphous state, tendency to form poly-
morphs, tendency to form hydrates and solvates, and wettabil-
ity of the solid. Adequate characterization of the drug requires
a major commitment of development resources. Two major
components of this effort are: (i) crystallization studies inten-
ded to explore the number of species and crystal morpholo-
gies that can be formed under a variety of crystallization
conditions, and (ii) characterization of these species, with par-
ticular emphasis on their stability, both in the solid state and
as a slurry. A detailed discussion of solid-state characteriza-
tion is beyond the scope of this chapter. For a broad overview,
the reader is referred to a review article on general pharma-
ceutics by Fiese (3). For a more in-depth review, the reader
is referred to Byrn et al. (4).
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2.1. Crystallization Studies

Drugs for use in injectable suspensions are generally asepti-
cally crystallized in order to avoid occlusion of microorganisms
within drug crystals. A typical crystallization scheme consists
of dissolving drug in a suitable solvent and sterile filtering
this solution into a previously sterilized vessel that can be
temperature controlled. The solution is agitated and the
temperature adjusted, then a previously sterile filtered second
solvent, which is a non-solvent for the drug, is added with
continued agitation. The temperature may be adjusted after
addition of the non-solvent. The solids are then collected, typi-
cally either by filtration or on a screen-type separator. The solid
cake is typically washed with water and dried.

The purposes of laboratory scale crystallization studies
are to: (i) screen for useful polymorphs, hydrates, or solvates,
(ii) identify conditions under which pure phases with desir-
able morphology and acceptable levels of residual solvent
can be prepared, (iii) isolate sufficient quantities of solid for
further characterization, (iv) establish at least a preliminary
assessment of robustness of the crystallization process with
respect to consistently producing the same solid-state form
of the drug under a given set of processing conditions. Proper
laboratory scale crystallization studies generally consist of
systematically varying crystallization conditions, including
solute concentration, solvent and antisolvent composition,
order and rates of addition, and temperatures. Holding times,
particularly after addition of the non-solvent, should also be
examined. The drying process should be examined in detail,
since differences in drying conditions can influence the physi-
cal or chemical state of the drug, particularly if hydrates or
solvates are formed.

2.2. Solid-State Characterization

A typical solid-state characterization program would consist
of the following:

X-ray powder diffraction—On a fairly simple level,
variability of x-ray powder diffraction patterns is a good
indicator of differences in sample crystallinity. Differences
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in peak resolution are a reasonable indicator of differences in
degree of crystallinity as long as the measurements are made
under the same experimental conditions. On a more sophisti-
cated level, x-ray powder diffraction data are used to calcu-
late the crystal structure of the solid, including the space
group and intramolecular bond lengths and angles. The abil-
ity to control the temperature of the sample as well as addi-
tion of an environmental chamber to control the relative
humidity are useful enhancements for solid-state characteri-
zation.

Thermal analysis—Differential scanning calorimetry
is typically combined with thermogravimetric analysis.
This type of analysis yields melting temperatures as
well as dehydration and desolvation temperatures. Weight
loss accompanying dehydration or desolvation is used to
calculate stoichiometry for hydrates and solvates. Micro-
calorimetry can be a useful method for quantitative estima-
tion of the amount of amorphous material present in a
solid (5–7).

Solid-state spectroscopy—Solid-state 13C-NMR is a
standard tool for solid characterization, and can be useful
for confirming that different crystal phases exist within
samples, provided that highly crystalline samples are
available as reference materials. Since water is observed
only indirectly by its influence on 13C environments in
the solid, pseudopolymorphism (hydrate formation) can be
inferred by its different isotropic chemical shifts of equi-
valent 13C nuclei relative to anhydrous forms. This can
be particularly helpful for confirmation of variable hydrate
formation. Appearance of solvent resonances can provide
conclusive evidence that solvents are incorporated in
the crystal lattice.

Optical microscopy—Optical microscopy is used for
determination of the optical crystallographic properties of
the solid such as the crystal system (for example, monoclinic,
orthorhombic, and others) as well as to estimate particle
size. The sample is usually dispersed in immersion oil.
Hot-stage microscopy can be a useful additional method
for assessing the physical stability of the drug, particularly
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at elevated temperatures. Dehydration and desolvation
temperatures can be identified, particularly if the solid is
immersed in oil.

Hygroscopicity measurement—A water vapor sorption
microbalance is used to generate a plot of weight gain of the
sample vs. relative humidity, giving a quantitative measure
of the hygroscopicity of the solid. Water vapor sorption can
also be a useful method for estimating the amount of amor-
phous material in a sample.

Solubility—Aqueous solubility as well as dissolution rate
are properties that are critical to efficacy of a parenteral
coarse suspension. Where multiple hydrated forms are
observed, it is common that the solubility of the drug decre-
ases as the water of hydration increases, and this can some-
times be a strategy for control of solubility. Amorphous solid
is generally more soluble than the same solid in crystalline
form, and this can be useful as enhanced solubility may infer
the presence of amorphous material.

Physical stability—Where multiple crystal forms,
hydrates, and solvates are formed under different crystalli-
zation conditions, it is important to understand the relative
stability of these species and to attempt to elucidate intercon-
version pathways. Slurry conversion experiments are a good
way to compare physical stability of different crystal forms,
where both forms are slurried together in a given solvent,
and the more stable crystal form will be enriched at the
expense of the less stable crystal form.

Chemical stability—Chemical stability studies are gener-
ally long-term experiments where a given crystal form is
stored at elevated temperature under a variety of relative
humidities.

Wettability—The wettability of the solid by either water
or oil (for an oil-based suspension) determines the need for
a wetting agent (surfactant) in the formulation.

Particle size distribution—Particle size distribution of
the bulk drug is necessary for measuring the effectiveness
of subsequent particle size reduction operations.

Additional studies needed for parenteral suspension
development that are not related to physical or chemical
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state of the solid include bioburden studies, measurement of
endotoxin levels, and examination of the solid for extraneous
particulate matter.

3. BIOPHARMACEUTICAL CONSIDERATIONS

When a drug is administered intravenously, the onset of action
is rapid, given that the drug is injected directly into the blood-
stream and there is no absorption step; rather, there is only a
brief interval of 2–3 min during which the drug is ‘‘mixed’’
within the bloodstream. For parenteral coarse suspensions,
however, the intravenous (i.v.) route is not an option. If
the suspension is administered for systemic effect—generally
subcutaneous or intramuscular—there is an absorption step
required for the drug to reach the bloodstream.

The bioavailability of a drug from subcutaneous or intra-
muscular injection is dependent on both physiological factors
and physical–chemical properties of the drug and the drug
product. The rate of absorption of a drug from a depot site
is determined by the slowest, or limiting, step in the sequence:

Solid Drug ! Drug in Solution !
Drug in Systemic Circulation

Absorption of drugs from depot sites is commonly disso-
lution limited. The effect of the absorption process on the time

p

that slower rates of absorption result in lower maximum
levels of drug in the blood, and the maximum drug blood level
is reached after a longer period of time. It is possible for two
different products to be equally bioavailable in the sense that
the areas under the plasma drug level vs. time curve are
the same, but not therapeutically equivalent, since delayed
absorption can result in the plasma drug level never
reaching the minimum effective concentration. For this rea-
son, different dosage forms are usually compared by using
Cp,max and tmax, the peak plasma drug level and the time at
which the peak level is reached, respectively.
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3.1. Effect of Physical–Chemical Factors
on Bioavailability

The rate of dissolution of drug from an injected depot of drug
is influenced by the surface area of drug exposed to the
interstitial fluid, which is affected by the average particle size
of the drug. This relationship is given by the well-known
Noyes–Whitney equation:

dm=dt � KDSðCs � CÞ

where dm=dt is the rate of dissolution, K is a constant, D is
the diffusion coefficient of the drug in the interstitial fluid,
S is the surface area of drug exposed to the medium, Cs is
the equilibrium solubility of drug in the interstitial fluid,
and C is the concentration of drug in interstitial fluid at a
given time. Buckwalter and Dickinson (8) studied the influ-
ence of particle size of procaine penicillin G on maximum
blood level following intramuscular administration. Maxi-
mum blood levels varied from 1.37 units=mL for particle sizes
in the range of 150–250mm to 2.14 units=mL for particles in
the size range of 1–2mm. Particle size of insulin zinc suspen-
sions has been shown to be a critical factor affecting duration

Figure 1 Representative plasma drug levels vs. time for intra-
muscular and subcutaneous injection.
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of response (9). A long-acting insulin (Ultralente) showed a
slow decline in blood glucose levels and a depression of blood
glucose level for longer than 10 hr after administration when
the average particle size was 50mm. When a suspension with
an average particle size of 5 mm was administered, a much
more rapid decline in blood glucose was observed over a
period of 4 hr, followed by relatively rapid rise to the pre-
administration glucose level.

One strategy for sustained release from depot injections of
coarse suspensions is to manipulate the solubility of the drug.
Preparation of a prodrug with decreased solubility should, in
principle, result in longer duration of therapeutic effect. How-
ever, this approach assumes that a high enough level of drug
in the serum is reached to achieve a therapeutic effect.

Solubility, and bioavailability, may also be influenced by
the physical state of a drug. The amorphous form is meta-
stable, and has higher solubility than crystalline forms of
the same drug. Chloramphenicol and novobiocin are examples
of drugs where only the amorphous form shows bioavailabil-
ity. Ballard and Nelson (10) studied absorption of methylpred-
nisolone from subcutaneous implantation of two crystal
forms. The in-vitro dissolution rate was about 1.4 times faster
for the less stable Form II than Form I, and the absorption
rate of Form II from the implant was about 1.7 times faster
than that of Form I.

When multiple polymorphs exist, the choice of a crystal
form may involve a trade-off between stability and solubility.
The choice of a less stable polymorph would be expected
to result in higher solubility of the drug, and better bio-
availability, but this approach risks conversion of the less
stable form to the more stable (less soluble) form during sto-
rage.

The Noyes–Whitney equation predicts that increased
viscosity of the vehicle should retard drug release because
the diffusion coefficient would be expected to decrease in a
more viscous medium. Thus a measure of control over the
release rate may be achieved by manipulation of viscosity of
the vehicle. Use of an oil, such as sesame oil, as a vehicle
can result in retarded drug release from a depot injection.
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3.2. Drug Absorption from Intramuscular
and Subcutaneous Injections

3.2.1. Absorption Across the Capillary Wall

Once the drug is in solution in the environment of the depot, it
must still cross the capillary wall in order to enter the systemic
circulation. The structure of the capillary wall consists of a uni-
cellular layer of endothelial cells on the luminal side of the capil-
lary. The outside of the capillary is formed by a basement
membrane. The total thickness of the capillary wall is about
0.5mm. There are two small passageways connecting the inter-
ior of a capillary with the exterior. One of these passageways is
the intercellular cleft, which is the thin gap between adjacent
endothelial cells. The width of this gap varies between organs,
but is normally about 6–7 nm across. In the brain, these junc-
tions are particularly tight, and form what is commonly called
the blood–brain barrier. The tightness of these junctions pre-
sents a major challenge in the delivery of drugs to the brain.
The liver represents the opposite extreme with respect to the
‘‘tightness’’ of these junctions, where the clefts between
endothelial cells are relatively wide open, such that almost all
dissolved substances in the plasma, even plasma proteins, can
pass from the blood into the liver tissue. In the kidney, small
openings called fenestrae penetrate directly through the middle
of the endothelial cells, so that large amounts of substances can
be filtered through the glomeruli without needing to pass
through the gaps between endothelial cells.

The relative surface area of the junctions between endo-
thelial cells is small—only about 1=1000 of the total surface area
of the capillary. However, water molecules, ions such as sodium
and chloride, and small molecules such as glucose move freely
between the interior and the exterior of the capillary. The ability
of drugs to cross these junctions depends largely on molecular
size. Relative permeability of capillaries in muscle tissue to

protein pharmaceuticals would not be absorbed significantly
by passage through junctions between capillary endothelial cells.

Another passageway from the interior to the exterior of
capillaries is plasmalemmal vesicles. These vesicles form at
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one surface of the cell by imbibing small volumes of plasma or
extracellular fluid. These vesicles can move slowly through
the cell, and it has been postulated that they can transport
significant amounts of substances across the capillary wall.
It has further been postulated that these vesicles can coalesce
to form vesicular channels all the way through the mem-
brane. It is doubtful, however, that transport through such
channels is a significant mechanism for absorption of drugs
from depot injections.

It is probably safe to state that transport of drugs through
the junctions between endothelial cells is a significant route for
absorption of only small molecule drugs, probably with a mole-
cular weight of less than about 500. Regardless, a drug from a
depot injection must still make its way across the basement
membrane in order to even reach the tight junctions. Biological
membranes are complex structures that are primarily composed
of lipid and protein layers. The phospholipid bilayer generally
forms the backbone of the membrane, and layers of protein
give added strength to the membrane. The lipid component of
such membranes is important to drug absorption in general,
and the oil=water partition coefficient of a drug becomes a
critical factor in drug absorption. In general, the more
lipophilic a drug, the more easily it is able to diffuse across a
biological membrane. Even for intravenously administered
drugs, where absorption is not an issue, the distribution of drug
within tissues is determined largely by the lipophilicity of
the drug.

Given that many drugs are weak acids or weak bases, the
lipophilicity is strongly affected by the ionization state of
the drug, where the un-ionized state is more lipophilic. The
degree of dissociation of the drug is determined by the ioniza-
tion constant and the pH of the medium. This relationship is
expressed by the familiar Henderson–Hasselbach equation
which, for a weak acid, is stated as follows:

pH ¼ pKa þ logð½A��=½HA�Þ

where A� and HA are the concentration of ionized and un-
ionized states, respectively. The interrelationship between
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dissociation constant, pH at the absorption site, and the absorp-
tion of drugs is the basis for the pH-partition hypothesis.

3.2.2. The Lymphatic System

About one-sixth of the volume of the body consists of spa-
ces between cells. These spaces collectively are called the
interstitium, and the fluid in these spaces is the interstitial
fluid. The solid structures in the interstitium consist mostly
of collagen fiber bundles and proteoglycan filaments. The fluid
in the interstitium is filtrate from capillaries. The composition
of this fluid is much the same as the fluid in the capillaries
except for proteins, which are too large to filter through the
spaces between endothelial cells. The fluid is largely ent-
rapped in the spaces between proteoglycan filaments. The com-
bination of the proteoglycan filaments and the fluid has the
consistency of a gel, and is often called the tissue gel. Because
of the gelatinous consistency of the interstitial fluid, it flows
poorly. Instead, the fluid travels largely by a process of diffu-
sion. The diffusion of solutes through this gel occurs about
95% as rapidly as it would in a freely flowing fluid. Thus this
diffusion allows relatively rapid transport of solutes, including
electrolytes, nutrients, products of cellular metabolism and, in
the case of a subcutaneous or intramuscular injection, drug
molecules.

Almost all tissues in the body have lymphatic channels
that drain excess interstitial fluid from the interstitial spaces.
Most of the lymph flows through the thoracic duct and emp-
ties into the venous system at the junction of the subclavian
veins and the jugular vein. Approximately 100 mL of lymph
flows through the thoracic duct of a resting adult per hour.
While the body of published research on the relevance of
the lymphatic system as a route for drug absorption is very
limited, it must be considered as an alternative pathway for
drug absorption from intramuscular or subcutaneous injections.

3.3. Physiological Factors

In addition to physical–chemical properties of the drug and
the formulation, certain physiological factors influence the
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absorption of drug from parenteral suspensions. As discussed
above, drugs administered by the intramuscular or subcuta-
neous route require an absorption step in order to be bioavail-
able. Given that the drug is primarily absorbed by diffusion
into the capillaries at the injection site, then the greater the
blood flow at the site of injection, the more rapid the drug
absorption. Thus, any factor that influences the flow of blood
at the injection site also influences the rate of absorption.
For example, epinephrine inhibits the flow of blood at the
injection site when co-administered with a drug, and conse-
quently slows absorption. Increased muscular activity causes
increased blood flow, with subsequent enhanced absorption.
For intramuscular injections, the site of administration, i.e.,
the deltoid muscle, the gluteal muscle, or the lateral thigh,
can have a significant influence on bioavailability. Zener
et al. (12) studied the influence of injection site on bioavailabil-
ity of intramuscularly administered lidocaine solution. When
patients were administered 200 mg of lidocaine into the del-
toid muscle, the gluteal muscle, or the lateral thigh, the rate
of absorption of drug followed the order deltoid > lateral
thigh > gluteal muscle. This would be expected based on the
relative rates of blood flow, particularly when considering that
the patients were hospitalized, and greater muscular activity
would be expected in the upper body than in the lower body.
It is important to keep in mind, however, that this study was
carried out using a solution formulation. When a suspension
is administered, the dissolution of the drug is often the control-
ling resistance, in which case the effect of site of administration
illustrated here would probably not be observed.

Gender has been shown to influence bioavailability of
drugs from intramuscular injections. Vukovich et al. (13)
studied absorption of cephradine when administered once a
week for three consecutive weeks to six male and six female
volunteers in either the deltoid, gluteal, or lateral thigh mus-
cles. Serum levels were not significantly different when admi-
nistered in the deltoid muscle or the lateral thigh but, when
administered into the gluteal muscle, the peak cephradine
concentrations were 11.1 and 4.3 mg=mL for males and
females, respectively.
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Significant differences in bioavailability would be expec-
ted when drugs are administered intramuscularly vs.
administration into fat (intralipomatous). Cockshott et al.
(14) reported results of studies showing that <5% of women
and <15% of men actually received intramuscular injections
when a 3.5-cm needle was used. Differences in bioavailability
would be expected based on the physical–chemical nature of
the injection site as well as the extent of vasculature. Hydro-
phobic drugs would be expected to tend to remain in the
hydrophobic environment of fatty tissue. This may be part
of the reason that some drugs are poorly or erratically
absorbed when injected ‘‘intramuscularly.’’ Greenblatt et al.
(15) reported that oral doses of 50 mg of chlordiazepoxide
are more rapidly absorbed than the same dose when adminis-
tered intramuscularly. The reader is referred to the chapter
by Ousseron in this book on biopharmaceutical principles.

4. PHYSICAL STABILITY OF COARSE
SUSPENSIONS

Parenteral coarse suspensions are not, strictly speaking,
colloidal systems, because they exhibit settling under the
force of gravity. However, principles of colloidal science are
useful in understanding the physical stability of these sys-
tems, particularly regarding flocculation behavior.

The interface between the suspended solid and the liquid
phase plays an important role in determining the stability of
suspensions. The interfacial free energy is an expression of
the degree of preference of a molecule of the dispersed solid
for its bulk relative to its interface. This interfacial free
energy is always positive, meaning that energy must be put
into the system in order to create the free energy; for example,
through mechanical milling. When this energy is removed
and the suspension is formulated, thermodynamics takes over
and tends to drive the system toward its more stable, lower
free energy state. While thermodynamics will ultimately
win, appropriate manufacturing techniques and rational for-
mulation can often result in a system that is, for practical
pharmaceutical purposes, ‘‘stable.’’
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The angle that a liquid makes with a solid surface is
called the contact angle, and contact angles yield useful infor-
mation about the solid surface. Generally, liquids are consid-
ered non-wetting if the contact angle is larger than 90�, and
wetting if the contact angle is < 90�. Complete wetting results
in a contact angle of 0�. To measure the contact angle, the solid
can be pressed into a flat wafer using a Carver press, a defined
volume of liquid is applied to the surface, and the contact angle
is measured using a contact angle goniometer. An image of the
drop is examined using a lens with adjustable cross-hairs,
where one cross-hair is aligned with the surface, and the other
is rotated until it forms a tangent to the drop. The contact
angle is read directly. For a detailed discussion of characteri-
zation of solid surfaces by measurement of contact angle, the
reader is referred to Evans and Wennerstrom (16).

The greater the percentage of molecules at the surface;
that is, the smaller the particle size, the more important sur-
face properties are in determining the stability of the system.
Nature tends to reduce this free energy to zero by various
means. One is reduction of the interfacial area by the growth
of larger particles at the expense of smaller ones. This phe-
nomenon is known as Ostwald ripening. This is expressed
quantitatively by the Ostwald–Freundlich equation:

ln C1=C2 ¼ ð2Mg=rRTÞð1=R1 � 1=R2Þ

where C1 and C2 are the solubilities of particles of radius R1

and R2, respectively, M represents molecular weight, g is
the surface energy of the solid in contact with solution, r is
the density of the solid, R is the gas constant, and T is the
absolute temperature. Use of this equation predicts that
the solubility of a 0.2-mm particle is about 13% higher
than the same solid when present as a 20-mm particle.

Another way that nature tries to reduce the free energy
of the system is by aggregation of dispersed particles as
attractive forces overcome repulsive forces. Successful formu-
lation of suspensions generally depends on the scientist’s
appreciation for the importance of surface properties of the
system. For example, understanding the role of surface
charge characteristics allows formulation such that a floccu-
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lated network of particles is formed that can be easily resus-
pended with gentle agitation. Adsorption of small hydrophilic
colloids or non-ionic polymers may stabilize the system by
increasing its interaction with water or sterically hindering
particles from approaching closely enough that repulsive
forces are replaced by attractive ones, resulting in caking of
the suspended solid.

When the solid powder is added to the vehicle, it is agi-
tated vigorously, and this agitation may be in the form of
further particle size reduction by wet milling. Dispersion
refers to the extent to which the solid exists as individual par-
ticles, as opposed to clumps or aggregates of particles. The
extent to which a uniform distribution of particles is main-
tained is referred to as the dispersion stability. The particles
will settle at a rate described by Stoke’s law:

V ¼ d2ðrs � rlÞg=18Z

where V is the settling velocity, d is the particle diameter, rs

and rl are densities of the solid and liquid phases, respec-
tively; g is the gravitational constant, and Z is the viscosity
of the liquid phase. This equation suggests several ways to
reduce settling. One way is to reduce the particle diameter,
another is to minimize the density difference between the
liquid and solid phases by increasing the specific gravity of
the vehicle, and another is to increase the viscosity of the
vehicle. From the standpoint of formulating a parenteral
suspension, however, increasing the density or the viscosity
of a vehicle to a point where settling is prevented is not
practical, since the resulting suspension would not be
syringeable. Settling must be accepted, and efforts should
focus on formulation conditions that result in easy resuspen-
sion of the solids with gentle shaking.

When two colloidal particles undergoing Brownian motion
approach each other, they experience two types of interaction—
static forces arising from attractive van der Waals forces and
electrostatic interaction, and hydrodynamic forces mediated
by the vehicle. The attractive static forces include dipole–
dipole, dipole-induced dipole, and van der Waals forces. van
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der Waals forces are quantum mechanical in origin, and are
always attractive, irrespective of charge effects. These are very
short range forces, and vary inversely with r6, where r is the
distance between particles. Opposing these attractive forces
is electrostatic repulsion arising from the fact that the surface
of the suspended solid is generally charged. This charge may
arise from ionization of surface ionizable groups (amines
or carboxylic acid groups, most commonly), from adsorption
of molecules that impart a charge, or perhaps from charge
generated by particle size reduction operations. Repulsion
can also be caused by adsorption of polymers that sterically
inhibit close approach of particles. The layer of fixed charges
at the surface, called the Stern layer, is characterized by
both a charge density and a surface potential (F0). Direct
measurement of F0 is uncertain. Instead a quantity called
the zeta potential (z) is measured. The zeta potential is mea-
sured by a variety of electrokinetic methods, and represents
the electrical potential at the slip plane, or the effective
hydrodynamic radius of the particle.

Interaction between charges that are fixed at the surface
and those that are free in solution plays an important role in
the stability of colloidal systems. The electrolyte solution is
characterized by the charge and concentration of electrolytes
as well as the dielectric constant of the medium. The combina-
tion of the charged surface and the neutralizing layer of coun-
ter ions is said to constitute an electrical double layer. The
thickness of the double layer is expressed by

1=k ¼ ðeKT=e2
X

i
niz

2
i Þ

1=2

where 1=k is the Debye length, e is the dielectric constant of
the medium, K is the Boltzman constant, ni is the number
of ions of type i per unit volume near the surface, e is the
charge on an electron and zi is the valence of the electrolyte.
Note the strong dependence of the Debye length on the
valence of the electrolyte.

attractive forces, the repulsive forces, and the net interaction
potential between colloidal particles. The diagram shows that
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attractive forces predominate at very short interparticle dis-
tances. If no repulsive forces exist, the particles can come
together in the primary minimum. Depending on the depth
of the primary minimum, the aggregation can be either
reversible or irreversible. However, for most pharmaceutical
suspensions, aggregation in the primary minimum is usually
irreversible; that is, the solid cannot be redispersed by simple
shaking. Electrostatic repulsion creates an energy barrier
opposing approach of particles closely enough to reach the pri-
mary minimum. The thickness of the electrical double layer
determines the rate at which electrostatic repulsion decreases
with increasing distance between particles. The net potential
energy curve has a maximum. The size of this maximum, rela-
tive to the thermal energy of the system (expressed as kT,
where k is the Boltzman constant), determines the ability of

Figure 2 Forces of interaction between colloidal particles.
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particles to reach the primary minimum. If the size of the
potential energy barrier is very large compared with kT, then
the primary minimum is inaccessible, and the system is kineti-
cally stable. The net potential energy curve may contain a
secondary minimum at a relatively large interparticulate
distance. Aggregation in this secondary minimum gives rise
to a loosely structured network of particles, and the aggrega-
tion is readily reversible by shaking. Such floccules are
reported to display fractal properties.

Flocculation is an important property of any coarse
suspension, and the pharmaceutical scientist should under-
stand both the properties of flocculated suspensions and the
forces that mediate the aggregation state of suspensions. In
flocculated suspensions, particles are loosely aggregated by
electrostatic forces, such that the suspension consists of a
loose network of particles. This ensemble of particles, or floc,
settles relatively rapidly, and forms a clear boundary
between the precipitate and the supernatant. The sediment
is loosely packed, and a hard, dense cake is not formed. As
a result, the solid is easy to redisperse. In a deflocculated sus-
pension, particles exist as separate entities. The rate of set-
tling is slow, and dependent on the particle size. Since
there are minimal repulsive forces between particles, even-
tually a hard, dense sediment is formed which is difficult,
or perhaps impossible, to redisperse.

DLVO (for Derjaguin, Landau, Verwey, and Overbeek,
the scientists who published the original theory of colloidal
stability in the 1940s) theory states that colloidal stability
is determined by a balance between electrical double layer
repulsion, which increases exponentially with decreasing
distance between particles, and van der Waals forces of
attraction. The practical lessons to be learned from DLVO
theory are primarily that: (i) ionic strength of the vehicle is
a dominant factor controlling flocculation of the system, and
(ii) adsorption of polymers can be used to sterically stabilize
a suspension by preventing two particles from approaching
closely enough to aggregate in the primary minimum. The
reader is referred to the chapter by Burgess in this book on
physical stability of dispersed systems.
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5. FORMULATION OF PARENTERAL
SUSPENSIONS

A well-formulated parenteral suspension resuspends easily
upon shaking, with uniform dispersion of the drug in vehicle.
The suspension is easily drawn through a needle into a
syringe (syringability), and is injected without the use of
excessive force (injectability). It is not irritating to the tissue
into which it is injected. The suspension is both physically
and chemically stable over the shelf life of the product.

Developing a sterile powder which is reconstituted with
water to form a suspension at the time of use should be con-
sidered, particularly for drugs that are unstable in aqueous
media. This dosage form has the advantage of avoiding physi-
cal stability issues that can be troublesome for ready-to-use
suspensions, such as particle size growth and caking of the
suspension, making resuspension, syringeability, or inject-
ability troublesome. Powders for suspension also have the
advantage of being more amenable to terminal sterilization
than ready-to-use suspensions, either by ionizing radiation
or by thermal methods. Powders for reconstitution to form a
suspension are typically provided with a companion vial of
vehicle containing the appropriate excipients.

5.1. Particle Size Distribution

The product development exercise should include studies to
determine the role of particle size distribution on bioavail-
ability of the drug as well as syringability and injectability.
These are generally small-scale studies, where hand sieving
is feasible. The experiment consists of preparing different
sieve ‘‘cuts’’ from a single batch of powder. Prototype formu-
lations are prepared with each of four to six particle size
distributions, and syringeability and injectability are tested
prior to proceeding further. Particle size distributions with
a median particle size above about 50mm are likely to pro-
duce problems with syringeability and injectability.

Bioavailability studies are generally carried out in
animals, and consist of collecting plasma drug levels as a
function of time after injection of the suspension. The peak
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blood level of drug, Cp,max, and time at which the peak is
reached, tmax, are important responses, as well as total area
under the drug blood level vs. time curve.

5.2. Excipients

In addition to the drug, a typical parenteral coarse suspension
contains a dispersing or suspending agent, a surfactant, a
buffer, a tonicity adjusting agent, and, in the case of multiple
dose containers, an antimicrobial preservative. Examples of
commercial formulations of parenteral suspensions are shown

most parenteral products.
The DLVO theory, discussed briefly above, provides a

conceptual picture of the interactions between particles that
control physical properties of suspensions. The interaction

opposed if the repulsive energy is high; that is, if the zeta
potential is high and ionic strength is low. However, when
these particles settle, this energy barrier may be overcome,
and particles may interact at the primary minimum, generally
resulting in caking and difficult (or impossible) redispersion.

Sedimentation volume and zeta potential measurement
are useful formulation tools for helping to assure an eas-
ily redispersable suspension, where sediment volume is the
height of the sediment relative to the height of the liquid.
The idea is that, the higher the relative sediment volume,

Table 1 Relative Permeability of Muscle Capillary Pores

Substance Molecular weight Relative permeability

Water 18 1
NaCl 58 0.96
Urea 60 0.8
Glucose 180 0.6
Sucrose 342 0.4
Insulin 5000 0.2
Albumin 69,000 0.0001

(From Ref. 20)
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Table 2 Representative Sterile Coarse Suspensions (From Ref. 17)

Drug Excipients Category

Aurothioglucose,
50 mg=mL

Aluminum monostearate, 20 mg=mL;
propylparaben, 0.1%; sesame oil

Suspending agent; preservative;
vehicle

Betamethazone sodium
phosphate=betamethazone
acetate (3 mg=mL each)

Sodium phosphate; EDTA sodium,
0.1 mg=mL; benzalkonium chloride,
0.2 mg=mL, pH 6.8–7.2

Buffer; chelator; preservative

Desoxycorticosterone
pivalate

Methylcellulose; sodium
carboxymethylcellulose;
polysorbate 80; sodium chloride;
thimerosal

Suspending agents; surfactant;
tonicity adjustment; preservative

Dexamethazone
acetate, 8 mg=mL

Sodium CMC, 5 mg=mL; polysorbate
80, 0.75 mg=mL; sodium chloride,
6.7 mg=mL; creatinine, 5 mg=mL;
sodium bisulfite, 1 mg=mL;
EDTA disodium, 0.5 mg=mL, pH 5.0–7.5

Suspending agent; surfactant;
antioxidant; chelator

Hydrocortisone acetate,
50 mg=mL

Sodium CMC, 5 mg=mL; polysorbate
80, 4 mg=mL; sodium chloride,
9 mg=mL; benzyl alcohol, 9 mg=mL

Suspending agent; surfactant;
ionic strength=tonicity;
preservative

Methylprednisolone
acetate, 20–80 mg=mL

PEG 3350, 30 mg=mL; polysorbate
80, 2 mg=mL; sodium chloride
(isotonic); sodium phosphates,
2 mg=mL; benzyl alcohol,
9 mg=mL, pH 3.5–7.0

Suspending agent; surfactant;
ionic strength=tonicity;
buffer; preservative

(Continued)
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Table 2 Representative Sterile Coarse Suspensions (From Ref. 17) (Continued )

Drug Excipients Category

Medroxyprogesterone
acetate, 150–400 mg=mL

PEG 3350, 20–29 mg=mL; polysorbate 80,
2.4 mg=mL; sodium chloride,
8.7 mg=mL; methylparaben,
1.4 mg=mL; propylparaben, 0.15 mg=mL

Suspending agent; surfactant;
ionic strength=tonicity; preservatives

Cortisone acetate,
50 mg=mL

Sodium CMC, 5 mg=mL; polysorbate 80,
4 mg=mL; sodium chloride, 9 mg=mL;
benzyl alcohol, 9 mg=mL

Suspending agent; surfactant;
tonicity=ionic strength; preservative

Epinephrine HCl,
5 mg=mL

Glycerin, 325 mg=mL; thioglycolic
acid, 6.6 mg=mL; ascorbic acid,
10 mg=mL; phenol, 5 mg=mL

Tonicity; preservative

Triamcinolone diacetate,
20–40 mg=mL

PEG 3350, 3%; polysorbate 80, 0.2%;
sodium chloride, 8.5 mg=mL;
benzyl alcohol, 9 mg=mL, pH about 6

Suspending agent; surfactant;
ionic strength=tonicity;
preservative

Penicillin G benzathine
and penicillin
G procaine,
150,000–600,000 U=mL

Sodium CMC, 0.55%; lecithin;
polyvinylpyrrolidone, 0.1%;
methylparaben, 0.1%; propylparaben,
0.01%; sodium citrate, pH 6–8.5

Suspending agent; surfactant;
suspending agent; preservatives;
buffer

Triamcinolone hexacetonide,
5–20 mg=mL

Sorbitol, 50%; polysorbate 80, 0.2–0.4%;
benzyl alcohol, 9 mg=mL, pH 4.5–6.5

Suspending agent; surfactant;
preservative
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the greater the ease of redispersion. The general relationship
between sediment volume and zeta potential is illustrated in
Fig. 3. Addition of a flocculating agent, such as an electrolyte,
causes a reduction in zeta potential, which causes changes in
sediment volume. In the region where the sediment volume is
maximized, there should be minimum probability of caking.
Note that too much added electrolyte can result in over floccu-
lation and subsequent caking. Measurement of sedimentation
rate can also be a useful formulation tool reflecting the
physical stability of the system.

5.3. Buffers

Physiological pH is always desirable for any injected product in
order to minimize irritation at the injection site. However, the
intramuscular and subcutaneous routes are fairly forgiving in

Figure 3 General relationship between sediment volume and zeta
potential.
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pH of commercially available suspension products—from as
low as 3.5 to as high as 8.5. Of course, buffer capacity should
be considered as well—formulations that deviate from physio-
logical pH that have a high buffer capacity will be more
irritating than those with low buffer capacity. It is good practice
to keep the concentration of any buffer to a minimum.

As discussed above, the ionic strength of the vehicle is an
important determinant of the effective range of the electrical
double layer, which influences the physical stability of the
system with respect to aggregation characteristics. Again, a
flocculated system is desired, given the relative ease of resus-
pension of such systems. Of course, ionic strength is deter-
mined by the total number of ionic species present, including
any added electrolytes.

The most commonly used buffer in parenteral sus-
pensions is sodium phosphate. Ascorbic acid is used in a
commercial formulation of epinephrine HCl, and sodium
citrate is used in a commercial formulation of penicillin G.
Other buffers used in commercial parenteral formula-
tions include sodium lactate, sodium acetate, sodium
succinate, histidine, and tris(hydroxymethyl) aminomethane
(see Table 2).

5.4. Wetting

The tendency of a solid to be wetted by a liquid is a measure of
the affinity of the substances, where hydrophilic surfaces tend
to be readily wet by aqueous media. For injectable suspen-
sions, the drug generally has limited aqueous solubility, tends
to be hydrophobic, and thus tends not to be easily wet. The
use of contact angle data to characterize the solid surface
was mentioned above. Another method of measuring the
wettability of a powder is the wet point method (18), which
consists of determining the amount of vehicle needed to
just wet all of the powder, usually by measuring the
amount of liquid needed to carry a powder through a gauze.
The more effective the wetting agent, the lower the ‘‘wet
point’’ value.
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Wetting agents are surfactants that lower the interfacial
tension and the contact angle between the solid and the
vehicle. Most parenteral suspensions use polysorbate 80 as
a wetting agent. Concentrations in commercial products are

tan trioleate.

5.5. Suspending Agents

Suspending agents usually refer to excipients used to control
the viscosity of the vehicle as well as polymers that interact
with the solid surface to improve physical stability. Suspend-
ing agents include sodium carboxymethylcellulose, polyvinyl-
pyrrolidone, polyethylene glycol, and propylene glycol.

5.6. Tonicity Adjusting Agents

Tonicity adjusting agents may be either electrolytes or
non-electrolytes. The type of tonicity adjusting agent used
depends on the effect of ionic strength on settling properties of
the suspension. Sodium chloride is commonly used for both
adjustment of tonicity and adjustment of ionic strength. Sorbitol
and mannitol are examples of non-electrolytes used for adjust-
ment of tonicity.

5.7. Antimicrobial Preservative

Since many parenteral suspensions are multiple dose contain-
ers, antimicrobial preservatives are common. These include
benzalkonium chloride, chlorobutanol, parabens, and benzyl
alcohol.

6. MANUFACTURE OF PARENTERAL COARSE
SUSPENSIONS

6.1. Ready-to-Use Suspension vs. Powder
for Reconstitution

For a dry powder formulation for suspension, the manufactur-
ing process may consist only of milling of aseptically cry-
stallized and dried bulk drug. If terminal sterilization of the
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final container is not feasible, a surface sterilization of the
powder blend, perhaps by ethylene oxide or irradiation, may
be done to inactivate microbial contamination introduced by
milling and powder handling steps. The powder is aseptically
filled into vials. The suspension vehicle is prepared as a com-
panion vial containing, for example, a surfactant, a buffer, a
suspending agent, perhaps ionic strength and tonicity adjust-
ing agents, and perhaps a preservative.

Aseptic powder filling has a number of operational chal-
lenges, including fill weight uniformity, potential concerns
with cross-contamination due to airborne dust, and potential
concerns with worker exposure to airborne drug if the drug is
a potentially hazardous material. However, these challenges
can generally be met, and may be small compared with the
challenges associated with physical or chemical instability
of a ready-to-use suspension.

Feasibility of terminal sterilization should be examined,
both by thermal methods and by ionizing radiation (see discus-
sion below). If feasible, this approach gives maximum sterility
assurance and avoids the need for an intermediate surface
sterilization during processing.

For ready-to-use suspensions, the manufacturing scheme
generally consists of milling of bulk drug and surface steri-
lization of the powder. The vehicle is prepared and sterile
filtered, and the powder is aseptically dispersed in the vehicle,
followed by aseptic filling of the liquid. The process must
be monitored closely, particularly during development, to
assure uniformity of the bulk suspension during the filling
operation.

The feasibility of terminal sterilization of a ready-to-use
suspension must be determined but, generally speaking, this
has low probability of success. Autoclaving usually results in
changes in particle size distribution resulting from elevated
temperature, where smaller particles dissolve to a greater
extent than larger particles then, when the system is cooled,
larger particles grow as a result of lower solubility. As for
gamma or electron beam sterilization, the probability of suc-
cess is low because of the generation of free radicals in solution
that tend to degrade the drug.
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6.2. Unit Operations in Suspension Manufacture

6.2.1. Particle Size Reduction

The most critical aspect of milling is the ability of the unit opera-
tion to produce a narrow particle size distribution of the appro-
priately sized drug particles. The impact of milling on the
physical state of the drug can also be critical, particularly since
mechanical milling can produce small but significant quantities
of amorphous material (19). This can lead to subsequent
problems with chemical stability, physical stability, or both.

The compatibility of the mill with aseptic operations is
important. Specific design criteria include the potential for
metal-to-metal contact, use of double mechanical seals, clean-
ability of the equipment and, for aseptic milling applications,
the ability to sterilize the mill in place.

Common techniques for production of fine particles are
briefly discussed below:

Air micronization is probably the most common method
of particle size reduction for parenteral suspensions because
of: (i) the ability to obtain very small particles with a uniform
size distribution, (ii) a particle size classifier internal to the
equipment that returns oversized particles to the zone where
particle size reduction takes place, and (iii) the absence of any
moving parts to generate extraneous particulate matter. Ster-
ilization of air is straightforward, but dust containment can
be a significant operational complication.

Spray drying can be used to produce sterile powders with
uniform spherical particles by spraying a solution containing
the drug into a chamber where a warm stream of air flows
counter-currently to the spray. Advantages of the technique
are the ability to control the droplet, therefore the particle,
size by choice of the appropriate spray nozzle and feed rate,
and the uniform size and particle morphology produced. The
application is limited, however, since organic solvents would
be needed if the intended suspension vehicle is aqueous,
and problems associated with handling of large volumes of
solvent vapor can be significant. Spray drying might be useful
for control of particle size of drugs intended for an oil-based
suspension.
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Supercritical fluids, typically carbon dioxide, can be used
as either a solvent or an antisolvent to achieve supersatura-
tion and subsequent particle generation. The technique has
been reviewed by Tom and Debenedetti (20). The method is
generally compatible with aseptic operations, but ability to
consistently produce a narrow particle size distribution is
uncertain. Large particles are particularly troublesome from
the standpoint of syringeabilty. While the technique holds
some promise, the technology does not appear to be advanced
enough to produce suitably narrow particle size distributions
for injectable suspensions without an additional particle size
reduction step.

6.2.2. Sterilization

This discussion is limited to terminal sterilization of product,
as opposed to sterilization that is required as a part of aseptic
processing. International regulatory guidelines require that
the feasibility of terminal sterilization be determined; how-
ever, terminally sterilizing a ready-to-use aqueous suspension
has a low probability of success. The likelihood of success
for terminal sterilization of an oil-based suspension may be
somewhat better.

Probability of success in terminal sterilization is best for
powders for injectable suspension. This may be done by auto-
clave, but problems may be encountered with caking of the
powder, making suspension of the solids upon reconstitution
difficult. Terminal sterilization by ionizing radiation may
be a better choice. Ionizing radiation for sterilization may be
via electron beam, gamma irradiation, or, in a more recent
development, by x-rays (21). All forms of ionizing radiation
work by collision of an electron or a photon with the electrons
in the outer shell of atoms to produce ions. This ionization pro-
cess causes covalent bond breakage; in particular, DNA is very
susceptible to depolymerization by this process. Therefore,
ionizing radiation sterilizes by prevention of reproduction of
microorganisms.

Electron beam—An accelerator is used to generate
high-energy electrons that are focused on the product. The
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allowable power used in electron beam accelerators is limited
because of the potential for photonuclear reactions at high
power. The electron beam has limited penetration depth,
but the time required for sterilization is very short—on the
order of seconds to a few minutes. Scale-up of electron beam
sterlization is probably move straightforward than after irra-
diation methods.

Gamma irradiation—60Co is the most commonly used
source of gamma irradiation, where the radioactive decay of
60Co to 60Ni produces two photons. An advantage of gamma
irradiation is its inherent safety with respect to the potential
to render material being sterilized radioactive, since the
photons produced are not energetic enough to cause photo-
nuclear reactions. Gamma irradiation also has a greater
ability to penetrate materials than electron beam radiation.
However, exposure times needed to produce an equivalent
degree of sterility assurance are significantly longer than
electron beam irradiation.

X-rays—If an electron beam is focused on a target mate-
rial such as tungsten, x-rays are produced by the target. Ster-
ilization by x-rays is a more recent development, and combines
the penetration ability of gamma irradiation with the controll-
ability of electron beam radiation; that is, the power of the
electron beam can be controlled or turned off as needed.

One packaging-related concern pertaining to radiation
sterilization is the tendency for radiation to cause glass to dis-
color. This, at a minimum, can cause loss of pharmaceutical
elegance. Use of cerum oxide-containing glass minimizes dis-
oderation by irradiation.

Ethylene oxide is commonly used as a surface sterilant
for aseptically processed suspensions. The drug is typically
crystallized aseptically, then milled under sanitary condi-
tions. The milled drug is then sterilized by ethylene oxide
prior to aseptic processing of the suspension to inactivate
any microorganisms that may be present on the surface of
the powder. There are many operational challenges
associated with ethylene oxide sterilization. Byproducts of
ethylene oxide exposure include ethylene chlorohydrin and
ethylene glycol. It is important to maintain adequately low
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levels of these residuals. Ethylene oxide is also a potential
carcinogen, and rigorous environmental monitoring is neces-
sary to assure worker safety.

6.2.3. Filling

Filling of liquid suspensions is generally straightforward
using commercially available filling equipment. The most
challenging aspect of filling suspensions is maintenance of
content uniformity throughout the lot. Aggressive monitoring
is often required, particularly late in the filling time interval.

Filling of powders is more challenging than filling of
liquids for several reasons. First, batch-to-batch and even
within batch variability in mechanical properties of powders,
such as compressibility, flow characteristics, and bulk density
can result in variability in fill weight. Second, some dust
formation is probably inevitable, and containment of dust is
critical in controlling the potential for cross-contamination.
Third, for potentially hazardous compounds, containment of
airborne particulate matter is important from the standpoint
of worker protection. An emerging process analytical technol-
ogy that is pertinent to filling of dry powders is a non-contact
check weighing system, based on magnetic resonance that
checks the fill weight of every vial, allowing over- or under-
dosed vials to be rejected.

7. EVALUATION OF PRODUCT QUALITY

Stability of the particle size distribution is a critical aspect of
evaluating quality of parenteral course suspensions, since
changes in the particle size distribution can affect the drug
release profile from the site of injection, as well as having
the potential to cause difficulty in syringeability (ability to
easily withdraw the contents of a vial into a syringe) and
injectability (ability to expel the contents of the syringe into
the injection site using a reasonable amount of force). Clog-
ging of the needle during administration can be traumatic
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to the patient. Concentrated suspensions have a greater
tendency to clog the needle than more dilute suspensions.
For some suspensions that display shear-induced thickening,
it is appropriate to test syringeability before and after vigor-
ous agitation.

There is no standard method for either syringeability or
injectability. Use of 19–22 gauge needles is typical. A major
source of uncertainty in injectability testing is the medium
into which the suspension is injected. While injection into
an animal is perhaps most realistic, this is often not practical.
Injection into a polyurethane sponge has been reported (22).
An instrument for monitoring injection force, such as an
Instron device, is a significant improvement over subjective
assessment of injection force.

Testing of suspensions after simulated shipping should be
part of assessment of suspension quality, particularly with
regard to the anticipated extremes of thermal history during
shipping. Simulation of the vibration associated with shipping
should also be considered, as this may affect the settling and
redispersion characteristics of the suspension.

8. CONCLUSION

Formulation and manufacture of parenteral coarse suspen-
sions, relative to other parenteral dosage forms, is not tri-
vial. The difficulty arises primarily from the inherent
thermodynamic instability of such systems, resulting in loss
of such critical quality attributes as the ability to redisperse
the solids sufficiently to achieve adequate uniformity of dos-
ing and the ability to draw the suspension into a syringe and
expel the product using a reasonable amount of force. How-
ever, knowledge of the principles of colloidal systems and the
importance of forces at solid=liquid interfaces can be used to
design formulations that, while thermodynamically
unstable, can be made kinetically stable enough to retain
critical quality attributes throughout the shelf life of the
product.
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1. INTRODUCTION

An emulsion is a heterogeneous mixture of two or more immis-
cible liquids, with a third component (emulsifier) used to stabi-
lize the dispersed phase droplets. Co-emulsifiers and other
additives are often used to improve stability. The most
commonly used parenteral emulsion system is for parenteral
nutrition (PN). Parenteral nutrition is a means of providing
intravenous nutrition to patients who are unable to absorb
nutrients via the gastrointestinal tract. Infused nutrients
include amino acids, dextrose, electrolytes, minerals, vitamins,
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fatty acids, and trace minerals (1–3). Drugs such as barbituric
acid (4), nitroglycerin, and cyclandelate (5) have been
incorporated into emulsions prepared forPN. In addition, emul-
sions have been specifically prepared as delivery vehicles for
drugs with poor or no solubility in water.

1.1. Parenteral Nutrition

Parenteral nutrition is the provision of a sterile liquid contain-
ing nutrients, which is administered intravenously. This
science has evolved in step with the acquisition of knowledge
in chemistry, physiology, and microbiology. Provision of nutri-
ents via parenteral administration has become an accepted
method of treating nutritionally debilitated patients. Attempts
to supplement nutrients intravenously were unsuccessful until
the concepts of microbial infection became widely accepted.
Early last century, as theprinciples ofnutritionandmetabolism
became recognized, attempts were made to replenish protein
deficits parenterally. Initially these efforts were hampered by
allergic complications; however, in one of the first successful
experiments onPN, in 1915,Henriques andAnderson (6)main-
tained nitrogen equilibrium in goats for over 2 weeks through
the infusion of a mixture of hydrolyzed protein together with
glucose and salts. Protein hydrolysates were subsequently
shown a safe and effective source of nitrogen for human use.

Numerous complicating and limiting metabolic and
technical issues became apparent when clinicians sought
improvements in the parenteral delivery of nutrients. The
provision of basal energy and nitrogen was not always suffi-
cient. However, the infusion of excess volume resulted in pul-
monary edema and high concentrations of glucose resulted in
venous thrombophlebitis. In order to address this problem,
the infusion of lipids was investigated as a means to effec-
tively meet energy needs. The high caloric density and low
thrombogenic potential of lipid emulsions made these sub-
strates obvious candidates for PN. Researchers infused lipid
emulsions into animals and also developed lecithin-stabilized
lipid emulsion for human parenteral use. In 1945, McKibbin
et al. (7) advocated the provision of calories from lipid emul-
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sions, and shortly thereafter the first commercial prepara-
tions based on castor and cottonseed oils became available.
After World War II, lipid emulsions were developed commer-
cially to serve as an intravenous source of both calories and
essential fatty acids. An i.v. cottonseed oil emulsion was mar-
keted in 1957 (8). Since the frequency of toxic reactions with
this product was high, this fat emulsion was withdrawn from
the market in the 1960s. These early emulsions had toxic side
effects including: fevers, back pain, and liver dysfunction,
which led to their disuse and eventual withdrawal from the
US market in 1964 (9). Meanwhile, in Europe, Wretlind et
al. were developing an emulsion based on soybean oil stabi-
lized with egg yolk phospholipids that were shown in clinical
trials to be safe and effective as a source of calories and essen-
tial fatty acids. Supporting clinical results from the United
States (10) led to FDA approval of Intralipid (Baxter & Phar-
macia, Upjohn) and Liposysn (Abbott) in 1981. Shulman and
Phillips (11) investigated PN in infants and children. To date
in excess of 100 million units of lipid emulsion have been
administered to patients as an integral part of PN. There
are several commercially available fat emulsions such as
Intralipid 10 and 20% (Kabi Vitrum), Lipofundin and Lipo-
fundin S (Braun) and Liposyn (Abbott), all of which are essen-
tially nontoxic (12). For example, Intralipid 20% has an LD50

of 163 mL=kg body wt. in mice (13).

1.2. Parenteral Drug Delivery

Pioneering work using lipid emulsions as drug delivery sys-
tems began in the early 1970s. Jeppsson (4) investigated the
incorporation of drugs such as barbituric acid, nitroglycerin,
and cyclandelate (5) into fat emulsions. Progress in the field
of parenteral drug delivery using emulsions has been reported
in numerous reviews and monographs (14). Singh and Ravin
(15) reviewed parenteral emulsions as drug carriers. The
review of Singh and Ravin (15) includes emulsion preparation,
drug incorporation and specifically discusses diazepam and
amphotericin B as examples of parenteral emulsions under
development. In addition, water-in-oil and gelatin-in-oil
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emulsions have been developed with the ability to incorporate
water-soluble or gelatin-soluble drugs. Although their toxicity
and metabolism are less well defined compared to fat emul-
sions, these preparations offer untested alternative carriers
for hydrophilic drugs. O’Hagan (16) summarized the applica-
tion of emulsion as particulates in vaccine delivery
systems. The following injectable lipid drug emulsions are
commercially available:

Trade name Manufacturer Drug Activity

Diazemuls� Pharmacia Diazepam Sedative
Diprivam2 Pharmacia Propofol Anesthetic
Fluosol-DA� Green Cross Perfluorodecalin Oxygen delivery
Vitalipid� Pharmacia Vitamins

A, D, E, K1

Parenteral
nutrition

Eltanolone2 Pharmacia Prenanolone Anesthetic
Imagent� Alliance

Pharm.
Perflubron Imaging agent

Intraiodol2 Pharmacia Iodinated oil Imaging agent
Kynacyte2 Sphinx=Eli

Lilly
Dihydrosphin
gosine

PKC inhibitor

Oncosol2 HemaGen=PFC Perfluorocarbon Oxygen delivery

1.2.1. Drug Solubility

A common problem experienced in the early development of
drugs intended for parenteral use, especially intravenous
administration, is that many drug candidates have poor water
solubility. Solubilization processes are complex and require
expertise in physical chemistry to interpret and apply current
theoretical models. Unfortunately, most of the literature deals
with solubilization theory rather than with the practical
aspects of solving solubility problems. Solubility theories deal
with the conversion of a substance from one state to another,
and the equilibrium phenomena that are involved. In most
pharmaceutical systems, the routine application of these mod-
els to predict solubility and simplify formulation development
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is complex. Themajority of parenterally acceptable cosolvents—
such as propylene glycol, ethanol, and water—are capable of
self-association through hydrogen bond formation. Such
interactions may alter solvent structure and consequently,
influence solubility in an unpredictable manner (17). In order
for solubility models to adequately describe solubility beha-
vior, the relative importance of competing self-associations
and strong intermolecular interactions must be considered.

The first approach that is commonly used to increase the
aqueous solubility of a drug is to form water-soluble salts.
Berge et al. (18) wrote what is now a near classic review of
salt form strategies acceptable for pharmaceuticals. If salt for-
mation is not possible (e.g., the salt form is too unstable, or
does not render the molecule sufficiently water-soluble), a ser-
ies of formulation approaches may be investigated. pH adjust-
ment may be used to increase the aqueous solubility of an
ionizable drug. The next most frequently attempted approach
is the use of water-miscible cosolvents. Another approach is
the use of surfactants and complexing agents. The use of
emulsions and other colloidal drug delivery systems for intra-
venous administration is becoming widely and successfully
applicable (14). These delivery systems may confer to the
entrapped or associated drug significantly different properties
than the free drug, providing the opportunity for prolonged
drug presence in the bloodstream or alteration of its disposi-
tion in the body.

Surface active agents are often incorporated into parent-
eral drug delivery systems to provide one of several desirable
properties: (i) increase drug solubility through micellization,
(ii) prevent drug precipitation upon dilution (19), (iii) improve
drug stability through entrapment within a micellar struc-
ture (20), and (iv) prevent aggregation of protein formulations
due to liquid=air or liquid=solid interfacial interactions.

While many different types of surfactants exist, very few
have been used in parenteral products. For example, for stab-
ilization of proteins against aggregation, polyoxyethylene
sorbiton monooleate (polysorbate 80) has been used in an FDA
approved product (e.g., Altepase, Genentech) (21). Other surfac-
tants, which have been used in parenteral products, include
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poloxamer 188 (polyoxyethylene–polyoxypropylene copolymer),
polysorbate 20 and 40 (polyoxyethylene–polyoxypropylene
sorbitonmonofatty acid esters), Cremophor EL�, andEmulphor
EL 719� (polyethoxylated fatty acid esters and oils). Examples
of products that include some of the above surfactants are
multivitamins, calcitriol, teniposide, paclitaxel, and cyclospor-
ine. The most effective as a solubilizer or stabilizer is often a
matter of empirical investigation (22). Detailed reviews of
micelle structure, characterization techniques, and pharmaceu-
tical applications have been published (23,24). Attwood and
Florence (24) summarized the toxicity of surfactants reported
in the literature prior to 1983. Reviews on the pharmacology
of polysorbate 80 and the incidence of clinical side effects of
Cremophor EL have been published. Children and newborns
may be particularly sensitive to these agents and administra-
tion to this population has been discussed (25).

If a drug candidate has sufficient lipid solubility, emul-
sions may be used as a delivery system. Typical emulsions
contain triglyceride rich vegetable oils, lecithin as a surfac-
tant and may contain nonionic surface-active agents.
Insoluble drugs may be incorporated into commercial fat
emulsions or an emulsion may be formed from oil-solubilized
drug, surfactant and aqueous phase. The former is usually
not successful since the drug can influence the stability of
the commercial emulsions (26). Kreilgaard (27) summarizes
the influence of microemulsions on cutaneous drug delivery.

1.3. Classification of Emulsions

Emulsion systems can be classified as either oil-in-water
(O=W) or water-in-oil (W=O) depending on the nature of the
dispersed phase. O=W emulsions are dispersions of oil in an
aqueous continuous phase andW=O emulsions are dispersions
of water in an oil continuous phase. A third type of emulsion is
a multiple emulsion, which can be either oil-in-water-in-oil
(O=W=O) or water-in-oil-in-water (W=O=W). Multiple emul-
sions are prepared by dispersion of W=O emulsions in an aqu-
eous solution to form aW=O=Wemulsion or by dispersion of an
O=W emulsion in a oil to form an O=W=O emulsion.
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The nature of emulsion systems (i.e., W=O or O=W) can
be determined using the following methods: indicator (28),
drop test (29), electrical conductance (30), and the direction
of emulsion creaming (31). The indicator method utilizes a
dye, which is only soluble in one phase. The stained phase
can be observed visually or with the aid of a microscope
(28). The drop test method involves determination of emulsion
miscibility with water or oil phases (28). The emulsion will be
miscible with the phase, which constitutes its continuous
phase. The electrical conductance method is based on the abil-
ity of the emulsion to conduct electrical current. O=W emul-
sions will conduct electricity, whereas W=O emulsions will
not. The direction of creaming of an emulsion depends on
the density difference between the oil and aqueous phases
(31). Systems with oil as the dispersed phase will cream at
the top and those with water as the dispersed phase will
cream at the bottom.

Emulsion systems can be further classified according to
dispersed phase droplet size (macroemulsion, miniemulsion,
and microemulsion) and the nature of the emulsifiers (nonio-
nic surfactants, ionic surfactants, and nonionic polymers,
polyelectrolytes and solid particles) (32). Macroemulsions
are opaque with droplet sizes >400nm. Miniemulsions are
blue-white semiopaque systems with droplet sizes between
100 and 400nm (33,34). Miniemulsion preparations often
involve the addition of an ionic surfactant and a cosurfactant
(a long-chain alcohol) in the form of a mixed micellar system
(33). Brouwer et al. (34) reported that the driving force for
O=W miniemulsion formulation is the net transfer of fatty
alcohol from the aqueous to the oil phase during the mixing
process. Microemulsions are transparent with droplet sizes
in the order of 10–100nm (35,36). They form spontaneously
and are thermodynamically stable, since the interfacial ten-
sion of these systems approximates zero. Microemulsion sys-
tems contain large amounts of surfactant and usually have
an intermediate chain length alcohol as a cosurfactant (34).
Microemulsions are thermodynamically stable transparent
colloidal dispersions. The advantages they have over macroe-
mulsions are their stability and ease of manufacture. Droplet
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sizes are typically 10 times smaller than macroemulsions.
However, the high surfactant concentration of these systems
has imposed limitations on their use via the parenteral route,
due to toxicity considerations.

1.4. Emulsion Destabilization

Emulsions are thermodynamically unstable systems. The
phase inversion temperature is the temperature at which an
emulsion inverts from either an O=W form to a W=O form
or vice versa. Temperature changes such as those occurring
during homogenization or sterilization procedures may cause
inversion to occur. There is some evidence to suggest that
relatively stable emulsion systems can be obtained when the
phase-inversion temperature of O=W emulsion is approxi-
mately 20–65�C higher than the storage temperature (37).

There are several physical changes, such as creaming,
flocculation, and coalescence, which may occur when a drug
is added extemporaneously to a sterilized lipid emulsion

of oil and water phases). While creaming and gross oil separa-
tions are visible to the trained eye, other changes such as floc-
culation and coalescence must be detected by light-scattering
or light microscopy. An emulsion is considered stable when
there is no change in certain parameters (i.e., number of par-
ticles of the disperse phase, particle size distribution, total
interfacial area, mean droplet size, chemical composition of
the components involved, and other related parameters)
while standing undisturbed under normal conditions. Ther-
modynamics dictates that all emulsion systems will attempt
to decrease their surface free energy, with the concomitant
decrease in total interfacial area. Emulsions can exhibit both
chemical and physical instability.

Chemical instability refers to the chemical changes, in
liquid phases and=or the emulsifying agents that produce
intrinsic emulsion instability or the tendency toward demulsi-
fication. Physical instability relates to the shelf life of the
emulsion when only field forces (such as gravitational
and thermal) are considered. Physical instability can be
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manifested in one of two ways: reversible or irreversible
instability. Creaming or sedimentation and flocculation are
reversible phenomena, whereas, coalescence, demulsification,
breaking, and inversion are irreversible phenomena.

Reversible instability signifies any manifestation of
emulsion instability where the dispersed droplets have not
lost their identity and there is a capability of restoring the
emulsion to its original condition. Creaming is caused by den-
sity differences between the disperse phase and the disper-
sion medium. In the case of true creaming, the emulsion is
separated into two emulsions: one richer in the dispersed
phase and the other poorer than the original emulsion. If the
dispersed phase is lighter than the dispersion medium, the

Figure 1 Physical changes possible in a lipid emulsion: (A) freshly
prepared lipid emulsion; (B) creaming—readily reversible, slow
flotation of lipid droplets on more dense aqueous phase; (C) floccula-
tion—aggregated droplets are not readily redispersed by agitation;
(D) coalescence—irreversible merging of smaller droplets; (E) rapid
creaming of coalesced emulsion; (F) rapid creaming of flocculated
emulsion; (G) broken emulsion—separation of oil and water phases.
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phenomenon is termed ‘‘creaming’’; if it is heavier, it sinks to
the bottom, and this phenomenon is called ‘‘sedimentation.’’
In creamed emulsions, the droplets do not lose their identity.
Adjusting the densities of the dispersion medium and the
disperse phase so that they are similar can avert creaming.

Flocculation occurs when two or more droplets approach
each other and form an aggregate or ‘‘floc’’ (in which the dro-
plets have not lost their identity). Flocs can be separated and
the emulsion is restored to its original state (38,39). Impor-
tant characteristics of emulsion flocculation are: (a) individual
droplets make up a floc and they retain their identity; (b) flocs
can be broken up restoring the emulsion to its original state;
(c) the flocs behave as single droplets and the rate of reversi-
ble creaming is accelerated if the density of the flocs is appre-
ciably different from that of the dispersion medium; (d) since
the droplets are in close contact, flocculation may lead to
coalescence and subsequent demulsification.

Irreversible instability is when the identities of the origi-
nal dispersed phase droplets are changed and the emulsion
cannot be restored to its original form. Once the droplets
are in close contact (e.g., by flocculation), intermingling of
the droplets is possible and the flocs transform into a single
large droplet. The appropriate term for the process of trans-
formation of flocs into a single large droplet is ‘‘coalescence.’’
Coalescence brings about internal changes in the emulsion
and there is no conspicuous outward manifestation. As the
coalesced drops grow larger, these constitute a separate phase
and the process is termed ‘‘demulsification’’ or ‘‘breaking.’’

1.5. Emulsion Characterization

Physical properties of emulsions, which can be readily quan-
tified, include mean particle diameter, size distribution, sur-
face (zeta) potential, interfacial tension and rheology,
osmolality, and phase inversion temperature. For more
details on characterization, the reader is referred to the chap-
ter on Characterization and analysis in this book. All of these
properties are important predictors of emulsion stability and
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biocompatibility. For intravenous use, mean droplet
diameters <1 mm are required. Droplets larger than 5 mm
are capable of forming emboli in small capillaries such as
those that occur in the lungs. Size distribution is equally
important, since a more homogenous (monodisperse) emul-
sion tends to exhibit less coalescence and greater resistance
to phase separation. Low interfacial tension is associated with
more stable emulsions, while high interfacial tension predicts
short shelf life stability due to phase separation. Biocompat-
ibility is related to the net charge on the droplet surface. In
general, a more electronegative surface exhibits a reduced
tendency to aggregate in the presence of blood proteins. An
ideal biocompatible emulsion is also isotonic, i.e., containing
280–300 mOsm=kg. In practice, there are few physiologically
acceptable tonicity agents, which may be incorporated into an
emulsion without causing disruption during thermal sterili-
zation. Isotonic saline is one such agent that does not cause
emulsion disruption (40).

1.5.1. Evaluation of Emulsion Stability

According to King and Mukherjee (41), the only precise
method for determining emulsion stability involves size-fre-
quency analysis of the emulsion from time to time as the pro-
duct ages. An initial frequency distribution analysis of an
emulsion is not an adequate test of stability, since stability
is related to the rate of change of particle size. For rapidly
breaking emulsions, macroscopic observation of the separated
internal phase is adequate, although the separation is diffi-
cult to read with any degree of accuracy.

Emulsion diameter can be measured microscopically.
Finkle et al. (42) were the first to report the use of this
method to determine emulsion stability. Brownian movement
affects the smallest droplets, causing them to move in and out
of focus so that they are not consistently counted. The velocity
of creaming is directly proportional to the square of the dro-
plet diameter, and therefore creaming favors the largest dro-
plets since they move faster toward the cover glass than do
the smaller droplets. Accordingly, microscopic measurement
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has a bias toward larger droplets. The particle size or
diameter of the droplets in micrometers is plotted on the
horizontal axis against the frequency or number of droplets
in each size range on the vertical axis (Fig. 2).

Light extinction and blockage counting devices detect
particles by the partial blockage of a beam of light (43). These
instruments generally consist of five subsystems: an autodi-
luter, an optical sensor, a pulse-height analyzer, a system
computer, and a software controller. Hydrodynamic chroma-
tography is a method, which was developed for the fractiona-
tion of colloidal solutions according to their particle size.
Hydrodynamic chromatography utilizes a column packed
with rigid nonporous beads along the capillary tube. Light
scattering, light extinction, and electrical zone sensing meth-
ods relate particle size to the equivalent spherical diameter
based on surface area or volume. Jiao et al. (44) investigated
the evaluation of multiple emulsion stability using a pressure
balance and interfacial film strength.

Other methods used to determine emulsion stability
include accelerating the separation process, which normally
takes place under storage conditions. These methods employ
high temperature treatment, freezing, freeze–thaw cycling,
and centrifugation. Merill (45) introduced the centrifuge
method to evaluate emulsion stability. Turbidimetric analysis
and temperature tests have also been used in an effort to

Figure 2 Droplet size distribution of an emulsion.
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evaluate new emulsifying agents and to determine emulsion
stability. Garti et al. (46) developed a method to evaluate
the stability of oil–water viscous emulsions (ointments and
cosmetic creams) containing nonionic surfactants. This
method is based on electrical conductivity changes during
nondestructive short heating–cooling–heating cycles. This
method was applied in a series of emulsions with different
emulsifiers, emulsifier concentrations, and oil phase concen-
trations.

Burgess et al. (47–56) in a series of publications have
reported amethod to predict emulsion stability based on evalua-
tion of interfacial properties (elasticity, tension, and charge).
These authors were able to correlate emulsion stability with
the interfacial properties of the emulsifier systems used. Both
small surfactants and protein emulsifiers were investigated at
different concentrations and in the presence of various addi-
tives. The reader is referred to the chapter by Burgess in this
book on Physical Stability of Dispersed Systems.

1.5.2. In Vitro Release

Release of drug from emulsions and subsequent bioabsorption
are controlled by the physicochemical properties of the drugs
and the emulsion dosage form, and the physiological proper-
ties at the site of administration. Drug concentration, aqu-
eous solubility, molecular size, crystal form, protein binding,
and pKa are among the physicochemical factors that need to
be considered. It is technically difficult to characterize in vitro
drug release from emulsions due to the physical obstacles
associated with separation of the dispersed and continuous
phases (57). Various techniques such as sample and separate,
membrane barrier, in situ and continuous flow methods have
been used to characterize in vitro drug transport kinetics
from submicron-sized emulsions. However, problems are
associated with each of these methods.

Sample and separate techniques are not ideal since it is
difficult to preserve the physical integrity of emulsion dro-
plets during the separation process. For example, to separate
the released drug present in the continuous phase from the
releasing source (dispersed phase droplets), filtration and
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centrifugation are used (58). These techniques involve the
application of external energy, which can result in emulsion
destabilization and hence erroneous results. Membrane
barrier techniques include cell diffusion and dialysis bag
equilibrium methods (59), where the dispersed phase is
separated from the receiver phase by a semiporous mem-
brane. Submicron droplets have a large surface area com-
pared to their volume, which can lead to rapid transport
from the oil to the continuous phases and the potential for
violation of sink conditions in the environment adjacent to
the droplets (60,61). Barrier techniques can lead to a viola-
tion of sink conditions, due to the limited membrane surface
area available for transport from the donor to the receiver
chambers compared to the surface area available for trans-
port from the dispersed phase droplets to the continuous
phase. An additional constraint of the barrier method is
the limited volume of continuous phase available to solubilize
the released drug in the donor chamber (62–64). In situ
methods involve analysis of released drug without separating
from the releasing source. Another advantage of in situ
methods is that the emulsions can be diluted infinitely and
therefore violation of sink conditions is not a problem. How-
ever, not all compounds are suitable candidates for in situ
techniques, as a method of analysis must be available which
does not suffer interference from the dispersed phase dro-
plets. Suitable drug candidates include molecules with fluor-
escent or phosphorescent moieties (65). Continuous flow
methods involve the addition of dispersed phase material to
a filtration cell, which is linked in series to an analysis cell
(66,67). The sink phase is continuously circulated through
the filtration and analysis cells. A limitation of this techni-
que for emulsion systems is clogging of the filter, which
causes alteration in media flow and emulsion destabilization,
both of which can affect release rates.

As a consequence of the limitations of the above methods,
investigators have attempted to account for the diff-
erent constraints of these methods mathematically (68,69).
The most commonly used technique for assessing in vitro
transport from submicron emulsions is the side-by-side diffu-
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sion cell (barrier method). As stated previously, the major
limitation of this method is the potential for violation of sink
conditions.

To overcome the limitations of the side-by-side diffu-
sion cell technique, a reversed dialysis bag method was
developed by Chidambaram and Burgess (70). Dialysis bags
containing the continuous phase (receiver phase) alone are
suspended in a vessel containing the donor phase (diluted
emulsion) and the system is stirred. At predetermined time
intervals, each dialysis bag is removed and the contents are
analyzed for released drug. The bulk equilibrium reverse
dialysis bag technique overcomes the shortcomings of the
side-by-side diffusion cell and bulk equilibrium dialysis
bag techniques by diluting the submicron sized emulsion
in the donor chamber (theoretically the emulsion can be
infinitely diluted) and by increasing the surface area of
the permeating membrane (dialysis bags). Consequently,
violation of sink conditions can be avoided. No separation
step is required since the dispersed phase does not pene-
trate into the dialysis bags. Thus, the possibility of emul-
sion destabilization during mechanical separation is
avoided. Another advantage of this method is the increased
efficiency in terms of manpower as a consequence of reduc-
tion in the number of steps involved. The reversed dialysis
bag technique (70) mimics the in vivo situation more closely
than the side-by-side diffusion method for emulsion dosage
forms and other dispersed systems introduced directly into
the blood stream (i.v.) or taken orally as these systems will
experience infinite dilution following administration via
these two routes.

1.5.3. Theoretical Models Proposed for Drug
Transport in Emulsion Systems

Mass transport phenomenon is important to understand
drug transport processes and has been extensively reviewed
(71–73). Fick’s law of diffusion may describe drug transport
through membranes. Diffusion is the process of molecular
movement of a permeant as a result of a concentration gradi-
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ent. Fick’s first law of diffusion states that in an isotropic and
continuous medium, the rate of mass transport across a plane
of unit area is proportional to the concentration gradient
measured perpendicularly to that plane. Fick’s first law of
diffusion can be expressed mathematically as

J ¼ D
dC

dx
þ dC

dy
þ dC

dz

� �
ð1Þ

where J is the mass flux of permeant per unit area, C is the
concentration of permeant in the diffusional medium, x, y,
and z are the distances in the direction of flux in each Carte-
sian dimension, and D is the diffusion coefficient of the per-
meant in the medium. The negative sign indicates that the
net mass flux is in the direction of decreasing concentration.
According to the Stokes–Einstein equation (74), the diffusion
coefficient of a permeant is a function of its thermal mobility
in the medium, the size of the permeant and the nature of the
medium. The diffusion coefficient is related to the frictional
resistance and can be expressed as follows

D ¼ RT

f
ð2Þ

In a homogeneous liquid, the frictional resistance is
dependent on the size and shape of the permeant and on
the nature of the solvent. Frictional resistance (75) can be
expressed by

f ¼ 6pZr
2Zþ rb
3Zþ rb

� �
ð3Þ

where Z is solvent viscosity, r is solute radius, and b is a slip
factor. This equation is applicable for spherical particles in
dilute solution where solute–solute interactions can be
neglected. More than one barrier may be involved in the diffu-
sion process. The rate-determining step is the slow diffusion of
drug across a barrier. A membrane is defined as a layer that is
distinct from the medium and restricts permeant transport.
When the steady-state approximation is applied in one-dimen-
sional diffusion, Eq. (8) can also be expressed as
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J ¼ KD

h
ðCd CrÞ ¼ PðCd CrÞ ð4Þ

where K is the membrane=medium partition coefficient, h is
the membrane thickness, Cd is the donor concentration of
permeant, Cr is the receiver concentration of permeant, and
P is the permeability coefficient. The permeability coefficient
through a series of barriers is inversely proportional to the
total resistance, which is the sum of the individual resistances
(76). This is expressed as

RT ¼ 1

PT
¼ h1

D1K1
þ h2

D2K2
þ � � � þ hm

DmKm
ð5Þ

where h1, h2, . . . , hm are the thicknesses of the individual
barriers and D1, D2, . . . , Dm are the respective diffusivities in
each barrier. Stagnant boundary layers, poorly stirred layers,
at the donor and receiver membrane surfaces, can also act as
barriers to mass transport.

Madan (77) developed the simplest theoretical model for
drug transport in emulsion systems. This model was based
on drug partition coefficient between the two phases and uti-
lized mass balance to determine the drug concentration in
the two phases

QT ¼ COVO þ CWVW ð6Þ

where QT is the total amount of the drug in the emulsion, sub-
script ‘o’ and ‘w’ are for the oil and aqueous phases, respec-
tively, and C and V refer to concentration of the drug and
volume of the phases, respectively. This model did not take into
consideration the interfacial barriers as a consequence of sur-
factant films. Ghanem et al. (68) studied the effect of interfacial
barriers on transport in emulsion systems. Interfacial trans-
port was retarded approximately 1000 times in the presence
of an adsorbed gelatin film. Ghanem developed a theoretical
model for drug transport in emulsions, which included the
effect of an adsorbed gelatin interfacial film. Their model for
interfacial transport between an aqueous and oil environment
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is based on Fick’s first law of diffusion as follows:

G ¼ VðdCdoÞ
dt

ð7Þ

whereG is the flux of drug, Cdo is the concentration of the drug
in the oil, and V is the volume of the oil. They did not include
the interactions of the drug with the surfactant. The effect of
interfacial interactions between drugs and surfactants on drug
transport in emulsion systems was investigated by Lostritto et
al. (78) and they developed a theoretical model assumingmono-
layer surfactant coverage at the interface. They assumed that
the charged and neutral drug species partition differently into
a hydrophobic internal phase in accordance with the pH parti-
tion hypothesis

Qd ¼ CeVi FnKen þ ð1� FnÞKec½ � þ CeVe

þ CeAs Fnðki þ k0SiÞ þ ð1� FnÞðk�i þ k�0Si

� �
ð8Þ

where the subscripts ‘d’, ‘e’, ‘i’, and ‘s’ indicate donor emulsion,
external, internal, and interfacial regions, respectively. C and
V are the concentration of the drug and volume of the phases,
respectively. As is the total surface area of the O=W emulsion,
ki is the interfacial activity of the drug, k0 is the adsorption of
the drug with surfactant at the interface, Si is the concentra-
tion of surfactant at the interface. Ken and Kec are the partition
coefficients of the neutral and charged species between the oil
and water phases, respectively, and superscript ‘�’ denotes the
charged species. Fn is the neutral fraction of drug in the aqu-
eous phase. They did not include the effect of excess surfactant.

Yoon and Burgess (69) were the first to consider the effect
of the micellar phase on drug transport in emulsion systems

Qd ¼ CeVe FnKen þ ð1� FnÞKec½ � þ CWVW þ CWAS

þ Fnðki þ k0SiÞ þ ð1� FnÞðk�i þ k�0Si

� �
þ CWVm SAA½ �ðFnKmn þ ð1� FnÞKmc ð9Þ

where Vm is the volume of the micellar phase, Kmn and Kmc are
the partition coefficients of the neutral and charged species,
respectively. However, their model did not include the effect
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of micellar phase on surface-active model drugs where the
drug may compete with the surfactant for the interface and
consequently can affect emulsion stability and transport
phenomenon of the model drug. Chidambaram and Burgess
(79) studied this effect:

Qd ¼ CW KeVe þ ASðki þ k0SiÞ þ Vm½SAA�Km½ � ð10Þ

where Km is the micellar distribution coefficient of the drug.

1.5.4. Effect of Micelles on Drug Transport in
Emulsion Systems

Emulsion systemsare stabilizedusing surfactants,which reduce
interfacial tension and=or form an interfacial film barrier. Sur-
factants are added at a concentration, more than is required to
form a monolayer at the emulsion droplet interface in order to
overcome instability caused by thinning and rupture of the inter-
facial film which can lead to droplet coalescence and phase
separation. Excess surfactant present in the continuous phase
as micelles can allow the droplets to resist coalescence and
phase separation through the Marangoni and Gibbs effects.
The Marangoni effect is a liquid motion caused by movement
of surfactant in the interface in the direction of higher interfa-
cial tension due to the difference between dynamic and static
tensions. The Gibbs effect is a local expansion or compression
of the interface due to the surfactant gradient between the
interface and the bulk. Therefore, a dynamic equilibrium exists
between surfactant molecules in the interfacial area and those
in the bulk. Consequently, surfactant concentrations in excess
of that required to form a monolayer at the emulsion droplet
interface are necessary for emulsion stability. Surfactant in
excess of that necessary to form a monolayer is termed ‘‘excess
surfactant.’’ Emulsions usually contain excess surfactants and
therefore it is necessary to determine the effect of this excess
surfactant on drug transport and emulsion stability.

Micelle formation, complex formation, and the presence
of cosolvents can affect the permeability coefficient of a per-
meant through a membrane, since these can affect the thermo-
dynamic activity of the permeant either in themedium or in the
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barrier (80). If thepermeanthasnoaffinity for themicelle, there
isno significant effect ofmicellarphaseonmembrane transport.
As the affinity of the permeant for themicellar phase increases,
the fraction of unassociated diffusing species will be depleted
and the flux will decrease proportionally. When the permeant
has high micellar affinity, transport is limited by the rate of
micellar diffusion and=or the driving force to transfer the diffu-
sant from the micellar phase and into the membrane.

Complex formation, like micelle formation, affects the
apparent solubility and the partition coefficient of a permeant
(81). If complexation occurs in the aqueous phase, it influences
transport in a manner analogous to micellization. However, if
complexation is irreversible, transport of the complexed form
effectively results in a parallel transport pathway. Nakano
and Patel (82) studied the effect of alkylamides on the trans-
port of p-nitrophenol across silicone membranes and found
that dimethylacetamide did not affect the apparent permeabil-
ity but that dimethylpropamide, diethylacetamide, and
diethylpropamide, increased permeability by 11%, 29%, and
95%, respectively. They reported that the stability constant
for the complex, the diffusivity of free and complexed drug in
each phase and the partition coefficient of the drug and com-
plex between phases must be taken into account in order to
explain the transport mechanism. Bates et al. (83) reported
that the apparent permeability coefficient of drug was depen-
dent on the partition coefficient of a caffeine-drug complex
between membrane and medium.

Micelles and monomer surfactants can affect membrane
transport of drugs by modification of the aqueous diffusion
coefficient. It is considered that the adsorption of drug, surfac-
tant, and micelles on membranes can affect drug transport
due to possible competition for adsorption sites (84).

2. MANUFACTURING AND PROCESS
CONDITIONS

For all injectable lipid emulsions, oil is the internal phase,
dispersed as fine droplets in the continuous phase, usually
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water. The emulsification process requires the addition of
surfactant and mechanical energy. The two main functions
of surfactants are to reduce the interfacial tension of the oil
and water phases and to prevent flocculation and coalescence
of the dispersed phase.

If the pharmaceutically active compound is added to a
preformed, sterilized emulsion, the process is termed ex-
temporaneous incorporation. A filtration step is commonly
included to remove poorly emulsified material from the pro-
duct. In pharmaceutical manufacturing, a cartridge type filter
might be used, provided that it is nonpyrogenic, contains no
extractables, sheds no particles and possesses a medium pore
size (about 1–5 mm). The bottle-filling operation takes place
with full gowning under clean room conditions or in a laminar
flow hood, followed by heat sterilization. All process stages
are carried out in a closed system to prevent both microbial
and particulate contamination. There are a number of impor-
tant variables inherent in the process. The effect of moderate
increases in some of the more easily controlled parameters

emulsion is being developed. The spontaneous formation of an
emulsion is a relatively rare occurrence as mentioned earlier
in this chapter on microemulsions. Instead, either the conden-
sation or the dispersion method can prepare emulsions. To
obtain a metastable emulsion, with a larger number of
droplets of one liquid dispersed in the other liquid, consider-
able ingenuity must be employed. Droplets of the required
size may be obtained by two different approaches.

Either, start from very tiny nuclei, which are allowed to
grow to the required size (basis for the condensation method)
or break up large drops of bulk liquid into small droplets
(basis for the dispersion method).

2.1. Condensation Method

In the condensation method, the vapor of one liquid is super-
saturated, and, therefore, tends to deposit on the nuclei that
may be present in the system. These nuclei may be natural
specks of dust and smoke, or may be ions and other seeds that
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are artificially introduced. The excess vapor is deposited on
the nuclei and consequently these grow in size. This conden-
sation procedure can be used for preparing emulsions and is
best illustrated by the arrangement (Fig. 3) developed by
Sumner (85).

The vapor of one liquid (the dispersed phase) is injected
below the surface of the other liquid, which forms the external
phase of the emulsion. In this process, the vapor becomes
supersaturated and condenses as micron-sized particles. The
particles are stabilized in the external liquid, which contains

Figure 3 Principle of the condensation method.

Table 1 Variables and Their Effect on the Final Emulsion

Variables to be
increased Expected effect (possible reasons)

Oil concentration Larger droplet size (without proportionate
increase in surfactant concentration)

Salt concentration Wider droplet size distribution (acts as peptizing
or coagulating agent)

Drug concentration Unpredictable due to altered surfactant
solubility in the oil phase

Surfactant
concentration

Smaller droplet size until optimum, then
increased viscosity

Process temperature Smaller droplet size (via reduced viscosity)
Process pressure Smaller droplet size (increased field forces)
Homogenizer passes Narrower droplet size distribution (increased

energy)
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a suitable emulsifier. The liquid to be dispersed is heated in a
separate vessel and the heat input, the temperature, and the
pressure of the vapor are controlled to achieve the desired
emulsion characteristics. The pressure of the injected vapor,
the diameter of the jet orifice, and the emulsifier added to the
external phase are the principal factors affecting the size of
the particles. Particle sizes of about 20 mm are easily obtained
although the concentrations of the emulsions are not high.

2.2. Dispersion Method

The most common method of preparing emulsions is to apply
force to break up the interface into fine droplets. When a liquid
jet of one liquid is introduced under pressure into a second
liquid, the initially cylindrical jet stream is broken up into dro-
plets. The factors that enter into breakup of the liquid jet
include the diameter of the nozzle, the speed with which the
liquid is injected, the density and the viscosity of the injected
liquid, and the interfacial tension between the two liquids.
There are many variants in this method, which fall into four
broad categories, viz. mixing, colloid milling, ultrasonification,
and homogenization. The available commercial instruments
cover a wide range of capacities, from small laboratory models
to large industrial units. However, before taking this up, it is
advantageous to discuss a rather naive method of emulsifica-
tion, namely the intermittent shaking method.

2.3. Intermittent Shaking Method

This is a simple way of demonstrating emulsion formation and
involves introducing the two liquids into a test tube, which is
then shaken vigorously. It was determined by Briggs (86) that
intermittent shaking, with rest periods between shakes,
was vastly more effective than uninterrupted shaking. For
instance, to emulsify 60% by volume of benzene in 1% aqueous
sodium oleate about 3000 uninterrupted mechanical shakes
(in a machine), lasting approximately 7min were necessary.
The same mixture could be completely emulsified with only
five shakes by hand in 2min if after each shake an interval
of 20–30 sec was allowed. The plane interface between the
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two liquids becomes corrugated and deformed after each
shake. The corrugations grow in size as fingers of one liquid
into the other and they then disintegrate into small drops.
This process takes about 5 sec for the magnitude of the para-
meters involved in shaking by hand (86). In hand shaking
the globules are polydisperse and are in the size range
50–100mm under favorable conditions. More vigorous shaking
needs to be applied in order to get smaller droplets. To be more
specific, the shaking must be on the microscale so those bigger
drops, which are formed initially, are torn into smaller dro-
plets. This will happen only if there are large velocity gradi-
ents. Mixers, colloid mills, ultrasonicators, and homogenizers
are all designed to achieve large velocity gradients.

2.4. Mixers

Liquidmixing is an established operation in chemical engineer-
ing and mixing apparatues are available with capacities ran-
ging from less than a liter to several cubic meters. The basic
idea behind simple mixers is demonstrated in Fig. 4. Suppose
a simple paddle is rotated in a large cylindrical vessel, then
the liquid will be set in rotation and the free surface will attain
a rough parabolic shape. This swirling motion often results in
stratification rather than mixing, especially in large tanks.
The liquid moves in large circular paths with little vertical
motion.

Figure 4 Flow pattern from a rotating propeller in a tank with
baffles.
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Mixing is best accomplished when there are lateral and
vertical flows,whichdistribute thematerials rapidly to all parts
of the tank.Anefficientandconvenientwaytoachievesuchmix-
ing is to use vertical baffles near the walls, which deflect the
fluidupwards.As a result of viscous andother dissipation, there
is usually a small rise in temperature inmostmixers.While this
is tolerable in small units (whisks and churns), larger units
usually have some form of cooling arrangement. Most mixers,
are well suited for making low or medium viscosity emulsions,
the turbinemixers tolerating somewhat higher viscosities than
the propeller impellers. This effect is due to the fact that the
liquid is drawn towards the center in the case of turbinemixers,
whereas, in the case of propeller mixers, the liquid is forced
towards thewall. Themean average particle diameters of emul-
sions prepared in this way are usually of the order of 5 mm.

2.5. Colloid Mills

In a colloid mill, emulsification of the liquids is carried out
under strong shearing flow in a narrow gap between a high-
speed rotor and a stator surface (Fig. 5).

Figure 5 Section of a vertical colloidal mill.
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The liquids enter at the top through suitable tubes in the
stator frame, flows through the narrow clearance between
the stator and the rotor and exit. The rotor is dynamically
balanced and can rotate at speeds of 1000–20,000 rpm. Due
to the high speed and small gap, strong shear flow is set up
and the liquid interfaces are violently torn apart. Centrifugal
forces also come into play. The liquids may flow either under
gravity feed or under slight over-pressure. Colloid mills may
be modified to suit different conditions. In colloid mills, on
account of the large shear stresses and dissipation, the tem-
perature rise is large. Consequently, some form of cooling is
always used in larger units. The input materials may be
liquids or pastes, with force feeding in the latter case. The
throughput varies inversely with the viscosity of the emul-
sion. Particle diameters of the order of 2 mm are easily
obtained with colloid mills.

2.6. Ultrasonifiers

The use of ultrasonic energy to produce pharmaceutical emul-
sions has been demonstrated, and many laboratory-size
models are available. These transduced piezoelectric devices
have limited output and are relatively expensive. They are
useful for laboratory preparation of fluid emulsions of moder-
ate viscosity and extremely low particle size. Commercial
equipment is based on the principle of the Pohlman liquid

The dispersion is forced through an orifice at modest
pressures and is allowed to impinge upon a blade. The pres-
sures required range from approximately 150 to 350psi and
cause the blade to vibrate rapidly to produce an ultrasonic
note. When the system reaches steady state, a cavitational
field is generated at the leading edge of the blade, and pres-
sure fluctuations of approximately 60 tons psi can be achieved
in commercial equipment.

2.7. Homogenizer

A homogenizer is a device in which dispersion of the liquids
is achieved by forcing the mixture through a small orifice
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under high pressure. This results in fine particle sizes and,
consequently, when highly dispersed systems with particle
sizes of 1mm or smaller are desired, a homogenizer is fre-
quently used. Temperature rise associated with homogenizers
is quite moderate and therefore cooling arrangements are
usually not necessary. If the liquids are premixed, a single
pass through the homogenizer will result in a fine emulsion
with particles in the range of 1 mm.

A microfluidizer is an example of a homogenizer, which
consists of an air driven pump and an interaction chamber
connected using narrow microcolumns. High liquid pressure
generated by compressed air results in dynamic interaction
of the two liquids in the narrow microcolumns. Consequent
laminar flow, turbulence, and cavitation generate fine emul-
sions with small mean diameters and narrow polydispersity
values (87–91).

3. LYOPHILIZATION OF EMULSIONS

These multiphase liquid systems, being thermodynamically
unstable, may require lyophilization and hence the key
aspects of the lyophilization process (which maintains
or regenerates the structure and size of the molecular
assemblies without affecting the drug loading of the initial
liquid state) will also be discussed briefly. Lyophilization of
emulsions can be successfully achieved by:

1. Removal of water at such a rate that the bilayer
or monolayer structure remains intact and the
water interactions are replaced by (H-bonding)

Figure 6 Principle of Pohlman whistle.
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interactions with cryoprotectants containing multi-
OH groups.

2. On addition of water, micelles or emulsions are
reformed such that:

i. original or acceptable particle size distribution
is maintained, and

ii. drug encapsulation and location are unaffected.

Perturbations during lyophilization include:

A. Lipid sorting, changes in the bilayer inter-
facial film characteristics (charge, hydra-
tion, fluidity); which include

a. interfacial tension, and interfacial vis-
coelastic parameters, and

b. zeta potential (as a result of charge
reversal).

B. Formation of multiple populations differing
in charge, surface, and particle size distri-
bution.

C. Mechanical deformation of droplets as a
result of growing crystals.

D. Water-soluble components (protective buf-
fers, steric stabilizing polymers, cryoprotec-
tants) may concentrate.

4. CONCLUSIONS

The future of emulsion-based drug delivery lies in ‘‘fine tun-
ing’’ the carrier to suit the requirements of both the incorpo-
rated drug and the intended therapeutic program. With a
variety of nontoxic vegetable and marine oils available, this
appears to be an achievable goal. For example, medium chain
triglycerides from coconut oil and ethyl esters of fatty acids
derived from certain vegetable oils may have potential appli-
cations in drug solubilization and emulsification. Recent
reports suggest that dietary alterations in ratios of certain
long chain polyunsaturated fatty acids from marine oils
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may suppress tumor growth in vivo and=or increase tumor
sensitivity to anti-neoplastic agents (92). Future fish oil emul-
sions may well serve as adjuvants for cancer therapy.

An important problem with emulsions is shelf life. Alth-
ough many lipid emulsions are stable for up to 2 years stored
at 5�C, a more economical preparation would be stored in the
dry form and reconstituted just prior to use. The early stages
of research into freeze-drying and reconstitution of emulsions
have begun with the investigation of various cryo-protective
agents. Bachynsky et al. (93) have studied incorporation of
lipophilic drugs into a liquid emulsion, which can be delivered
orally. This self-emulsifying formulation was encapsulated
and found to improve absorption of the lipophilic compound.

There are several problems associated with emulsion-
based drug delivery systems, which must be avoided. Fore-
most among them is the failure to adequately characterize
experimental formulations with respect to emulsion integrity
including droplet size distribution, free oil, osmolality, and
z-potential. Emulsion technology may be fine-tuned to meet
the unique requirements of each drug. Indeed, this will be
essential if new carrier systems are to achieve their true
potential: clinically significant improvements in drug efficacy
and reduction in toxicity.
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1. INTRODUCTION

Since their discovery in the mid-1960s, liposomes as well as for-
mulations based on drug–lipid complexes have been extensively
investigated for the delivery of a wide range of pharmaceutical
compounds. Commercial licensing of liposomal dispersions for
parenteral and topical use in humans has been fairly recent
and has occurred as a result of interdisciplinary scientific
advances in surface chemistry, membrane biophysics, and mole-
cular pharmacology (1–4). These developments were supported
by pioneering contributions from scientists in the fields of mole-
cular pharmaceutics, drug delivery, and chemical engineering
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(1–4).Thus, since theiroriginal simplisticuse as vesicular models
for studying membrane properties and transport, liposomal sys-
tems have evolved into complex yet elegant assemblies for drug
delivery. Liposomes are now being developed with specific thera-
peutic roles for tissue and cellular targeting and have been skill-
fully manipulated to achieve desired clinical outcomes by
altering in vivo drug biodistribution and disposition (4). There
are currently more than 10 approved liposome products on the
market world-wide and several more have progressed into
advanced clinical trials (2).

In this chapter, some of the most important recent tech-
nological developments in liposome research are discussed.
The chapter is divided into three major sections: (i) design
of liposomes, their advantages and applications; (ii) methods
of liposome manufacture and drug encapsulation techniques;
and (iii) characterization and compendial requirements for
liposomal dispersions. The first section involves an overview
on liposome design, classification of vesicular systems, choice
of lipids, pharmacotherapeutic applications, and marketed
products. Some of the most commonly used methods of manu-
facturing, drug entrapment protocols, their advantages and
disadvantages are evaluated in the second section. Finally,
some of the routine tests for product evaluation, regulatory
requirements for drug release, and sterility considerations
for liposomal dispersion formulations are reviewed in the last
section.

2. LIPOSOMES: DEFINITIONS AND CLASSES

Liposomes can be defined as phospholipid vesicles that are
spontaneously formed by dispersion of lipid films in an aqu-
eous environment. This phenomenon was first observed by
Bangham et al. (5) during their investigations into the diffu-
sion of ions across models of lipid bilayer membranes. Consis-
tent with the original observations of Bangham, typically, dry
lipid molecules upon hydration in an aqueous environment
undergo swelling and self-assemble in a definitive and
consistent orientation, known as the lipid bilayer (5–7). The
dynamics and biophysical principles of bilayer formation are
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complex and depend on the overall lipid shape as well as the
combination of lipids used (8,9). These characteristics deter-
mine the curvature and packing geometry in the resulting
bilayer which in turn affects its interfacial behavior in aqu-
eous medium (8,9).

In a conventional lipid-bilayer assembly, the hydropho-
bic acyl chains of a lipid molecule associate and interact with
those of the neighboring molecules, and the polar head-groups
orient themselves to the exterior of the assembly. This bilayer
can be easily perturbed under mechanical stress to produce
phospholipid vesicles which entrap an aqueous core sur-
rounded by the lipid bilayer. If multiple lipid bilayers
are arranged in a concentric (onion skin) fashion thereby gen-
erating multiple compartments, the resulting vesicles are
termed multilamellar vesicles (MLV) (6). On the contrary, if
a single bilayer surrounds an aqueous core space enclosing
a single compartment, then the vesicles are termed unilamel-
lar vesicles. Liposomes can be subcategorized into different
types depending on their size and lamella (6,7). These differ-
ent categories include: (i) small unilamellar vesicles (SUV),
25–100 nm in size that consist of a single lipid bilayer; (ii)
large unilamellar vesicles (LUV), 100–400 nm in size that con-
sist of a single lipid bilayer; and (iii) MLV, 200 nm to several
microns in size, that consist of two or more concentric
bilayers. Vesicles above 1 mm are also known as giant vesicles.
If several vesicles are entrapped in a non-concentric fashion
inside a single vesicle then the resulting assemblies are
known as multivesicular vesicles (6). Depending on the
number of lamellae inside them, vesicles may also be termed
oligolamellar vesicles (OLV) (6).

3. VERSATILITY OF DRUGS DELIVERED USING
LIPOSOMES

Since their discovery in the mid-1960s, liposomes have been
extensively studied as parenteral delivery systems for a
wide range of pharmaceutical therapeutic drug candidates
that include traditional low molecular weight compounds,
biotechnology-derived proteins and peptides as well as
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DNA-based therapeutics. Liposomal delivery for low
molecular weight drugs is one of the earliest and conse-
quently one of the most clinically advanced amongst all
other therapeutics.

3.1. Low Molecular Weight Drugs

Low molecular weight pharmaceutical compounds that have
been investigated for parenteral delivery in liposome systems
include antifungals (10,11), antibiotics (12,13), and anti
cancer drugs (14). Liposomal delivery of these drugs can be
used to alter drug pharmacokinetics, to assure adequate
levels in tissues of interest and to reduce=avoid toxic side

molecular weight liquid parenteral liposomal formulations
include: AmBisome�, which contains amphotericin B and is
indicated for systemic fungal infections (11) and visceral
leishmaniasis; Amphotec� (branded as Amphocil� outside
United States) and Abelcet� which also contain amphotericin
B (15–17) and are indicated for systemic fungal infections
(18); DaunoXome�, which contains duanorubicin and is indi-
cated for first-line treatment of advanced Kaposi’s sarcoma;
DepoDur�, which contains morphine and is indicated for pain
management following major surgery; DepoCyt�, which con-
tains cytarabine and is indicated for lymphomatous meningi-
tis; Doxil� (branded as Caelyx� outside United States), and
Myocet� (formerly known as Evacet�), both of which contain
doxorubicin and, whereas, Doxil is indicated for metastatic
ovarian cancer and Kaposi’s sarcoma, Myocet is being used
for treating breast cancer; MiKasome�, which contains the
aminoglycoside antibiotic amikacin and is indicated for severe
infections; and Visudyne�, which contains the photosensitizer
dye verteporfin and is indicated for age-related macular
degeneration (19). The reader is referred to the case studies
in this book on the development of Doxil by Martin and on
the development of AmBisome by Adler-Moore. Currently, sev-
eral liposome formulations containing low molecular weight
drugs are in clinical trials for a range of pharmacologic effects
(such as antibacterial, anticancer, antifungal, and anti-HIV
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Table 1 Marketed Liposomal Products

Marketed formulation—Company
name

Pharmaceutical
drug Liposome composition Indication

AmBisome—Gilead-Fujisawa
Healthcare

Amphotericin B HSPC, cholesterol,
and DSPG

Systemic fungal
infections
and visceral
leishmaniasis

Amphotec=Amphocila,b—InterMune Amphotericin B Cholesteryl sulfatea Aspergillosis
Abelcet—Elan Amphotericin B DMPC and DMPG Fungal infections
DaunoXome—NeXstar Pharmaceuticals Daunorubicin

citrate
Cholesterol and DSPC Kaposi’s sarcoma

Doxil=Caelyxb,c—Ortho Biotech Doxorubicin
hydrochloride

MPEG-DSPE, HSPC,
and Cholesterol

Metastatic ovarian
cancer and Kaposi’s
sarcoma

DepoDur—SkyePharma—Endo Morphine sulfate Cholesterol, DOPC,
and DPPG

Pain following major
surgery

DepoCyt—SkyePharma—Enzon Cytarabine Cholesterol, DOPC,
and DPPG

Lymphomatous
meningitis

Myocet (formerly known and
Evacet)—Elan

Doxorubicin
hydrochloride

Egg PC and cholesterol Breast cancer

MiKasome—NeXstar Amikacin HSPC, cholesterol,
and DSPG

Bacterial infections

(Continued)
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Table 1 Marketed Liposomal Products (Continued )

Marketed formulation—Company
name

Pharmaceutical
drug Liposome composition Indication

Visudyne—Novartis Verteporfin Egg PG and DMPC Age-related macular
degeneration

Epaxald—Berna Biotech Hepatitis A
antigen

Hemagglutinin,
neuraminidase,
and lecithin

Hepatitis A

Inflexal Vd—Berna Biotech Hemagglutinin Lecithin Influenza
Pevaryl Lipogele—Cilag Econazole Lecithin Dermatomycosis

and gynecological
mycosis

L.M.X.4e (formerly known
as ELA-Max)—
Ferndale Laboratories

Lidocaine Cholesterol
and hydrogenated
lecithin

Topical anesthetic

MPEG-DSPE, N-(carbonyl-methoxypolyethylene glycol 2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine sodium salt; HSPC,
hydrogenated soy phosphatidylcholine; DSPG, distearoyl phosphatidylglycerol; DMPC, dimyristoyl phosphatidylcholine; DMPG, dimyr-
istoyl phosphatidylglycerol; DOPC, dioleoyl phosphatidylcholine; DPPG, dipalmitoyl phosphatidylglycerol; DSPC, distearoyl phosphati-
dylcholine; Egg PC, egg phosphatidylcholine; Egg PG, egg phosphatidylglycerol.
aAmphotec=Amphocil is a amphotericin B cholesteryl sulfate complex for injection.
bBrand name of the product marketed outside United States.
cSterically stabilized (Stealth) liposomes.
dImmunopotentiating reconstituted influenza virosomes.
eFormulation for transdermal application.
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approved liposomal products for the delivery of low molecular
weight compounds.

3.2. Protein Therapeutics

Liposomes have been used as vaccine adjuvants for recombi-
nant protein-based vaccines. Epaxal and Inflexal V are licensed
liposomal protein vaccines that were globally approved in the
mid-1990s for hepatitis A and influenza, respectively. Epaxal
and Inflexal are immunopotentiating unilamellar vesicles
known as virosomes since they contain phospholipids and pro-
teins derived from the influenza virus (22,23). Virosome formu-
lations are comprised of vaccine-specific antigens of interest
embedded in the liposomal bilayer composed of the following
two components: (i) natural and synthetic phospholipids
(lecithin, cephalin, and envelope phospholipids from the influ-
enza virus); and (ii) influenza surface glycoproteins: hemagglu-
tinin and neuraminidase. For the Epaxal formulation (24), the
antigen of interest is the hepatitis A virion, whereas, the
Inflexal V (25) formulation contains a combination of surface
antigens of three currently circulating strains of the influenza

mal products for the delivery of proteins.

3.3. DNA-Based Therapeutics

In addition to the commercial licensing of a range of liposomal
formulations, recent years have witnessed significant research
efforts directed toward the development of liposomes as
delivery vectors for DNA-based therapeutics (26–29). In vivo
delivery of DNA-based therapeutics such as plasmids for gene
expression, antisense oligonucleotides, siRNAs, ribozymes,
etc., typically requires assistance of delivery vectors (29).
Currently used gene delivery vectors are attenuated replica-
tion-defective viruses such as adenoviruses, adeno-associated
viruses, polyomavirus, and retroviruses (26,30–33). Due to
their natural mechanism of targeted introduction of DNA into
cells, these vectors have high efficiency in DNA transfer (30).
However, a number of potential problems are associated
with viral vectors, including deletion of sequences during
replication, recombination with endogenous sequences to pro-
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duce infectious recombinant viruses, activation of cellular
oncogenes, introduction of viral oncogenes, inactivation of host
genes, development of toxic immune responses and inflamma-
tion that has been demonstrated to be lethal (26,34–36). Phar-
maceutical formulations of viruses are expensive and difficult
to manufacture, have a very low shelf life, and can lose potency
upon storage (37,38). Thus, despite their superlative efficiency,
many of these vectors are unsuitable for clinical use. As a con-
sequence of the problems associated with viral gene delivery
vectors, several alternative non-viral gene delivery systems
are under development (29,39–41). Liposomal delivery vectors
are emerging to be the most popular non-viral alternative to
viral vectors for gene delivery (26,40,41). Liposomal formula-
tions of DNA-based therapeutics protect these molecules from
enzymatic inactivation in the plasma by degradative endo- and
exo-nucleases, facilitate the entry of DNA into the cell cyto-
plasm, are relatively easy and inexpensive to manufacture,
and are non-immunogenic (26). Both anionic and cationic lipo-
somes have been utilized for gene delivery (26,42,43). DNA
typically is entrapped inside anionic liposomes and is sur-
face-complexed with cationic liposomes. These liposomal for-
mulations have achieved tremendous success in introducing
DNA-based gene therapeutics into a wide range of tissues
and cells in animal as well as cell culture models. The first clin-
ical trial for gene therapy for melanoma using cationic lipo-
somes was conducted in 1992 by Nabel et al. (44,45).
Currently, although several cationic liposomes are in advanced
clinical trials for gene therapy of cystic fibrosis, and cancer,
there is no commercially licensed formulation (45). In addition
to their use in protein delivery, as described in detail in Sec. 3.2,
virosomes have also been employed for gene transfer (46,47).

4. ADVANTAGES OF LIPOSOMAL DELIVERY
SYSTEMS

Since liposomes can be constructed with a range of properties
(particle size, lamellarity, drug loading, drug release
characteristics, etc.) depending on the method of manufac-
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ture, the choice of lipids, and other excipients, etc., they can
be easily manipulated to suit a wide range of drug delivery
applications. Liposomal encapsulation of drugs offers several
advantages over their conventional direct administration
in vivo.

4.1. Liposomes for Solubilizing Drugs

Liposomes can serve as efficient solubilizing vehicles for drugs
with poor solubility in pharmaceutically acceptable solvents.
Such a strategy has been used to improve drug solubility for
a wide range of compounds including alphaxalone (48), camp-
tothecin (49), tacrolimus (50), econazole (51), and paclitaxel
(52). Entrapment of drugs can also be used to reduce in vivo
degradation and thus enhance the biological half-life of a drug;
a feature that has been extremely useful for preserving and
prolonging the pharmacological activity of nucleic acid therapeu-
tics such as antisense oligonucleotides and plasmid DNA (26,27).

4.2. Liposomes for Tissue Targeting

Liposomes can be used for passive or active tissue targeting
by virtue of their size or by the incorporation of immunorecog-
nition motifs in the liposomal bilayer, respectively (6,7,53).
Upon intravenous (i.v.) administration, liposomes larger than
200 nm are quickly cleared from the systemic circulation due
to rapid uptake by phagocytic macrophages and other compo-
nents of the reticuloendothelial system (53). The rate at which
conventional liposomes are cleared from the circulation is
dependent on their particle size, charge, and fluidity (54).
Negative charge, larger size, and high fluidity all increase
clearance (54,55). The adsorption of plasma proteins on the
liposome surface, also known as opsonization, promotes
reticuloendothelial uptake of liposomes (55,56). The negative
charge of conventional liposomes facilitates opsonization (54).
Due to this characteristic preferential uptake, liposomes
larger than 200 nm can be used to target and deliver drugs
into macrophages for diseases that involve these cells (56,57).

Liposomes smaller than 100 nm can escape phagocytic
macrophage uptake and thus have higher circulation times
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in vivo compared to those of larger liposomes (58,59). Small
liposomes can extravasate into tissues if the space in between
cells surrounding the vasculature is significantly large. Under
physiological conditions, extravasation is restricted to the
liver and spleen tissue; however, the vasculature of tumors
and tissues under inflammatory conditions is uneven and
the intercellular spaces are abnormally wide (53,60,61). Very
small liposomes can easily exit ‘‘leaky’’ vasculatures and are
selectively accumulated in such tissues. This phenomenon is
known as the enhanced permeability and retention (EPR)
effect (53,60,61). The EPR effect of small liposomes having
long circulation times in the systemic circulation has been
used to achieve targeted delivery of anticancer drugs into
tumors (53,62), and antifungal (63) as well as radiocontrast
agents (64) into pathological sites in the liver and the spleen.
Since drugs are released in desired tissues, their therapeutic
potential can be significantly enhanced and side effects dra-
matically reduced (7). AmBisome, a liposomal antifungal pro-
duct, has been shown to avoid uptake by the mononuclear
phagocytic cells and thus a prolonged circulation time as a
consequence of it small particle size (80 nm) (15).

Active targeting using liposomes has been accomplished by
attaching target-specific moieties onto the surface of liposomes.
These ligands, such as antibodies (65), immunoglobulins (66),
lectins (67), transferrin (68), sterylglucoside (69), folates (70),
peptides (71), and polysaccharides (mannan) (72), have specific
recognition receptors in tissues that facilitate selectively inter-
nalization into target cells.

4.3. Liposomes for Immunopotentiation

Liposomes have been used as potent adjuvants to augment the
immune response to recombinant protein vaccines (73,74).
Immunopotentiating reconstituted influenza virosomes, used
in commercially marketed vaccine formulations such as
Inflexal and Epaxal, contain structural determinants that
are responsible for enhanced immunogenic potential.
Virosomes, due to their characteristic membrane bilayer
structure, can mimic the natural mechanisms of antibody pre-
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sentation and processing. Additionally, surface glycoproteins
hemagglutinin and neuraminidase in virosomes promote cel-
lular fusion with antigen-presenting cells of the immune sys-
tem. Consequently, a robust T-cell and B-cell response is
generated when antigens are delivered via virosomes
(75,76). Liposomal adjuvants are biodegradable, have low toxi-
city, and do not stimulate the production of antiphospholipid
antibodies (74). These adjuvants are well tolerated and safe
for repeated use compared to traditionally used aluminum
salt-based adjuvants in protein formulations (23,76).

4.4. Liposomes for Modified Release

Liposomal vesicles can be used to develop controlled release
formulations due to delayed release of drug molecules com-
plexed and=or entrapped within liposome compartments.
Controlled release liposomal formulations have been devel-
oped for many drugs such as progesterone (77) and cisplatin
(78) among others. The commercially licensed formulations
DepoDur and DepoCyt are based on the DepoFoam technol-
ogy (79) that involves encapsulating drugs into multivescicu-
lar liposomes composed of mixtures of cholesterol, triolein,
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DOPC), and
1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-1-glycerol] (DPPG).
These lipid bilayer membranes can serve as an efficient bar-
rier to the permeation of entrapped drugs and can be pro-
grammed to release the drug over extended periods of time.

4.5. Transdermal Drug Delivery Using Liposomes

Although the focus of this book is on i.v. delivery, transdermal
applications of liposomal formulations merit discussion due to
the significant advances that have occurred recently in this
rapidly developing field (80–82). Liposomal encapsulation
for transdermal use is intended for localized delivery and
has the following two major advantages: (i) ability to circum-
vent systemic administration and thus increase local activity
and prevent toxic side effects, a feature that is particularly
important for potent glucocorticosteroids and retinoids (81),
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and (ii) targeted site-specific delivery that is especially useful
for selective treatment of tissues, a feature practical in phar-
macotherapy of psoriasis, acne, and genital warts, as well as
stimulation of hair growth. Liposomes can be a non-toxic sub-
stitute for dermal penetration enhancers such as dimethyl-
sulfoxide to improve localized drug transport into skin (83).
They are believed to release entrapped drugs upon interaction
with cells, by fusion and=or endocytosis (80,83). Some of the
liposomal formulations commercially available for transder-
mal applications include Pevaryl Lipogel� (51), which con-
tains econazole and is indicated for and
gynecological fungal infections; and L.M.X.4� (formerly
known as ELA-Max�) (84), which contains lidocaine and is

additional information on approved dermatologic liposomal
products.

5. LIPOSOME COMPOSITION: CHOICE
OF LIPIDS

The choice of lipids for drug encapsulation into liposomes is
dependent on the drug characteristics and intended applica-
tions. Liposomal composition determines the properties
(including surface charge, rigidity, and steric interactions)
and the in vitro and in vivo performance of liposomes. The
specific properties of the liposomes are determined by the
chemistry of the head and tail groups of the constituent lipids.
Selection is often decided on a case-by-case basis, since pro-
duct performance can be drastically affected by slight changes
in the liposomal vesicle composition.

5.1. Conventional Liposomes

Liposomes were traditionally prepared from a variety of
neutral and anionic lipids. Examples of some of these lipids
include lecithins (85), sphingomyelins (86), phosphatidylcho-
lines (87) and phosphatidylethanolamines (88) (neutral)
and phosphatidylserines (89), phosphatidylglycerols (90) and
phosphatidylinositols (91) (anionic). These liposomes have
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non-specific interactions with their environment and are often
referred to as conventional or unmodified liposomes. These
conventional liposomes are recognized by the mononuclear
phagocytic cells and are removed from the circulation within
a few minutes to several hours (59). They are subsequently
taken up by the liver and the spleen and therefore are very
effective in targeting therapeutic agents to treat diseases of
these organs (59). The addition of acidic phospholipids to mix-
tures of zwitterionic phospholipids imparts a negative charge
that helps to reduce liposomal aggregation and improve their
stability (7).

Specific liposome characteristics can be altered by incor-
poration of various liposomal components that have different
properties (7). An example of an important liposomal property
that is affected by lipid composition is the phase transition
temperature (Tm) (7,92,93). This is the temperature of a lipo-
some at which the membrane changes from ordered solid to
disordered fluid and is dependent on the length and degree
of saturation of the hydrocarbon chains (93,94). Tm may be
dependent on the acyl chain length (94), composition of the
lipid bilayer (95), and the entrapped drug (96). For example,
for lipids composed of phosphatidylcholine polar head group,
the Tm can vary from –15�C for dioleoyl chains to 55�C for dis-
tearoyl chains (94). The fluid state of the membrane is rela-
tively unstable, more elastic, can form transient hydrophilic
channels and is permeable to the transport of materials.
Consequently membranes above their Tm tend to be ‘‘leaky’’
to entrapped drug substances (97). Conventional liposomes
particularly those of high fluidity may disrupt on contact
with the plasma, as a result of interactions with plasma
components (7,97). The addition of cholesterol causes an
ordering of the disordered fluid phase and therefore increas-
ing amounts of cholesterol eventually lead to an elimination
of the phase transition (95). Consequently, liposomes con-
taining cholesterol are more cohesive and have high stability
against proteins in vivo and against leakage of encapsulated
materials (98). Addition of cholesterol to conventional lipo-
some formulations increases their stability in the plasma
(7,98).
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5.2. Sterically Stabilized Liposomes

Sterically stabilized liposomes constitute an important class of
second generation liposomal vesicles that are engineered to
have extended circulation times in vivo compared to conven-
tional liposomes (99–101). Due to their ability to circumvent
immune surveillance and recognition by the body as foreign
and hence avoid opsonization and phagocytic uptake, steri-
cally stabilized liposomes are also popularly known as stealth
liposomes (99,101,102). Stealth liposomes are composed of
lipids that have covalently linked polymers with hydrophilic
head groups such as poly(ethylene glycol) (PEG) on their sur-
face (100). The process of PEG conjugation to conventional
lipids is known as pegylation and the lipids with covalently
attached PEG can be included in the formulation at a desired
ratio. Pegylation prevents the opsonization of proteins on the
surface of stealth liposomal vesicles and prevents phagocytic
uptake by the reticuloendothelial system, thus leading to their
long circulating times in the systemic circulation (101,103).
Commercially approved Doxil is a pegylated liposomal pro-
duct, with surface grafted segments of the hydrophilic polymer
methoxypolyethylene glycol (MPEG) (104). The MPEG seg-
ments extend from the surface of the liposomes, reducing
interactions between the lipid bilayer membrane and plasma
components (103). The reader is referred to the case study
on Doxil by Martin et al. in this book for more information.
In addition to surface grafting with hydrophilic polymers, such
other molecules as ganglioside and phosphatidylinositol have
also been used to have a stealth effect (7,100). Addition of
specific immunorecognition motifs such as integrin antibody
segments on stealth liposomes can couple the advantages of
cell targeting and improved circulation times, respectively
(105).

5.3. Liposomes for Gene Delivery

Liposomes for gene delivery are typically composed of combina-
tions of cationic and zwitterionic lipids (42,106–108). Cationic
lipids commonly used are 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP), 2,3-dioleoyloxy-N-[2-(sperminecarboxamido)
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ethyl]-NN-dimethyl-1-propanaminium (DOSPA), 3,[N-(N1N-
dimethylethylenediamine)- carbamoyl]cholesterol (DC-chol),
N-[1-[2,3-dioleyloxy]propyl]-NNN-trimethylammonium chlor-
ide (DOTMA), and dioctadecyl amido glycil spermine (DOGS)
(109). Commonly used zwitterionic lipids, also known as
helper lipids, are 1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine (DOPE) and cholesterol (109).

Cationic liposomes upon electrostatic attraction with the
anionic DNA backbone form a cationic complex also known as
a lipoplex that is capable of transferring DNA molecules into
cells by a process known as transfection (110). The cationic
lipids in the formulation facilitate DNA complexation and
condensation in the lipoplex (111,112). The zwitterionic lipids
help in membrane perturbation and fusion. The overall posi-
tive charge of the lipoplex facilitates cellular association and
transfection (113). Excess cationic lipids also help to stabilize
the liposomes in vivo and prevent release of DNA by anionic
molecules in the serum.

Liposomal gene delivery vectors are believed to achieve
transfection through the following sequence of events
(114–116): (i) interaction with the cell membrane; (ii) receptor
mediated endocytosis; (iii) release from the endosome into the
cytoplasm, usually through destabilization and disruption of
the endosome membrane; and (iv) uptake from the cytoplasm
into the cell nucleus. X-ray diffraction studies have also indi-
cated that cationic lipoplexes are successful in transfection
because of the formation of the HII

c (hexagonal) phase instead
of the La (lamellar) phase that is typically observed in liposo-
mal bilayers (114). Formation of the hexagonal phase is
attributed to due to the small less hydrated inverted-cone
shape of the DOPE molecule (114,117).

The first use of cationic liposomes for gene delivery was
demonstrated by Felgner et al. (110) when they successfully
introduced a plasmid DNA encoding the chloramphenicol acet-
yltransferase enzyme into mammalian cells using cationic lipo-
somes composed of DOTMA. Since then numerous synthetic
cationic lipids and their formulations have been successfully
used for gene delivery in a wide range of cell culture and animal
models (118–120). Some of the commercially available cationic
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liposomal formulations used for in vitro gene delivery include:
LipofectAmine� (Invitrogen, Carlsbad, CA, USA); Effectene�

(Qiagen, Valencia, CA, USA); and Tranfectam� (Promega,
Madison, WI, USA) (119,121).

The human in vivo gene therapy trial for melanoma
conducted by Nabel et al. (44,122). used cationic liposomes com-
posed of cationic DC-chol and zwitterionic DOPE to transfer a
gene encoding the foreign major histocompatibility complex
protein, HLA-B7 into cancer nodules. The clinical trial demon-
strated the feasibility of cationic liposomes for gene delivery in
humans. Currently, cationic liposomes have progressed into
clinical trials for several indications that include cystic fibrosis
(123), metastatic head and neck carcinoma (124), breast cancer
(124), and ovarian cancer (125). There is, however, no commer-
cially approved cationic liposomal product on the market.

Despite this progress, cationic liposomes suffer from sev-
eral undesirable issues that reduce their overall potential of
DNA delivery. These include inactivation in the presence of
serum, instability upon storage (109), and cytotoxic effects on
cells, both in vitro (126,127) and in vivo (128–132). Cytotoxicity
of cationic lipids has been demonstrated in a variety of cell types
including phagocytic macrophages (127), pulmonary intratra-
cheal tissue (128,129,132), and arterial cell walls (130). Toxicity
is attributed to the production of reactive oxygen intermediates
(128), induction of apoptosis (133), or stimulation of proinflam-
matory cytokines (129) in response to the administration of
cationic lipids. It is evident that there is a need for efficient
and well-tolerated delivery systems to exploit the benefits of
gene medicine. As a non-toxic alternative to cationic lipids,
anionic liposomal formulations for the delivery of DNA-based
therapeutics have been recently developed (27,28,134,135).
The endogenous negative charge of these naturally occurring
lipids is thought to be responsible for their low toxicity (27,28).

5.4. Lipid Specifications

Lipids in liposomal formulations can be synthetic, semi-
synthetic, or derived from natural sources such as egg
yolk or soybeans (136). For FDA approval of liposomal
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formulations, strict control of lipid excipients is mandated
and specific information is required to be submitted prior to
product approval (7,136). Natural lipids contain a mixture
of lipid chains with different head groups, whereas synthetic
lipids can be pure. For completely synthetic products, the
source and process specifications should be supplied (7). For-
mulations comprised of mixtures of natural lipids or natural
starting products for semi-synthetic lipids are required to spe-
cify individual lipid composition, degree of saturation, and
relative percentages of fatty acids. Lipids if obtained from
genetically modified plant and animal sources have also to
be indicated. In addition, lipids in human formulations are
also mandated to be free of contamination from animal pro-
teins and viruses. Typically lipids and their impurities (syn-
thetic by-products if applicable and=or degradants) can be
identified using spectroscopic techniques, which can be used
to determine the acceptance criteria for starting materials
(2,136). Some of the quality-determining specifications are
adapted from the egg yolk phospholipid monograph (7).

6. MANUFACTURE OF LIPOSOMES

As their clinical potential for diverse drug delivery applica-
tions has begun to be realized, the last few decades have
witnessed the development of a large number of techniques
for the manufacture of liposomal formulations (3,137–139).
Early protocols were suitable for small laboratory scale lipo-
some production; however, newer protocols are more sophisti-
cated and amenable to expedited large-scale industrial
manufacture and processing under cGMP conditions (137).
The selection of a particular protocol is primarily dictated
by the nature of the therapeutic in the liposomal formulation
and should ensure preservation of its stability and biological
activity during processing. Protocols that necessitate
prolonged exposure to organic solvents or high temperature
are unsuitable for protein therapeutics. In addition, the pro-
duction method should maximize drug entrapment in liposo-
mal vesicles. The following are some of the commonly used
methods for the preparation of liposomes:
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6.1. Liposomes Preparation from Lipid Films

Preparation of liposomes by hydration and agitation of lipid
films is one of the oldest and most widely used laboratory scale
methods. This method exploits the natural self-assembly
process of bilayer membranes and involves the formation of
MLV from dried lipid films upon their exposure to an aqueous
medium (6,92). This is usually achieved by the dissolution of
lipids (in the desired ratio) in an organic solvent such as
chloroform followed by its complete evaporation which leads
to the deposition of a thin lipid film (7,140). Evaporation of
the organic solvent can be assisted using a steady stream of
nitrogen gas over the lipid surface (7). Use of inert nitrogen
prevents oxidation of lipids and prevents chemical instability

is then dispersed in a solution of the material to be encapsu-
lated. As the lipids hydrate, they assemble and form a suspen-
sion of MLV. Mechanical agitation and sonication during
hydration can assist the formation of MLV from lipid films
(7). However, sonication produces unstable SUV that are sus-
ceptible to physical degradation-related fusion (3). Drug
entrapment in liposomal MLV is dependent on the volume of
their enclosed aqueous compartments. The trapped aqueous
volume of MLV is very small (<1 mL=mmol lipid), thereby redu-
cing the entrapping efficiency (140). Liposome preparation
from lipid films yields large polydisperse vesicles and typically
MLV are further treated to achieve vesicles with desired and
consistent properties (6,92).

6.2. Liposome Preparation by Freeze–Thaw
Cycling of MLV

To improve the drug entrapment efficiencies, frozen and thawed
multilamellar vesicles (FATMLV) were developed by Mayer et al.
(141,142). FATMLV are generated from MLV by repeated
freeze–thaw cycling of MLV. This procedure involves rapid freez-
ing of MLV suspensions using liquid nitrogen followed by thaw-
ing at 40�C. Microscopic investigations have revealed that
subjecting MLV to freeze–thaw cycling leads to breakdown of
the characteristic concentric lamellae of MLV. Although the
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exact mechanism still remains unknown, formation of ice crys-
tals is speculated to be a contributing factor to MLV disruption.
It is interesting to note that the average size (>1mm) and over
all size distribution (high polydispersity index) of FATMLV
remain similar to those of MLV (140). The choice of lipids and
their concentration along with the nature of the drug to be encap-
sulated in the formulation determine the entrapment efficiencies
of FATMLV (141,142). Typical drug entrapment efficiencies of
FATMLV are higher than those of MLV and can range from 2
to 17mL=mmol lipid (140).

6.3. Liposome Preparation by Extrusion
Techniques

Though FATMLV improve the entrapment efficiency of drugs
in liposomes, such liposomes are large in size and generate
non-homogenous suspensions (7,143). Extrusion techniques
have been used to produce SUV from MLV (143). These tech-
niques typically involve passage of an MLV suspension
through polycarbonate membranes or filters of definite size.
Typically, smaller size vesicles are obtained by the sequential
passage of the MLV suspension through a series of progres-
sively smaller pore size filters. In addition to yielding lipo-
somes with homogenous populations, extrusion techniques
can also handle higher lipid concentrations, as high as 400
mg=mL lipids. The entrapped volumes of liposomes generated
by the extrusion technique range from 1 to 3=mmol lipid and
are higher than those of conventional MLV (7,138,140).
Extrusion techniques can easily be adapted to industrial
production and can be compliant to cGMPs and other
regulatory requirements (7).

6.4. Liposome Preparation by Dehydration/
Rehydration

In this technique, SUVs and the solute to be entrapped are
dispersed in buffer and the solution is frozen and dehydrated
by the passage of liquid nitrogen till complete evaporation of
the aqueous medium takes place (74). The dried film of lipids
and solutes is then reconstituted by rehydration with the
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necessary buffer. Upon rehydration of this solid mixture MLV
are produced. These MLV can be further subjected to size
reduction using microfluidization or sequential passage
through membranes. Liposomes prepared by the dehydra-
tion=rehydration technique have been used in the production
of recombinant protein vaccines due to high entrapment effi-
ciencies (74). Antigens have also been entrapped using such
techniques; however, instead of SUVs, giant vesicles that
can incorporate larger particulates have been used in the
original freeze-drying step (74).

6.5. Liposome Preparation by Reverse Phase
Evaporation

Preparation of liposomes using reverse phase evaporation
technique involves the introduction of an aqueous medium
(buffer) containing the solute to be entrapped into a solution
of lipids in an organic solvent (7,138,144). The two-phase sys-
tem is sonicated to form a temporary unstable emulsion. The
organic solvent is eventually removed by evaporation under
reduced pressure. The resultant suspension of lipids can also
be processed further as discussed in Sec. 6.3 till the vesicles
are in the desired size range and with similar lamellar char-
acteristics. The volume of the aqueous component of the
initial emulsion and the concentration of the lipids are some
of the factors that affect the characteristics of vesicles pre-
pared by reverse phase evaporation (145). In general, since
these vesicles have substantially larger entrapped internal
aqueous volumes they have significantly higher entrapment
efficiencies compared to MLV (7,138,144).

Liposomes generated by reverse phase evaporation can
be subclassified into two types based on modifications to
the evaporation process made in the general method: stable
plurilamellar vesicles (SPLV) (146) and multilayered vesicles
prepared by the reverse-phase evaporation method (MLV-
REV) (145,147). SPLV are prepared by simultaneous sonica-
tion and concurrent evaporation of the initial emulsion,
whereas MLV-REV does not involve the sonication process.
MLV-REV have uniformly dispersed homogenous lamellae
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and higher entrapment efficiencies compared to SPLV
(145,147).

6.6. Preparation of Liposomes Based on
Lipid–Alcohol–Water Injection Technology

This technique of liposome preparation involves the injection of
alcoholic solutions of lipids into aqueous media (6,92,148). The
lipids undergo precipitation in the form of polydisperse unila-
mellar vesicles. The size and polydispersity is affected by lipid
concentration, relative percentage of alcohol to the aqueous
phase as well as the dilution effect (148). Newer methods utiliz-
ing the same general principles of alcohol injection technology
with minor modifications have been recently developed to yield
SUVs with greater homogeneity (6,92,149). One such method
involves introduction of the aqueous phase into the lipid etha-
nol solution followed by complete evaporation of ethanol using
evaporation (149). First described by Batzri and Korn (150),
the ethanol injection technique has been developed for entrap-
ment of pharmaceutical proteins (151) and used for the com-
mercial manufacture of Pevaryl Lipogel �, the first approved
dermatological liposomal formulation (51,152).

6.7. Liposome Preparation Using Detergent
Dialysis

Developed by Weder et al. (153) for topical liposomal formula-
tions, detergent dialysis technique is similar to the alcohol
injection technology in terms of general principles of facili-
tated lipid solubilization. Instead of using alcohol, this techni-
que accomplishes lipid solubilization in the form of mixed
micelles in aqueous media using detergents (80,153). The
detergents are then removed by dialysis, which leads to
the disruption of the mixed micelles and the solubility of
the phospholipids is lowered in the aqueous medium. Conse-
quently, the mixed micelles are converted into liposomes.
Commonly used detergents in this method of liposome manu-
facture include bile salts such as sodium cholate, sodium
taurocholate, and sodium deoxycholate, and other ionic and
non-ionic tensides such as sodium dodecyl sulfate and dodecyl
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maltoside (154). This technique has been used in the prepara-
tion of protein liposomes (155) and stabilized plasmid-lipid
particles (156). However, detergent dialysis techniques are
protracted and incomplete removal of the residual detergent
may compromise liposome stability (3).

6.8. Freeze-Drying of Liposomes

Though lyophilization or freeze-drying itself cannot generate
liposomes, it is included as a manufacturing process since
liposomes prepared by any method described above can be
converted into dry solid formulations using this technique.
It can be appended as a continuation to any manufacturing
process after liposomes with desired characteristics have
been produced. Lyophilization of liposomes is one of the best
ways to circumvent many of the stability problems associated

(157,158). Lyophilization involves three major processes: (i)
freezing; (ii) primary drying; and (iii) secondary drying
(157,158). The freezing process involves cooling of the lipo-
some suspension at very low temperatures such that the
water component of the liposomal suspension is frozen into
solid ice and the viscosity of the suspension is significantly
reduced by the formation of an amorphous glass. The frozen
matrix is then subjected to the second phase of primary dry-
ing. Primary drying involves removal of ice by sublimation
under high vacuum and low temperature. At the end of the
primary drying process, the frozen matrix is converted into
a freeze-dried porous cake. This resulting porous cake is then
brought to shelf temperature (usually 25�C) and subjected to
secondary drying to facilitate complete removal of water
in the formulation. The headspace in the vials is replaced
by nitrogen to minimize phospholipid oxidation. The
process thus yields an elegant dry formulation that is recon-
stituted with a recommended buffer prior to admin-
istration (157,158).

It should be noted that during the lyophilization process,
the liposomal bilayer structure may be disrupted or punctured
due to the temperature stresses generated or due to the ice
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crystals formed during the initial freezing phase. This damage
may lead to leakage of entrapped components, liposome
fusion, and aggregation. Freeze-drying may also affect the sta-
bility of some of the sensitive entrapped molecules such as pro-
teins. To minimize this structural damage, lyophilization is
conducted in the presence of cryoprotectants such as sorbitol,
mannitol, trehalose, lactose, and sucrose (158–160). Cryopro-
tectants decrease vesicle fusion and aggregation and improve
liposome stability by forming a low mobility amorphous glass
surrounding the vesicles during the freezing phase as well as
due to interactions between them and the phospholipid head
groups during the freezing cycle (161,162). The temperature
of formation of this amorphous glass is characteristic of each
cryoprotectant and is known as the glass transition tempera-
ture (Tg). From a regulatory perspective, commonly used sac-
charide-based cryoprotectants currently qualify as generally
recognized as safe (GRAS) food ingredients and thus can easily
be incorporated into parenteral formulations.

7. LIPOSOME DRUG ENCAPSULATION
TECHNIQUES

The physicochemical characteristics of the drug as well as
those of the lipids used determine drug loading into liposomal
vesicles (6,7,92,163). Some of the commonly used techniques
for loading of liposomal vesicles are passive and active
encapsulation and complexation. The choice of the entrap-
ment process is determined by the nature of the drug as well
as that of the lipids (6,92,164). Water soluble drugs can be
easily entrapped within the aqueous compartment of SUV
or within the interlamellar spaces of MLV (6,7,92). Hydropho-
bic drugs, primarily as a result of their affinity towards lipids,
associate with the hydrocarbon chains. DNA-based therapeu-
tics such as oligonucleotides and plasmids, due to their anio-
nic charge, complex with cationic liposomes predominantly
due to electrostatic interactions (111,112). Entrapment of
DNA-based therapeutics into anionic liposomes is enhanced
using divalent cations (e.g., Ca2þ) or polycations (27,28). Such
cations can facilitate electrostatic interactions between
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negatively charged liposomes and DNA-based therapeutics
(27,28,165).

On the basis of their interaction with the liposome
bilayer, entrapment drug candidates can be classified into
three major types (92,163):

1. Drugs with low oil=water and low octanol=water
partition coefficients;

2. Drugs with low oil=water partition coefficients but
high or variable octanol=water coefficients;

3. Drugs with high oil=water and high octanol=water
partition coefficients.

Drugs in the first class are typically hydrophilic and
freely water soluble, due to which they can be encapsulated
into liposomes using passive encapsulation strategies (7,92).
Class 2 drugs are usually amphiphilic whose membrane per-
meability is dependent on the pH in the aqueous medium;
thus they can easily be encapsulated into liposomes using
active encapsulation techniques (7,92). Class 3 drugs are
hydrophobic in nature and tend to strongly associate with
lipid bilayers. Class 3 drugs are unsuitable for encapsulation
into liposomes since they can phase separate easily, due to
which such drug compounds are delivered using oil-in-water
emulsions (7,92).

7.1. Passive Encapsulation

Passive entrapment of drugs in liposomes involves preferential
partitioning of the drug either in the aqueous compartment or
by association with the lipids (7). Passive entrapment of drug
molecules in MLV typically takes place when these vesicles
are formed in aqueous solutions of drugs (6,7,92). Passive
entrapment in SUV is also facilitated during their extrusion
and sequential passage through filters. Retention of drug inside
liposomes is typically low and is determined by membrane per-
meability, the stronger the membrane association the better the
drug retention in the vesicles. For example, drugs such as meth-
otrexate and hydroxyzine tend to remain in the liposomes for a
long time due to their strong association with zwitterionic mem-
bers, whereas, charged drugs such as adriamycin typically do not
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interact with the lipids and therefore are released rapidly (7).
Membrane association and thus passive entrapment of drugs
can be improved by synthesis of their lipophilic derivatives
that have a higher oil=water partition coefficient. This deri-
vatization approach has been used to improve the passive
entrapment efficiency of 6-mercaptopurine from 1.92% for
the parent drug to 91.8% for the lipophilic derivative (gly-
ceryl monostearate drug-conjugate) (86); and that of triamci-
nolone from 5% for the parent drug to 85% for triamcinolone
acetonide 21-palmitate (166). The commercially available
product AmBisome has been developed using passive loading
technologies (163).

7.2. Active Encapsulation

Active loading of liposomal vesicles was pioneered by Cullis
et al. (3,6,167). This method is based on the pH-dependent dif-
ferential membrane permeability of ionization states of drugs
(3). Active loading consists of initial suspension of empty lipo-
somes with a pH gradient with respect to the external aqueous
medium containing the drug of interest (168,169) and the
entrapped aqueous core. Depending on the pKa of the drug,
the external pH is manipulated so the drug exists in a predomi-
nantly non-ionized state. In response to the concentration gra-
dient of the drug, which is developed across the bilayer
membrane of the liposome, the non-ionized species is trans-
ported to the internal aqueous space of the liposome. However,
the internal pH of the liposomes is maintained at a value so
that the drug is reverted to its ionized state and reverse flux
of the drug into the medium is prevented. pH gradients across
membranes can also be generated using ammonium sulfate to
facilitate active loading (6,170). Active loading is suitable for
amphiphilic weak acids or weak bases and can be used to have
very high-loading efficiencies compared to passive encapsula-
tion techniques. Active loading can also be used for liposomal
entrapment of metal ions (6). This variation of the active load-
ing strategy involves lipophilic carrier-mediated transmem-
brane transport of metal ions into aqueous cores of vesicles
that contain metal ion chelators. After being transported into
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the aqueous core, chelation prevents the reverse flux of the
metal ions (6). The commercially available products Doxil, Myo-
cet, and DaunoXome have been developed using active loading
technologies (171). The reader is referred to the case study in
this book on the development of AmBisome by Adler-Moore.

7.3. Drug Complexation

Drug entrapment in liposomes by complexation with their
surface is based on the electrostatic interaction of the drug
and the lipid component in the formulation. Due to the char-
acteristic nature of this interaction and association of the
drug with the lipids compared to classical drug entrapment
in the aqueous core of liposomes; these products are termed
drug-lipid complexes (26–28). Although many of the currently
developed formulations for small molecular weight drug can-
didates are based on drug loading into the liposomes, one of
the original commercially licensed liposomal drug product
Abelcet is a small molecular weight drug (amphotericin B)–
lipid complex (15). The Abelcet formulation is amphotericin
B interdigitated and complexed with lipids in a 1:1 drug to
lipid ratio. The lipid component in the formulation is com-
posed of dimyristoyl phosphatidylglycerol and dimyristoyl
phosphatidylcholine in a 7:3 molar ratio. The formulation is
based on the strong binding of this complex until drug release
in the fungal cytoplasm.

Currently, drug complexation for loading drug into lipo-
somes is most commonly used for cationic liposomes intended
to deliver DNA-based therapeutics (111,112,165). Cationic
liposomes interact with the anionic backbone of DNA-based
therapeutics to form complexes as a result of electrostatic
attraction (for details, refer Complexation of
DNA-based therapeutics on liposome surfaces protects them
from nuclease degradation and can also facilitate their
entry into cells (172). Cationic lipids have been used to
deliver a wide range of DNA-based therapeutics such as
oligonucleotides and gene therapy in cell culture
and animal models (118). Several cationic liposomal formula-
tions of DNA-based therapeutics are currently in human
clinical trials (120,173).
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8. LIPOSOME CHARACTERIZATION
AND COMPENDIAL REQUIREMENTS

Although potential applications of liposomes as drug carriers
have been described in the literature since the early 1970s, it
has only been a few years since such products have been
introduced for human therapy. Most of the marketed products
are manufactured to meet internal specifications set by
individual manufacturers and thus far there have been no
comprehensive compendial guidelines exclusively specified
for liposomal products. Furthermore due to the potential
diversity of liposomal preparations in terms of their physico-
chemical properties (such as vesicle charge, size, lamellarity,
and composition), intended applications, and variations
thereof; it has been extremely difficult to establish general-
ized guidelines that can be collectively applied for all liposo-
mal products. This conundrum is further complicated when
liposomes are dispersed in non-aqueous media such as
creams and lotions for topical transdermal applications.
Since liposomes are typically administered parenterally,
some of the standards that universally apply to parenteral
products are extended to liposomal preparations (174–176).
For a more detailed discussion on the biopharmaceutical
aspects and regulatory guidance for liposomal dispersions,
the reader is referred to the chapter by Chen in this book.

Recently, there have been some initiatives by the US
Department of Health and Services, Food and Drug Adminis-
tration (US-FDA) to develop specifications for liposomal pro-
ducts (136). The Center for Drug Evaluation and Research
(CDER) of the US-FDA developed a preliminary draft for a
guidance document on the industrial manufacture of liposome
products in August 2002 (136). The draft recommends
extensive characterization of liposomal drug products to
ensure product quality and prevent batch-to-batch variations.
These include definition and analysis of the following
formulation-related issues: (i) morphological and biophysical
characteristics of liposomes; (ii) drug loading and release
characteristics; (iii) liposome stability; and (iv) liposome
sterilization.
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8.1. Morphological and Biophysical
Characterization

Morphological and biophysical characterization of liposomal
vesicles has been a subject of exhaustive research ever since
these drug carrier systems were discovered (2,6,92). To ensure
dependable performance in vivo, it is desired to produce lipo-
somes with consistent electrochemical and biophysical proper-
ties. According to the US-FDA guidance document, for
commercial manufacturing of liposomes, the following biophy-
sical properties of the final drug product are recommended to
be analyzed: gravimetric analysis of lipids in the formulation;
lamellarity; particle size and size distribution; phase transi-
tion temperature; vesicle charge; osmotic and pH properties;
and light scattering index (136). Exact specifications of these
properties can be used to stipulate quality control end-points
to ensure minimal batch-to-batch variation during production
(6,92). In addition, these tests can also serve as process control
indicators for changes in manufacturing protocols or sites of
manufacture of the drug product (136).

Lamellarity of liposomes can be detected using nuclear
magnetic resonance (NMR) spectroscopy, small angle x-ray
scattering, and cryo-electron microscopy. Particle sizing, size
distribution, and light scattering indices of liposome formula-
tions can be determined using an array of techniques depending
on the expected size range of the vesicles (2,6). For submicron
size particles, the following techniques can be used: dynamic
light scattering (DLS); electron microscopy using either
cryo-fixation techniques or negative staining; atomic force
microscopy (AFM) (177); and ultracentrifugation (6). Coulter
counter, gel exclusion chromatography, laser diffraction, and
light microscopy are some of the techniques that could be used
for particle size analysis of particles in the micron range (6).
Phase transition temperature of liposomes and overall
thermotropic phase behavior can be identified using differential
light scattering (DSC), fluorescence methods, and NMR (6,178).
Zeta potential measurements can be used to determine the elec-
trophoretic mobility (microelectrophoresis) of liposomal vesicles
and thus identify their surface charge density (6,179).
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In addition to these properties, other product-specific
tests may be needed depending on the chosen liposome manu-
facturing or drug loading process. Examples of such tests
include: determination of residual alcohol or detergent in the
final formulation if alcohol injection technology or detergent
dialysis, respectively; estimation of stability of cryoprotectants
in lyophilized liposomes; and assessment of compounds used
for generating pH gradients when active loading strategies
are used for drug encapsulation into liposomes.

8.2. Drug Loading and Release Characterization

Drug loading and in vitro release from liposomal vesicles are
some of the most critical parameters for estimating the in vivo
performance and therapeutic efficacy of these drug delivery
systems (175,176). Although, release testing methodologies
for solid parenteral dosage forms have been very well charac-
terized and acceptance criteria and regulatory guidance have
been established, not much has been accomplished in these
areas for liposomal and other novel drug carriers (175). Accord-
ing to the preliminary draft of the guidance document devel-
oped by the US-FDA, manufacturers seeking regulatory
approval for liposomal products are recommended to submit
the following information with regard to drug loading and
release testing: (i) quantification of the entrapped and unen-
trapped drug in the liposomal formulation; (ii) determination
of volume of entrapment in liposomes; (iii) in vitro release test-
ing of the drug candidate from liposomal vesicles; and (iv) in
vivo stability assessment and release testing (136). Though
the actual techniques used to determine these properties are
not specified in the guidance draft (136), these issues have been
discussed in literature (174–176).

Drug loading is dependent on the method of liposome
manufacture as well as the technique used for drug
entrapment. Since most liposomal products are administered
via the i.v. route, it is necessary to have high drug loading
capacities for the carriers, so that maximum drug can be
delivered with minimum lipidic excipients. It is critical to
remove as much unentrapped drug from the formulation as
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possible since high amounts of free drug will affect the overall
pharmacokinetics of the formulation (136). The free drug frac-
tion may also be responsible for toxicity (e.g., doxorubicin and
amikacin) or compromise stability of the formulation (92).

Drug loading in the liposome carrier and the ratio of
encapsulated to unentrapped drug can also be used to evalu-
ate efficacy of the manufacturing process used in the prepara-
tion of the liposomes. Active loading procedures such as use
of pH gradients can generate high entrapment efficiencies
compared to the passive loading strategies (140,142). The
complexation process for cationic liposomes with DNA-based
therapeutics also has high drug loading capacities. Techni-
ques that have low encapsulation efficiencies may be cost-
prohibitive since they may necessitate additional steps for
drug recovery from the liposomal dispersion.

The amount of unentrapped drug in the final formulation
can be estimated by separation of liposomal vesicles from the
dispersion. Commonly used separation methods include: gel
permeation chromatography; ultracentrifugation; and dialysis
(92). Free drug can also be separated from the liposome disper-
sion using ion exchange chromatography. This technique is
used for drugs that are of opposite charge compared to their
vesicles. Following separation of the liposomal vesicles, spec-
troscopic techniques can be used to estimate the free drug
fraction.

Entrapment volume of liposomes is defined as the intra-
liposomal volume or the ‘‘milieu interne’’ of the aqueous
compartment of the liposome vesicle (139,180,181). The
entrapment volume is dependent on the manufacturing

ment volume is estimated by liposomal encapsulation of
water-soluble marker ions that have minimal interaction with
lipid bilayers such as radioactive solutes (22Na or 14C=3H-inu-
lin) (139), fluorescent molecules (5,6-carboxy-fluorescein), or
salt ions (Cl�) (181). The vesicles can be separated using cen-
trifugation, dialysis, or gel chromatography (180) and the
internal volume can be assayed by solute exclusion, solute
entrapment, or by solvent distribution combined with solute
exclusion techniques (181).
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In vitro release testing of liposomes can be used to esti-
mate the in vivo performance, to assess the quality, and for
process control of liposome drug products (174–176). Typical
in vitro release testing USP apparatuses have been designed
for oral and transdermal products and are unsuitable for par-
enteral liposomal dispersions. Although some modifications
have been attempted on these systems to facilitate their use
for liposomes and other controlled release dosage forms, they
still possess several deficiencies that include: (i) improper
sample containment; (ii) requirements of large volumes; (iii)
violation of sink conditions; and (iv) liposome aggregation.
USP apparatus 4 (flow-through cell) and small sample vials
and chambers, with or without agitation, are some of the
alternative release testing equipments used for liposomes.
The USP apparatus 4 can handle samples without aggrega-
tion, is amenable for use of small volumes, and can maintain
sink conditions throughout the testing process (175). Release
testing is typically performed in simulated physiological
media with or without plasma (136). To characterize the
release profile adequately, release of approximately 80% of
the loaded drug for liposomal carriers is sought (175). Since
some of the release testing can be conducted over days or
weeks, adequate provisions should be made to ensure mini-
mal loss of water due to evaporation and prevent microbial
contamination of the samples (174). Addition of commonly
used preservatives such as methyl paraben, propyl paraben,
cetrimonium bromide, and benzalkonium chloride to the
release medium is recommended. However, it must be
guaranteed that these preservatives are compatible with the
drug product and the lipid excipients and do not hamper or
interfere in their analytical assays (174). Furthermore, if
real-time in vitro release testing necessitates long durations,
liposomes are also recommended to be evaluated under accel-
erated stress tests (175).

In vivo drug release characteristics are critical determi-
nants of the overall feasibility of using liposomes for durg
delivery applications. These characteristics are dependent on
the biological stability of these drug delivery vehicles which
can be affected by plasma proteins and the dilution effect
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upon administration (54,55). The ratio of the unencapsu-
lated and encapsulated drug can be used as an indicator of
the in vivo stability. Constant values of this ratio prior to
and after administration of a single dose of the liposome
drug product in an animal model would indicate stability
of the liposomal formulation.

8.3. Liposome Stability

Determination of stability of liposomal formulations is critical
to identify their storage conditions and shelf life (182). Lipo-
somal drug products need to be evaluated not only for the
degradation of the pharmacotherapeutic entity but also for
the liposomal excipients. Some of the product specifications
related to stability issues according to the US-FDA-developed
guidance document for liposome manufacture include: (i)
assay for encapsulated and free drug substance; (ii) report
on chemical degradation products related to lipids and the
encapsulated drug; (iii) assay of lipid components; and (iv)
characterization for physical instabilities (136). The draft
document also recommends conducting accelerated stress
testing of liposomes and stability testing of unloaded vesicles
(136). Accelerated stability testing is recommended to esti-
mate the effect of high stress conditions such as pH and tem-
perature fluctuations on the formulation (7). Overall stability
of liposomal formulations can be assessed on two levels: chemi-
cal and physical (182,183). Although they are apparently dis-
crete, both chemical and physical instabilities can influence
one another (184). Chemically degraded lipids can lose their
ability to form bilayers and thus affect the physical stability
and eventually the performance of the formulation (184).

8.3.1. Chemical Stability

Chemical aqueous stability of lipids is affected by two major
degradation pathways: hydrolysis and oxidation (7,183). Both
saturated and unsaturated lipids can undergo hydrolysis to
produce fatty acids and lysolipids, which may have completely
different physicochemical properties from their parent
compounds. Lysolipids increase membrane permeability and
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lead to destabilization of liposomal bilayers (183). The formation
of lysolipids is of particular concern since they have been impli-
cated in cardiological toxic reactions in vivo in animal models
(185,186). Lipid oxidation predominantly affects lipid molecules
with polyunsaturated acyl chains. Free radical mediated-peroxi-
dation of acyl chains is a complex process that produces a diverse
groupof degradative by-products which may include hydroperox-
ides, alkanes, diene conjugates (187), and 4-hydroxy-2(E)-
nonenal (6,188). Oxidation of lipids can be accelerated by
radiation (189) and production of reactive oxygen species during
apoptosis (190). Oxidation can be minimized by the incorporation
of other compounds in the formulation such as carotenoids (191),
caroverine (192), and catechols (183,193). However, high concen-
trations of antioxidant excipients in liposomal formulations may
not be permitted due to potential complications caused by their
pharmacological properties. Chemical degradation of lipids can
also be stimulated by g-irradiation (194). Presence of lysolipids,
fatty acids, and other chemical degradant products in liposomal
formulations can be identified using high-performance liquid
chromatography (HPLC) in tandem with mass spectrometry
(189), thin layer chromatography (TLC), and gas liquid chroma-
tography (GLC) (6).

8.3.2. Physical Stability

Physical instability of liposomes can be manifested in the
form of aggregation and fusion that may cause leakage of
the entrapped components (7,195). Aggregation or floccula-
tion is characterized by a thermodynamically reversible
assembly of discrete units of liposomes into larger colloidal
entities (7,195). Aggregation is typically observed in neutral
liposomes of large size due to their small curvature (relative
flatness) and high contact area. Aggregation is promoted by
trace elements and sedimentation, both of which promote
temporary electrostatic binding of the vesicles. Due to its
transient nature, aggregated vesicles can be disengaged by
shaking. Addition of charged lipid molecules such as phospha-
tidylglycerol and cholesterol hemisuccinate in the formulation
may induce a negative charge on the liposomes which may

Liposomes: Design and Manufacturing 281

© 2005 by Taylor & Francis Group, LLC



cause electrostatic repulsion and prevent aggregation (196).
However, as discussed in Sec. 8.2, negative charge on the vesi-
cles may compromise their biological stability (54,55).

In contrast to aggregation or flocculation, fusion of lipo-
somes is an irreversible process that leads to the formation
of larger vesicles that cannot revert back to their original
form. Fusion of vesicles is commonly observed with very small
vesicles (<20 nm diameter) that have excessive high stress
curvature which promotes this phenomenon (195). Fusion
can be prevented choice of liposome manufacturing method
that has good control on liposome size.

Although, aggregation and fusion may result in release of
entrapped materials from liposomes, un-intended escape of
drug products from vesicles also known as leakage, by itself,
is a form of physical instability. Leakage is commonly observed
in passively loaded liposomal vesicles. In addition to its occur-
rence in vitro, leakage may also be caused in vivo by liposomal
interactions with serum proteins (197). Leakage of compo-
nents is inversely proportional to the acyl chain length of the
lipids incorporated in the formulation. Increased stability of
liposomes with long acyl chains is attributed to their high
transition temperature and decreased membrane fluidity
(198). Leakage may also be prevented by incorporation of cho-
lesterol into membranes which may result in a tighter packing
arrangement of the bilayers (7). Pegylation of liposomes also
minimizes leakage (199).

Aggregation and fusion of SUVs can be determined by
particle size characterization using photon correlation spec-
troscopy (200). Analytical techniques such as fluorescence
polarization measurement (199) and permeability measure-
ment using carboxyfluorescein (199) have been used to
characterize liposomal bilayers and their biophysical proper-
ties and determine the effects of changes in the membrane
composition on them.

8.4. Sterilization of Liposomal Products

Since many liposomal products are developed to be adminis-
tered via the i.v. route, sterilization of these products is
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mandatory. Terminal sterilization using steam, routinely
employed for several pharmaceutical products, may not be sui-
table for liposomal formulations, since high temperature may
disrupt the liposome architecture, lead to physical destabiliza-
tion, and may be completely prohibitive to liposomal formula-
tions of proteins, peptides, and antibodies due to their
thermolabile properties (201). Another commonly used phar-
macopeial sterilization technique, g-irradiation, may also be
unsuitable for liposomal dispersions, since radiation compro-
mises their chemical stability (194,201). Although aseptic man-
ufacturing can be an alternative, it is not commonly used due
to the expense and difficulty in validation. Liposomal formula-
tions are typically manufactured with raw materials with low
microbial burden and terminally sterilized using microbial
retentive filtration. Filtration sterilization of the final product
can be challenging due to the structural complexity of these
vesicles. Since liposomal components can affect microbial inter-
action with filters used in the sterilization process and thus
permit their passage into the filtered product, microbial reten-
tivity tests for specific products are recommended. Further-
more, lipids may be lost by non-specific adsorption of lipids to
filters. It is recommended to develop strict validated quality
control assays for assessing sterility of commercial liposomal
formulations. Sterility of the final liposomal product can be
confirmed using recommended pharmacopoeial protocols such
as aerobic and anaerobic bottle cultures (6). In addition to steri-
lity testing, liposomal dispersions can also be assessed for
pyrogenicity using the limulus amebocyte lysate (LAL) test
(2,6,92).

9. CONCLUSIONS

Liposomal drug products have progressed beyond the experi-
mental stage and appear to be a reliable and clinically viable
strategy for the delivery of a wide range of pharmacotherapeu-
tics. They also constitute some of the most promising non-viral
gene delivery vectors developed in the last few decades.
Liposomal delivery systems offer both exceptional formulator
control on their design and an excellent option for safer dis-
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ease management due to consistent clinical performance. As
with any novel drug delivery system, global regulatory
approval of several products has separated hype from realistic
expectations and reinforced confidence in the scientific basis
and principles of liposomes. With the anticipated entry of more
biotechnology-based drugs and the observed trend of small
molecular weight drug candidates with poor water solubility
in pharmaceutical pipelines in the near future, the utility
and efficacy of liposome-derived formulations will become
even more evident and much appreciated. As clinical use of
these systems becomes prevalent, such issues that cannot be
completely investigated initially as chronic human exposure,
potential drug interactions, and effect on endogenous lipid
and cholesterol levels will be brought to light. These factors
will eventually play a crucial role in evaluating the bene-
fit=risk ratio of liposomal formulations and determine the fea-
sibility of long-term acceptance of these drug carriers into
mainstream pharmaceutical dosage forms.
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Many new candidate therapeutic agents are extremely potent
and must be dispensed in a controlled and accurate fashion,
preferably at the site of action. These compoundsmay be deliv-
ered by a number of routes of administration each offering
advantages and limitations based on the application.

Microspheres can be utilized to achieve drug targeting
and=or controlled release. The manufacture and production of
suitable microsphere systems requires consideration of issues
including the physicochemical properties of the drug and other
components of the system, conditions of manufacture, unit
operations, scale-up conditions as well as production scale
manufacturing resources and equipment. The following is an
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overview of the physical, chemical, biological, and engineering
principles underlying development of microsphere systems.

1. INTRODUCTION

Microspheres are defined as solid, approximately spherical
particles ranging in size from 1 to 1000mm (1). Sometimes,
the definition of microspheres is extended into the nano-size
range. Microspheres are usually made of polymeric or other
protective materials. Drugs and other substances may be
incorporated within microspheres either as an encapsulated
core (microcapsules) or homogeneously dispersed throughout
the microspheres (micromatrices) (Fig. 1) (1). Refer to Bur-
gess and Hickey (1) for a historical and contextual perspective
on the application of microsphere technology to the pharma-
ceutical and other industries.

Microspheres have been proposed as a parenteral deliv-
ery system for drugs and other tissue response modifiers
(TRMs). There are fourmicrosphere drug products on themar-
ket (2,3) and several in clinical trials (134). TRMs include: tra-
ditional small molecule drugs, enzymes, proteins, DNA,
vaccines, and cells. Biopharmaceutical and physicochemical
advantages of parenteral microsphere delivery are numerous.
Microsphere preparation may enhance the chemical stability
of the TRM, extend its residence time at the site of administ-
ration, result in physical targeting, protect the TRM from

Figure 1 Schematic diagram of (a) microcapsule and (b) microma-
trix.
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biological degradation, result in controlled delivery, protect
the in vivo environment from the TRM (e.g., immune response
to protein therapeutics), and increase safety (subdivision of
the dose can avoid dose dumping problems that may occur
on failure of a single unit implant). In addition, microspheres
used for vaccine delivery may act as an immune adjuvant.
Microspheres are also useful as the dosing frequency can be
reduced when a controlled release product is administered.
This method of delivery is important for drugs for which there
is no other satisfactory dosing technique, e.g., proteins that
are rapidly degraded and cleared when administered by stan-
dard injection. However, microspheres are also under consid-
eration for classes of small molecular weight drugs that
require localized therapy and controlled release.

1.1. Small Molecular Weight Drugs

Examples of small molecular weight drugs that have been
investigated for parenteral delivery in microsphere systems
include: narcotic antagonists, antibiotics, local anesthetics,
anti-malarials, anti-cancer drugs, narcotic antagonists, and
steroids (1,4–12). Local delivery of antibiotics can assure ade-
quate tissue levels at the local site of infection. For example,
localized delivery of gentamicin in microsphere systems has
been utilized successfully in animal models for acute and
chronic bone infections (13). This approach is also used to pre-
vent bone infections that could arise following surgery. Some
local sites are particularly problematic in terms of achieving
adequate tissue levels. Examples include isolated tissues,
such as the inner ear and cancerous tissue. Controlled release
microspheres have been used for localized delivery of steroids
to joints for the treatment of arthritis (14,15). These delivery
systems allow therapeutic concentrations to be maintained at
the local site for an extended period of time compared to drug
solutions or suspensions. Hence dose frequency can be reduced
which is important for patient compliance as intra-articular
injections are particularly painful. Localized delivery in micro-
sphere formulations can also be used to avoid side effects that
are often associated with systemic delivery. For example, sys-
temic administration of high concentrations of antibiotics can
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result in organ toxicity, such as kidney damage (16). Corticos-
teroids and anti-cancer drugs are two other examples of drug
classes with high systemic toxicity. The systemic delivery of
anti-cancer drugsmay cause toxicity to all rapidly dividing cells.
Consequently, targeted microsphere delivery systems have
been applied to anti-cancer drug delivery to reduce systemic
side effects and ensure adequate drug levels in the tumor (17).

1.2. Protein Therapeutics

Over the past two decades, the therapeutic products of biotech-
nology (proteins, peptides, and DNA) have been investigated as
candidate compounds for delivery in microsphere systems for
parenteral delivery (18,19). For example, leutenizing hormone
releasing hormone (LHRH) analogs have been investigated
and there is currently one microsphere product containing
leuprolide acetate (Leupron Depot). There are currently four
microsphere products on the US market (Lupron Depot,
Sandostatin LAR, Nutropin Depot, and Trelstar Depot) (134).

Biotechnology therapeutics are usually administered
parenterally since these molecules are susceptible to degrada-
tion in the gastrointestinal tract (GIT) as a consequence of low
pH and the high concentrations of peptidases. Localized deliv-
ery of these agents is desirable as they are expensive and may
give rise to side effects at other sites. Parenteral delivery is
also problematic since these pharmacological agents need to
be protected from the environment (e.g., peptidases present
at the local delivery site). Consequently the in vivo half-lives
of these therapeutics are usually very short. An additional
problem is that immune responses may occur. Delivery sys-
tems, such as microspheres, are currently under investigation
to overcome such problems. Microspheres offer an advantage
over other dispersed systems (e.g., liposomes and emulsions)
in that microspheres are more stable, can carry higher drug
loadings and can result in longer release profiles. Extended
release is advantageous in reducing dosing frequency, as
otherwise daily injections are often required for chronic ther-
apy. For example, release rates in the order of months can
be achieved when relatively hydrophobic polymers such as
poly-lactic-co-glycolic acid (PLGA) are used.
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Vascular endothelial growth factor (VEGF) delivered in
PLGA microspheres has resulted in new blood vessel growth
at the subcutaneous (s.c.) injection site in rats over a 1month
study period (20,135,136). This can be compared to no growth
of new blood vessels on injection of unencapsulated VEGF.
Like most proteins, VEGF has a short half-life in the body
and is rapidly cleared from the injection site. These problems
are overcome using the slow release microencapsulated form
of the drug.

1.2.1. Live Cells

Microencapsulation of cells as a means of achieving artificial
organs and for tissue transplant purposes has been investi-
gated extensively over the past four decades. This area was
extensively reviewed byBurgess andHickey (1). Other publica-
tions on this subject have appeared more recently (21–23). Key
issues are the use of a biocompatible polymer systems, which
provides a semipermeable membrane for nutrient exchange,
and a method of manufacture which is non-destructive to the
cells. The alginate-polylysine microencapsulation process
involving divalent calcium ion gelling of the alginate has been
a popular method for live cell encapsulation (24). The proces-
sing involved is not destructive to the cells as a calciumalginate
gel is formed initially which protects the cells. A ‘‘permanent’’
alginate-polylysine membrane is then formed which is semi-
permeable, allowing nutrients into the microcapsules but
excluding substances that might be harmful (such as high
molecular weight antibodies which would be destructive to
implanted cells). For example, insulin-secreting cells have been
encapsulated in alginate-polylysine membranes to prevent
rejection. Purified alginate with high mannuronic acid content
has been shown to have good biocompatibility and is able to
form stable microcapsules.

Recent advances in the area of cell encapsulation include
the use of polymer scaffolds for tissue engineering purposes.
Cell growth rates should be considered in cell encapsulation,
as rapidly growing cells will ‘‘grow through’’ the microcapsule
membrane (25). This may be acceptable in some cases of

Microspheres: Design and Manufacturing 309

© 2005 by Taylor & Francis Group, LLC



tissue engineering once cell growth is established, where
encapsulation is used for initial protection of the cells.

Disadvantages of microspheres for controlled release
parenterals include: difficulty of removal from the site, low
drug loading, possible drug degradation within the micro-
spheres, and changes in drug crystallinity or polymorphic
form during microsphere processing. Generally, the amount
of drug that can be incorporated into microspheres is limited
to approximately 50% at the high end (1). However, 20% or
less is more common, therefore microsphere delivery is parti-
cularly relevant for highly potent drugs such as peptides and
steroids otherwise the total amount that would need to be
injected could be prohibitive.

Parenteral administration involves the injection of solu-
tions, or dispersed systems through the skin usually to a tissue
or body cavity from which distribution to other locations in the
body occurs. The most frequently used approach is to deliver
drugs directly to the venous blood supply for systemic distribu-
tion. For dispersed systems, this is usually followed by organ
disposition. The reticulo-endothelial system (RES) of the liver
is particularly suited to the removal of small circulating dis-
persed droplets or particulates (26). The capillary system of
the lung, by virtue of the narrow passage presented to circulat-
ing blood, is also capable of filtering particulates. This can be a
limiting factor for any intravenously (i.v.) injected dispersed
system as pulmonary embolism may result from lung deposi-
tion in this manner. Subcutaneous (below the dermis) and
intradermal (between the dermis and the epidermis) injection
results in local depots of material, which have greater or
lesser, respectively, access to local blood supply. Conse-
quently, systemic bioavailability of materials administered
by these routes is dependent upon the physicochemical proper-
ties of the drug including solubility, partition coefficient, and
diffusion coefficient (27). Intramuscular (i.m.) and intraperito-
neal injections deliver drug to heavily vascularized areas.
Intramuscular injections form a well-defined depot in a mass
of tissue to which a good blood supply is required since this
is the major location for energy consumption involved in
locomotion. Intraperitoneal injections place materials in the
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peritoneum, which represents a large surface area served by
maintaining blood supply in the form of the peritoneal wall,
and the mesenteric blood supply to the gastrointestinal tract.
For more information on biopharmaceutical aspects of micro-

Biopharmaceutical and physicochemical advantages of
microspheres are numerous. Microsphere preparations may
enhance the chemical stability of the drug, extend its residence
time at the site of administration, result in physical targeting,
protect the drug from biological degradation, and result in rate
controlled delivery of the drug. The multi-unit nature of dis-
persed systems offers an advantage in terms of safety, since
failure of individual microspheres would not cause a serious
concern compared to the failure of a single unit implant which
would result in total dose dumping. In addition, different popu-
lations of microspheres may be administered to achieve a
desired effect. For example, a cocktail of different drugs may
be given or microspheres containing the same drug but with
varying release rates may be blended to achieve a desired
release profile. Some drugs, when injected in solution or sus-
pension form, may result in tissue irritation at the injection
site. In the case of solution formulations, this may be a conse-
quence of the solvent system used and=or precipitation at the

The use of microspheres or similar controlled release systems,
such as liposomes, can overcome this problem by slow con-
trolled release at the site. These controlled release systems
can also improve drug bioavailability by releasing the drug
at a rate that is comparable to or less than the rate of absorp-
tion at the site. Absorption rates depend on blood flow at the
site as well as drug physicochemical factors such as hydro-
phobicity=hydrophilicity and the potential for partitioning into
fatty tissue that may be present at the site. Refer to Chapter 2
for more information on bioavailability issues for dispersed
systems. Microspheres may assist in targeting therapeutics
to specific disease states and, as a consequence, toxic side
effects can be avoided as well as reducing the drug concentra-
tion required, which is important for expensive therapeutic
agents such as proteins.
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Microencapsulation can protect drugs from physical and
chemical degradation. For example, a microencapsulated
drug may be protected from degradation by a variety of path-
ways such as light, hydrolysis, and oxidation. For protein
drugs, microencapsulation may also protect against physical
degradation such as aggregation. However, the reader should
be aware that the various methods of microsphere manu-
facture can be harmful to protein drugs in particular. The
most common methods of microsphere manufacture involve
processing conditions such as high heat, use of organic
solvents and agitation, all of which can result in physical
instability of protein therapeutics. Refer below for micro-
sphere manufacture.

2. MICROSPHERE DISPERSIONS: METHODS
AND CHARACTERIZATION

2.1. Formulation=Composition

2.1.1. Typical Polymers

manufacture and their intended purpose. These consist of
natural and synthetic polymers with a variety of properties.
Among the properties of interest are the rate of degradation
and nature of the erosion process. In this regard, PLGA
microparticles may be contrasted with polyanhydride. PLGA
erodes from every available wettable surface and after an
initial surface erosion develops a porosity which results in
the final structural collapse of the particle. Polyanhydride
in contrast erodes from the surface in a manner dictated by
the particle geometry and as such offers predictable degrada-
tion throughout its lifespan.

Particle Engineering

Each method of manufacture involves a number of pro-
cessing variables that can be adjusted to achieve objectives
of drug load, particle size, and distribution, porosity, tortuos-
ity, and surface area. Since each method involves different
variables, it is sufficient to note that key physicochemical

312 Burgess and Hickey

© 2005 by Taylor & Francis Group, LLC

Table 1 shows a list of polymers employed in microsphere



Table 1 Selected Papers Reflecting Use of Polymers for
Parenteral Administration (1995–2003)

Component
(matrix=
encapsulator) Application

Literature
source

PLA Chemoembolization 28, 29
Testosterone delivery system 30
Adjuvants for adsorbed influenza
virus

31

Encapsulation of 5-fluorouracil for
treatment of liver cancer

32

Encapsulation of cisplatin for direct
intratumoral injection with
reduction of acute renal toxicity

33

PLA=PLGA Antigen entrapment for diphtheria
and tetanus vaccines

34, 35

PLA=PGA Long-lasting ivermectin delivery
system for control of livestock
pests (larval horn flies, hematobia
irritants)

36

PLGA Intraocular delivery of guanosine 37
DNA vaccine and encapsulation 38, 39
Intracerebral treatment of
malignant glioma

40

Encapsulation of ultrasonographic
contrast agents for differentiation
of coagulation necrosis in
adenocarcinoma tumors

41

Microencapsulation of an influenza
antigen for a single dose vaccine

42

delivery system 43
Pulsatile single immunization
for HIV

Poly-(caprolactone) Potential drug delivery system 44, 45
Polyanhydride Encapsulation of rhodium

(II) citrate, an anti-tumor agents
46

Poly(anhydride-
co-imides)

Controlled delivery of vaccine
antigens

47

Chitosan Device for gadolinium
neutron-capture therapy
by intratumoral injection

48

Delivery system for steroids
(progesterone)

49

(Continued)
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factors include starting concentrations of drug and polymer,
partitioning, and solubility; and that processing variables
include the presence of surfactant (for emulsion formula-
tions), the presence of polymerizing agent (initiator or ionic
species for synthetic or natural polymer cross-linking)

Table 1 Selected Papers Reflecting Use of Polymers for
Parenteral Administration (1995–2003) (Continued )

Component
(matrix=
encapsulator) Application

Literature
source

Delivery system for antibiotic
agents

50

Encapulation of bisphosphonates
delivered by local implantation
or injection for site-specific therapy
in pathological conditions

51

associated with bone destruction 52
Controlled and localized delivery
system of endothelial cell
growth factor for stimulation
of vascularization

Gelatin Carrier matrix of basic fibroblast
growth factor (bFGF) to
enhance the

53

vascularization 54
Gelatin=chondroitin
6-sulfate

Microspheres for implantation
as an embolization material

55

Microspheres as immunological
adjuvant

56

Intraarticular delivery system of
therapeutic proteins

Gelatin=alginate Sustained-release microparticles
for delivery of interferon-a

57

Alginate Delivery of TGF-b to inhibit
fibrosis of the corpus
cavernosum

58

Alginate=polylysine Intrahepatic implantations 59
Magnetic dextran Targeted drug delivery system

for brain tumors
60

Hydroxyethyl-starch Potential drug delivery system 61, 62
Imaging 63
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stirring conditions, vessel geometry, nozzle geometry, and
feed conditions (spray drying, spray freezing, and supercriti-
cal fluid manufacture) and in general, fluid flow, heat and
mass transfer.

2.2. Desired Performance Characteristics and
Relative Performance Measurements

Desirable performance characteristics must be considered in
developing a formulation for a therapeutic agent. The first
consideration is the target disease state or desired therapeu-
tic intervention. This will dictate relevant routes of adminis-
tration, dosage, and period and=or frequency of delivery.
Thus, therapeutic, pharmacokinetic, and pharmacodynamic
considerations may be used as criteria to judge the merits of
dosage forms following characterization of relevant physico-
chemical properties.

The goal in preparing any drug delivery system is to
maximize the therapeutic effect while minimizing toxicity.
Contemporary concepts in drug delivery and disposition focus
on specific delivery to the site of action in the absence of
effects at any other site. This may be achieved by direct or
indirect local delivery. Indirect targeted delivery can be
brought about by using the capacity of the dosage form to
preferentially localize in certain organs or tissues or by
molecular modifications to the drug to achieve high recep-
tor=enzyme=protein affinities.

Matrix or encapsulating components and processing
parameters should be selected to produce particles with the
desired drug load, particle size, surface area, surface and
dissolution properties to achieve acceptable in vitro and
ultimately in vivo dose delivery.

2.2.1. Release

Factors governing release from microsphere systems have
been discussed by Burgess and Hickey (1). Mechanisms of
release are from the microsphere surface, through pores in
the microspheres, diffusion from swollen microspheres, and
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following erosion and=or bulk degradation. Polymer type is of
importance, hydrophilic polymers tend to release drug much
more rapidly than hydrophobic polymers as a result of pene-
tration of aqueous media into the microspheres. In order to
achieve extended release profiles of weeks or months, it is
usually necessary to use hydrophobic polymers, such as poly-
lactic and polyglycolic acid. Amorphous polymer structures
facilitate absorption of water compared to crystalline poly-
mers and therefore amorphous polymers and polymers with
a high proportion of amorphous regions tend to have faster
release rates compared to crystalline polymers or polymers
with a high proportion of crystalline regions. Crystalline
regions decrease the diffusion rate of drug molecules by
increasing the diffusional path length. Crystalline regions of
polymers have a higher density and a lower specific volume
than amorphous regions (64). Polylactic acid is an example
of a polymer with a high proportion of crystalline regions,
whereas polyglycolic acid has a high proportion of amorphous
regions. These two polymers are usually used in combination
to achieve desired release rates.

Other factors affecting release rates include the drug
solubility, diffusivity, molecular weight, and particle size;
the microsphere particle size, the percentage loading of the
drug, the dispersion of the drug in the microspheres, any
drug=polymer interactions, the rate of biodegradation of the
polymer and the stabilities of the polymer matrix and the
drug in the polymer matrix before and after injection. The lar-
ger the microsphere particle size, the longer the diffusional
path length and the smaller the surface to volume ratio;
therefore, release rates of larger microspheres are usually
slower. For large drug molecules, the release rate is usually
dominated by the polymer properties. If the microspheres
have low porosity, then the polymer must degrade in order
to create channels for drug release.

PLGA microspheres have been successfully used to
achieve extended release profiles. Controlled release from
PLGA microspheres will be discussed since this system has
been widely investigated; there are five products on the mar-
ket and several are in clinical trials. Although PLGA might
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not be the most appropriate polymer for all applications, this
system is very attractive since it has been used in sutures
for many years. Investigators have used a number of meth-
ods to increase and decrease release rates from this polymer
system (65). Release can be diffusion and=or degradation
controlled. The more crystalline the PLGA co-polymer, the
higher the molecular weights of both the polymer and the drug
and the less porous the microspheres, the slower the release
rate. The slower the diffusion rate of the drug, the greater
the contribution that polymer degradation will make to
release (64). Porosity can be controlled by adding water soluble
excipients such as NaCl which rapidly dissolves and diffuses
away from the microspheres, leaving pores. High concen-
trations of albumin have been added to increase release rates
of high molecular weight drugs such as protein therapeutics.
The albumin releases and leaves behind large pores and the
protein therapeutic agent can then diffuse out along these
pores (64). Release is also ionic strength dependent. High
ionic strength inside the microspheres results in the influx of
water. Similarly, decreased release rates elevate the ionic
strength of the medium (66). The addition of plasticizers
should give enhanced release due to less resistance to
diffusion. However, the use of plasticizers can result in a less
porous microsphere matrix and therefore drug release can be
reduced (64). Since PLGA degradation is acid catalyzed, the
addition of salts such as calcium carbonate and magnesium
hydroxide confers an alkaline pH and reduces PLGA degrada-
tion rates (67).

All of the above factors can be manipulated to achieve the
desired release rates. Mixed populations of microspheres may
also be used to this end (137,138). As a consequence of the
manufacturing process, microspheres often have surface-
associated drug which can contribute to a burst release effect.
Microspheres can be washed with water before release testing
to determine surface associated drug. It is also possible to use
predegraded microspheres to avoid the initial burst release
effect (137,138).
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2.3. In Vitro Release Testing

The reader is referred to the chapter in this book by
Clark et al., for additional information on in vitro release
testing.

In vitro testing of microsphere release rates is often con-
ducted by suspending the microspheres in the release media
under conditions of mild stirring. The samples must be pro-
cessed to remove any suspended microspheres prior to analy-
sis to avoid interference with the analytical method and so
that the microspheres are returned to the release media to
continue the release process. This is usually achieved by fil-
tration or centrifugation. This in vitro release methodology
is referred to as sample and separate. The continuous flow
method (USP apparatus 4) has also been used for micro-
spheres. Here the microspheres are maintained in a compart-
ment and the release media is continuously circulated through
this compartment (closed system) or fresh media is continu-
ously pumped through (open system). Filters are used to iso-
late the microspheres in the compartment. Glass beads can
be added to avoidmicrosphere aggregation and to alter the flow
pattern so as to avoid the production of flow channels within
the microsphere bed that would lead to inaccurate release pro-
files due to uneven contact between individual microspheres
and the release media. The USP 4 flow-through method has
been recommended for microspheres as it can avoid problems
of microsphere aggregation and sink conditions can be easily
maintained (134). Problems may arise due to filter blockage
and this should be monitored periodically.

USP apparatus 1 has been used to test in vitro release
rates from microspheres. Typically microspheres are sus-
pended in 900mL of release medium placed in dissolution
apparatus and stirred using an overhead stirrer at 100 rpm
(68). The amount of microspheres used is dependent on micro-
sphere drug loading and sink conditions. The relatively slow
stirring rates used can be problematic as the microspheres
may settle in the large USP vessels under slow stirring. The
volumes used are another problem particularly for expensive
biotech drugs. In addition, large volumes are not representa-
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tive of the parenteral situation with the exception of the i.v.
route and as previously discussed this route is generally not
applicable for microspheres.

Release media can be standard, pH 7.4, phosphate
buffer or other suitable media depending on the drug. Since
microspheres usually have hydrophobic surfaces, dispersing
agents (such as Tween surfactants) are often added to assure
dispersion of the microspheres in the media. Ethanolic
phosphate media has been used for PLGA microspheres as
this causes plastization of the polymer, simulating the plasti-
zation effect of lipids in vivo. Non-ethanolic degradation of
PLGA microspheres in vitro has been reported, in some cases,
to be two to six times slower than occurs in plasma.

Several variations on miniaturized release methods have
been reported for systems intended for parenteral use. These
include: a miniaturized version of the standard USP appara-
tus 1 method in a scaled down beaker using 50–100mL of
media; a dialysis sac method using volumes in the order of
50–100mL; magnetic stirring in place of overhead stirring
that is used in the USP method; small sample vial method,
using 1–10mL volumes and shaking or rotating rather than
stirring. If a sufficiently miniaturized method is used then
each vial can be used for a single sample. The vial is centri-
fuged and the whole supernatant is taken for the sample.
The pellet may then be discarded or analyzed for polymer
degradation or percent drug remaining.

A problem that can arise during in vitro release testing of
microspheres is floating of microspheres composed of hydro-
phobic materials (such as, PLGA) due to difficulty in wetting.
To overcome this problem, Tween 80 or similar surfactants
can be added to the dissolution media. Care should be taken
as surfactants will solubilize hydrophobic drugs at concentra-
tions above the surfactant CMC. This can be used as a method
of obtaining sink conditions without having to dilute the sam-
ple too much and therefore can help in analysis to obtain
concentrations within the detectable range. Microsphere
hydrophobicity can also result in aggregation of the particles
at the bottom of the dissolution vessel. This can result in
irreproducible data. The surface area exposed and hence the
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release rates may be reduced as a consequence of aggregation,
again resulting in irreproducible data.

Another problem is drug degradation during release. For
microspheres designed to release drug over periods of 1month
or more, this can be a significant problem for drug released
early and then left in the dissolution media during the study.
Degradation can be accounted for mathematically, if the degra-
dation rate in the dissolution media is first calculated (69).

It is also important to determine if any drug remains at
the end of the release study. Samples can be filtered, the poly-
mer dissolved and the drug extracted as appropriate (refer

usually are incomplete and this may be due to drug degrada-
tion or to incomplete release form the microsphere system.

In vitro–in vivo correlation (IVIVC) is the ultimate goal
and therefore in vitro dissolution methods should reflect the
in vivo situation as much as possible. It should be possible to
establish guidelines for IVIVC for controlled release parent-
erals through a systematic evaluation of in vivo and delivery
system factors. The exact in vivo situation need not be
reproduced in vitro, but a situation that results in the same
outcome. For example, in vivo release from microspheres
may be enhanced compared to in vitro release as a result of
enzymatic degradation of the polymer. Polymer degradation
could be enhanced to the same degree in vitro by alteration
of pH or some other variable that affects polymer degradation
(e.g., PLGA degradation is enhanced by reduction in pH).
Until recently, there have only been rank order correlations
between in vitro and in vivo drug release from microsphere
systems (14,68). However, in the last 2 years, there have been
IVIVC reports for controlled release parenteral microsphere
systems and the reader is referred to the chapters in this book
by Clark et al., by Young, and by Chen for more information.

2.4. In Vivo Release Testing

In vivo release rates are usually determined indirectly from
drug plasma levels. Animal studies have been conducted
where release has been measured directly through serial
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sacrifice experiments where the tissue is excised, homogenized
and the amount remaining at the site is determined (13,139).
These animal studies are useful in determining the release
mechanism and in vivo factors that affect release rates.

2.4.1. Polymer Degradation

Gel permeation chromatography (GPC) has been utilized to
determine the molecular weight distribution of PLA and
PLGA before and after different incubation times (70). Scan-
ning electron microscopy (SEM) has been used to assess the
extent of microsphere degradation.

2.5. Particle Size

Particle size is dependent on the method of microsphere
manufacture. For the commonly used emulsion methods,
microsphere particle size can be altered by decreasing the
concentration of polymer, decreasing the volume fraction of
the dispersed phase, increasing the rate of agitation, increas-
ing the surfactant concentration, and changing the type of
surfactant. For methods that involve atomization, such as
spray drying, the particle size is dependent on the atomiza-
tion pressure, the orifice size, as well as the viscosity of the
polymer solution or suspension and the flow rate.

Microspheres are in the micron size range and, therefore,
both resistance and light blockage methods are appropriate
particle sizing methods (e.g., HIAC, accusizer particle sizing

system characterization. Problems in particle size analysis
can arise due to the tendency of microspheres to aggregate
in that two or more particles could be counted as one. Size
can be determined directly by microscopy, although this
method is more time consuming and is subjective.

2.6. Drug Loading

Drug loading in hydrophobic polymers such as PLGA can be
up to approximately 50% for insoluble materials such as ster-
oids, but typically is closer to 20% to obtain satisfactory
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spheres with the desired release characteristics. For hydro-
phobic drugs, loading is dependent on the relative solubility
of the drug in the organic solvent. Drugs with lower solubili-
ties compared to the polymer may precipitate out of the
polymer solvent system during solvent evaporation, resulting
in relatively low loadings (71). For water-soluble materials,
loadings are usually not more than 10%, since these drugs
are rapidly lost to the external aqueous phase during manu-
facture by the O=W emulsification technique through parti-
tioning into the external aqueous phase. Loading of water
soluble drugs into PLGA microspheres can be enhanced using
W=O=W, W=O=O, and solid S=O=W techniques (72–74). In
addition, drug loading of microspheres prepared by the
W=O=W method can be increased by improving the stabiliza-
tion of the primary emulsion (75). This helps to prevent loss of
drug to the external phase during solvent evaporation. Higher
internal aqueous phase, cool temperatures, and short proces-
sing times have also been used to increase drug loading using
the W=O=W method of manufacture (76). Other methods to
increase loading of water-soluble drugs are to complex the
drug with amore hydrophobic macromolecule or with the poly-
mer itself (77). PLGA COO� binds with positively charged
drugs such as peptides. Chemical modification of hydrophilic
materials may also be employed as ameans to enhance loading
aswell as tomodify release rates (70). It has been reported that
the higher the PLGA concentration the greater the ent-
rapment efficiency (78). Increase in drug concentration can
decrease entrapment efficiency (79). In addition, high drug
concentrations can result in fragmented microspheres (79).

Drug loading can be detected directly by disrup-
tion=dissolution of the polymer and subsequent release of
the drug. A solvent for the polymer (e.g., methylene chloride
for PLGA) is added and the mixture is ultracentrifuged to
separate any precipitated polymer. Drug levels are
determined in the supernatant. In some cases, direct determi-
nation is difficult. Then, loading can be calculated based on
the percentage of drug in the supernatant fluid following col-
lection of the microspheres at the end of the manufacturing
process.
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It is important to ensure that all of the loaded drug is
determined. Several extraction methods have been reported
for PLGA microspheres. These include shaking the micro-
spheres overnight in 0.1m NaOH with 5% SDS and meas-
uring the released drug (80). A combination of polymer
solubilization and drug extraction has also been employed
for PLGA microspheres loaded with protein (66). The polymer
was dissolved in methylene chloride and extracted into pH 4
acetate buffer to remove the protein. Exhaustive extraction
in distilled water has also been utilized (81). DMSO has been
used as an alternative to methylene chloride to dissolve PLGA
(78). Drug loading of albumin microspheres has been deter-
mined by digestion with 0.5% acetic acid, followed by centrifu-
gation and extraction of hydrophobic drugs using appropriate
organic solvents (68).

2.7. Porosity

Large pores, or megaporosity (10–75mm), can be measured by
air permeability applying the Kozeny–Carmen equation (82).
Macroporosity (smaller than 10mm) can be measured by mer-
cury porosimetry to obtain total porous volume, specific sur-
face area, average pore radius, and pore size distribution.
The conventional method of surface area determination is
based on the Brunauer–Emmett–Teller equation (83) that
takes into account lateral interaction energies, multilayer
formation and condensation in pores and conforms to one of
the five isotherms described by Brunauer (83). The porosity
of particles plays a role in the dissolution and release of
drug and in the erosion of the polymer matrix (84).

2.8. Sterility Testing

Sterilization of microspheres is usually achieved by aseptic
processing since the final product may not be able to undergo
terminal sterilization. Manufacturing methods that are single
step and can be performed in an enclosed chamber, such as
spray drying, are ideally suited to aseptic processing. Term-
inal sterilization at high temperature is likely to melt the
polymer, cause alteration of drug release rates and may
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destroy any targeting moiety that may be attached. The glass
transition temperature of PLGA is around 44�C (79) and
therefore PLGA microspheres would melt and agglomerate
during autoclaving for terminal sterilization. Entrapped drug
may also be degraded at sterilization temperatures. Sterility
assurance is another problem, as, although it is relatively
easy to determine whether the exterior of the microspheres
is sterile using conventional plating methodology, it is difficult
to determine whether the interior of the microspheres are
sterile. Methods that can be used to break or dissolve the
microspheres such as crushing, grinding, or the use of organic
solvents may introduce false-positive or false-negative results.
A method of determining the presence of viable organisms
in the interior of microspheres without breaking or dissol-
ving microspheres was developed (85). This method involves
detecting organism metabolism.

2.8.1. Chemical Stability and Protection from
Degradation

Protein drugs are susceptible to breakdown by peptides at the
local site and hence their in vivo half-lives are generally very
short. Encapsulation in a microsphere system can protect
these molecules from degradation until release at the site.
This effectively extends the in vivo half-life for elimination
and thus the dosing frequency can be reduced. The microen-
vironment within the polymer may also cause degradation
of the drug. Microspheres composed of polyesters of glycolic
and lactic acid present a problem for drugs that are not stable
under acidic conditions as these polymers degrade to glycolic
and lactic acid and present an acidic microenvironment dur-
ing dissolution. The degradation of proteins and peptides
can be increased in the presence of polyesters. This problem
may not be serious if the release rates are much faster than
the degradation rates.

Low pH environments may be deleterious to many
proteins, nucleic acids, and cells. Consequently, the selection
of matrix or coating materials that are chemically compatible
with these molecules is important.
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3. TISSUE TARGETING

Targeting of the RES of the liver has been achieved by select-
ing dispersed systems of an appropriate size (<5mm) for
uptake by the Kuppfer cells. This has been achieved utilizing
particulates (86), liposomes (87), and emulsion systems.
Particles larger than approximately 7mm will occlude the
capillaries of the lungs (86). Surface modifications have
been adopted to target dispersed systems to bone and kidney.

Particle engineering has been used for targeted delivery:
size, surface charge, surface hydrophobicity, and steric stabi-
lization can all be manipulated to this end. Size and surface
characteristics can be used to target the lung, liver, spleen,
general circulation, and bone marrow following i.v. adminis-
tration. Mechanical filtration by size is used to target the
lung. Recognition of the particle surface by the RES is used
to target the liver. Subcutaneous and peritoneal administra-
tion are used to target the regional lymph nodes. Particles
below 100nm delivered by the s.c. route are taken up by the
regional lymph nodes. This is useful for anti-cancer and
immunomodulating agents. Hydrophilic coatings (e.g., polox-
omer) are used to keep microspheres within the systemic cir-
culation. The presence of the hydrophilic layer minimizes
uptake of opsonic factors, reduces particle–cell interaction
and therefore prevents uptake by phagocytic cells. Specific
polymers can target specific sites, e.g., poloxamer 407 can tar-
get the bone marrow (88). This is speculated to occur via a
receptor-mediated pathway. Both particle size and surface
characteristics are critical for bone marrow uptake (size range
60–150nm). Magnetic targeting is used to overcome clearance
by RES (89) and achieve target site specificity. Coated parti-
cles avoid uptake by the liver Kuppfer cells and are captured
by the spleen via filtration.

Different methods can be used to achieve targeting of
microspheres to specific sites in the body. The theory behind
this has been discussed by (1). Some parenteral targeting
methods that have been proposed are not practical, e.g., block-
age of the RES to avoid RES uptake and distribution accord-
ing to particle size following i.v. injection since this may lead
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to undesirable blockage of vessels and as discussed above
microspheres are not recommended for i.v. administration.
The use of antibodies to direct microspheres has met with lim-
ited success. Success has been achieved in targeting the
lymph system according to size and surface characteristics.
Direct injection at the site, e.g., intra-articular injection, to
treat arthritic joints and i.m. or s.c. injections at the local site
to treat localized infection and inflammation, have been
successful. Targeting using an external magnetic field to
localize microspheres has also been successful but this
approach does not appear to be practical.

4. TARGETING DISEASES

Many diseases are characterized by anatomically localized
abnormalities. In general, these aremost suited to targeted con-
trolled drug delivery. Diseases of a more diffuse and systemic
nature are more readily treated with conventional dosage
forms. Some cancers, infectious and hereditary diseases, may
be considered suitable for treatment with dispersed systems.

Pharmaceutical journals are replete with examples of the
‘‘next wave’’ of targeted drugs. As biological molecules such as
peptides (90), proteins (56), and nucleic acids (38), with highly
specific mechanisms of action, are discovered and their site of
action and role in disease identified, they may act at the mole-
cular level as immunological, endocrine or neurological med-
iators or influence replication, translation, transcription or
expression of genes. Development of new therapies depends
upon delivery systems compatible with the drug and the
purpose for which it is intended. Hence there are new
delivery systems for antagonists for inflammatory mediators,
cytokines, oligonucleotides, and vaccines (31,42).

5. COMMERCIAL PROSPECTS

� Overview of approaches to scale-up, manufacturing
and anticipated.

� New products.
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5.1. Unit Operations

The unit operations involved in processing microsphere
or microcapsule products are based on each of the three
fundamental phenomena in chemical engineering (91). That
is, heat and mass transfer in the formation of the stable emul-
sion and fluid flow from the mixing process. The practical unit
operations include solution preparation, mixing under var-
ious conditions of flow and temperature, drying, filtration or
centrifugation depending upon the product (92). In addition,
an in situ polymerization step may also be adopted.

The key element in the production of dispersed systems
is the stability of the final product. In most cases, these pro-
ducts are in kinetic and not thermodynamic equilibrium. This
requires that all of the potential forces of interaction are con-
sidered. These forces include, polar forces, i.e., dipole moment
and polarizability, hydrogen bonding, steric hindrance, ionic
interactions, van der Waals, and gravitational forces. It is
the balance between these forces that allows a product to
exhibit stability suitable for long-term storage. Some of these
forces can be evaluated by considering bulk properties such as
dielectric constant, interfacial tension, and sedimentation
rate.

5.1.1. Wax Coating and Hot Melt

Wax may be used to coat the core particles, encapsulating
drug by dissolution or dispersion in the molten wax. The
waxy solution or suspension is dispersed by high-speed mix-
ing into a cold solution, such as cold liquid paraffin. The mix-
ture is agitated for at least 1 hr. The external phase (liquid
paraffin) is then decanted and the microcapsules are sus-
pended in a non-miscible solvent, and allowed to air-dry. Mul-
tiple emulsions may also be formed (93). For example, a
heated aqueous drug solution can be dispersed in molten
wax to form a water-in-oil emulsion, which is emulsified in
a heated external aqueous phase to form a water-in-oil-in-
water emulsion. The system is cooled and the microcapsules
collected. For highly aqueous soluble drugs, a non-aqueous
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phase can be used to prevent loss of drug to the external
phase (94). Another alternative is to rapidly reduce the
temperature when the primary emulsion is placed in the
external aqueous phase.

Wax-coated microcapsules, while inexpensive are often
used, release drug more rapidly than polymeric microcap-
sules. Carnauba wax and beeswax can be used as the coating
materials and these can be mixed in order to achieve desired
characteristics (93). Wax-coated microcapsules have been
successfully tableted. Small aerosol particles, 1–5mm in dia-
meter, have been condensation-coated from a vapor of a fatty
acid or paraffin wax (95,96). These particles have been shown
to exhibit reduced dissolution rates in vitro, corresponding to
reduced absorption rates following deposition in the lungs of
beagle dogs.

Polyanhydrides have been chosen for the preparation of
microspheres because of their degradation by surface erosion
into apparently non-toxic small molecules (97,98). The
mixture of polymer and active ingredient is suspended in a
miscible solvent, heated 5�C above the melting point of the
polymer and stirred continuously. The emulsion is stabilized,
by cooling below the melting point, until the particles
solidify.

5.1.2. Spray Coating and Pan Coating

Spray coating and pan coating employ heat-jacketed coating
pans in which the solid drug core particles are rotated and
into which the coating material is sprayed. The core particles
are in the size range of micrometers up to a few millimeters.
The coating material is usually sprayed at an angle from the
side into the pan. The process is continued until an even coat-
ing is completed. This is the process typically used to coat
tablets and capsules.

Coating a large number of small particles may provide a
safer and more consistent release pattern than coated tablets.
In addition, several batches of microspheres can be prepared
with different coating thicknesses and mixed to achieve speci-
fic controlled release patterns.
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The Wurster process, a variation of the basic pan-coating
method, is an adaptation of the fluid-bed granulator (99). The
solid core particles are fluidized by air pressure and a spray of
dissolved wall material is applied from the perforated bottom
of the fluidization chamber parallel to the air stream and onto
the solid core particles. Alternatively, the coating solution can
be sprayed from the top or the sides into an upstream of
fluidized particles. This adaptation allows the coating of small
particles (100). The fluidized-bed technique produces a more
uniform coating thickness than the pan-coating methodology.
Problems can arise with inflammable organic solvents because
of the high risk of explosion in the enclosed fluidizer chamber.
Explosion proof units have been designed; however, over the
past three decades, aqueous coating solutions are being used
more and more.

Examples of aqueous coating solutions include water-
soluble low molecular weight cellulose ethers (101,102),
emulsion polymerization latexes of polymethacrylates, and
dispersions of water-insoluble polymers such as ethylcellulose
in the form of pseudolatex (103). These solvent-free coating
solutions provide a range of different coatings from fast disin-
tegrating isolating layers to enteric and sustained-release
coatings. Lehmann (104) has reviewed different commercial
methods, the conditions required for coating, and various
coating formulas including illustrations of the types of equip-
ment used.

5.1.3. Coacervation

Coacervation is the separation of a polymeric solution into
two immiscible liquid phases, a dense coacervate phase,
which is concentrated in the polymer, and a dilute equili-

in a coacervation process (1). The concentrated polymer phase
can be emulsified in the dilute phase and subsequently cross-
linked to form microspheres. When only one polymer is pre-
sent, this process is referred to as simple coacervation. When
two or more polymers of opposite charge are present, it is
referred to as complex coacervation (105). Simple coacervation
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is induced by a change in conditions that results in dehydra-
tion of the polymer, promoting polymer–polymer interactions
over polymer–solvent interactions. This may be achieved by
temperature change, the addition of a non-solvent or a change
in the ionic strength. Electrostatic interactive forces drive
complex coacervation between two or more macromolecules
(106). Coacervates tend to form around any core material that
may be present, such as hydrophobic drug particles or oil dro-
plets. Subsequently, microcapsules can be formed by cross-
linking. Cross-linking can be by heat or the use of chemical
cross-linking agents such as glutaraldehyde (107–110).

Figure 2 Flow diagram of the gelatin–acacia complex coacerva-
tion method.
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Coacervates may also be spray dried (refer Sec. 5.1.5).



There are a large number of variables involved in com-
plex coacervation [pH, ionic strength, macromolecule concen-
tration, macromolecule ratio, and macromolecular weight
(105,111)] all of which affect microcapsule production. These
variables can be manipulated to produce microcapsules with
specific properties. Care must be taken since slight variations
in these parameters can have a dramatic effect on coacervate
yield and therefore microcapsule yield. This could cause pro-
blems during scale up and manufacturing. However, the
range of conditions over which complex coacervation occurs
can be extended by the addition of water-soluble non-ionic
polymers, such as polyethylene oxide or polyethylene glycol
(112,113). The presence of a small amount of these polymers
allows microencapsulation to occur over an expanded pH
range. For example, the pH range for coacervation of gelatin
and acacia can be extended from pH 2.6–5.5 (111) to pH 2–9
(112). The pH range for simple coacervation can also be
expanded in the presence of these water-soluble non-ionic
polymers (112). Another factor to be aware of is that the use
of chemical cross-linking agents and the application of heat
may be harmful to the encapsulant materials, such as thermo-
and chemically labile drugs and live cells. A stable coacervate
system, formed without the use of chemical cross-linking
agents or the application of heat, has been developed (114).
This system is potentially useful for the delivery of protein
and polypeptide drugs and other materials unable to with-
stand cross-linking procedures.

5.1.4. Divalent Ion Gelling

Gelling of alginate by dropping or spraying a solution of
sodium alginate into a calcium chloride solution has been used
to produce microcapsules. The divalent calcium ions cross-link
the alginate, to form gelled droplets. This process is illustrated

by addition to a polylysine solution. This method was devel-
oped by Lim and Sun (115), for the encapsulation of live cells.
Variations on this method with different polymers, such as
chitosan, have been developed (116). For manufacturing
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purposes, an atomization method that produces a fine mist of
droplets is used. An interaction chamber is suggested to con-
fine the spray (25). Variations on this method include other
methods of gelling such as temperature and solvent-induced
gelling, where a polymer is sprayed into a non-
solvent or into a solvent held at reduced temperature.

5.1.5. Spray Drying

Spray drying is a fast one-step, closed-system process and is
therefore ideal for the production of sterile materials for par-

Figure 3 Flow diagram of the alginate–polylysine–alginate micro-
encapsulation method.
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enteral use. The process is illustrated in Fig. 4a. Figure 4b



Figure 4 (a) Flow diagram of the spray-drying microsphere
manufacturing method. (b) Schematic layout of open-cycle spray-
dryer design.
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depicts an open system spray drier (117). This method is
easily scaled up to large batch sizes, is frequently used com-
mercially for the production of microspheres and is applicable
to a wide variety of materials. The polymer and drug are dis-
solved in a suitable solvent (aqueous or non-aqueous) or the
drug may be present as a suspension or dissolved within an
emulsion. For example, biodegradable PLGA microspheres
can be prepared by dissolving the drug and polymer in methy-
lene chloride. Microsphere size is controlled by the spray and
feed rates of the polymer drug solution, the nozzle size, the
temperature in the drying and collecting chambers, and the
chamber sizes. The quality of spray-dried products can be
improved by the addition of plasticizers that promote polymer
coalescence and film formation and enhance the formation of
spherical and smooth-surfaced microcapsules (118). Recently, a
modified approach to spray drying has been developed which
involves freeze drying the droplets after production (119–122).
Thismethodhas theadvantageofallowinganadditionalvariable
to be used to modify particle structure and the ability to prepare
particles with greater stability during processing.

5.1.6. Solvent Evaporation

This is one of the earliest methods of microsphere manufac-
ture. The polymer and drug must be soluble in an organic sol-
vent, frequently methylene chloride. The solution containing
the polymer and the drug may be dispersed in an aqueous
phase to form droplets. Continuous mixing and elevated
temperatures may be employed to evaporate the more volatile
organic solvent and leave the solid polymer-drug particles
suspended in an aqueous medium. The particles are finally fil-

ticles prepared in this manner (123).

5.1.7. Precipitation

Precipitation is a variation on the evaporation method. The
emulsion consists of polardroplets dispersed in anon-polarmed-
ium (86). Solventmaybe removed from thedroplets by the use of
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tered from the suspension. Figure 5 shows polylactic acid par-



a cosolvent. The resulting increase in the polymer drug concen-
tration causes precipitation forming a suspension of micro-
spheres. In effect this is an enhanced evaporation process.

5.1.8. Freeze Drying

This technique involves the freezing of the emulsion (86); the
relative freezing points of the continuous and dispersed
phases are important. The continuous-phase solvent is
usually organic and is removed by sublimation at low tem-
perature and pressure. Finally, the dispersed-phase solvent
of the droplets is removed by sublimation, leaving polymer-

ture of the solvent removal precipitation method (124).

5.1.9. Supercritical Fluid Techniques

Supercritical fluid manufacture of particles involves using the
capacity of certain substances to dissolve solutes in a unique

Figure 5 Flow diagram of the solvent evaporation method
employed to manufacture the phenolphthalein (PT)-loaded polylac-
tic acid (PLA) microspheres.
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drug particles. Figure 6 illustrates the method of manufac-



region of their pressure–temperature phase diagram, shown

can be manipulated in terms of its density and viscosity,
which vary depending on the pressure and temperature under
which they are being maintained. This principle has been
employed using a number of materials, notably carbon dioxide,
to prepare drug and excipient particles, with a high degree of
crystal lattice and particle size uniformity (127). Themost pro-
minent methods of manufacture have involved: rapid expan-
sion of supercritical fluids, bringing the solute to saturation
solubility and then causing a homogeneous nucleation and;
supercritical anti-solvent methods using the mixing of two
supercritical fluids each exhibiting different capacities to dis-
solve drug to induce a controlled crystallization. More recently
polymeric microspheres have been manufactured by an emul-
sion stabilization technique in supercritical fluids (128–131).

Figure 6 Flow diagram of aspects of the solvent precipitation
method employed to manufacture the bromsulphthalein (BSP)-
loaded polyglycolic acid (PGA) microspheres. HFS, hexafluoroace-
tone sesquihydrate.
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in Fig. 7 (117,125,126). The capacity of a supercritical fluid



5.2. Scale-up Approaches

Unit operations have been discussed in the previous section.
The principles and equipment used on the laboratory scale
are the basis for pilot and ultimately production scale manu-
facturing. Basic process or chemical engineering approaches
suggest that preserving vessel geometry, maintaining mixing
conditions (Reynolds number), and considering heat and mass
transfer will allow successful scale-up to occur. The reprodu-
cibility of unit doses prepared in bulk is usually very depen-
dent upon subtle aspects of the production process. Hence it
is rarely the case that scale-up occurs as a simple multiple
of component masses or volumes, vessel geometries, mixing,
or filtration conditions. Consequently, experiments must be
conducted to evaluate such procedures. These experiments
involve many variables and are suited to factorial design or
response surface methodologies (132). While numerous
pharmaceutical companies have developed scaled-up pro-
cesses for microsphere manufacture, there have been rare
publications on the commercial scale manufacture of micro-
spheres (Floy, 1993, no. 1631). In addition, methods have
been developed with consideration of the potential to scale-

Figure 7 Pressure–temperature phase diagram for a pure
component.
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up the process (133). It should be remembered that sterility is
of paramount importance in parenteral products. Conse-
quently, the method of sterilization needs to be considered.
The options are moist and dry heat, radiation, and ethylene
oxide treatments (95). All of these have an impact on the
structure of polymers and there is some concern over the toxi-
city of ethylene oxide. It appears that the least damaging
approach for certain polymers is irradiation. However, this
method requires validation for both the ultimate sterility
and stability of the product. Irradiation can cause polymer
degradation and affect release rates (140,141). Aseptic proces-
sing continues to be the method of choice although this is
challenging to scale-up.

6. CONCLUSIONS

The use of microsphere delivery systems for parenteral
administration has been the subject of an enormous research
effort over the last quarter of the 20th century. It is surpris-
ing that there have not been more products based on this
drug delivery approach. However, there are a number of
plausible reasons for this poor success rate. The major drugs
and disease states, according to the wisdom of the last
50 years, have been easily treated with orally delivered sys-
temic therapies. These small molecular weight drugs were
relatively inexpensive and the number of side effects was
small, and acceptable, in light of the severity of disease. It
is understandable that an early interest in the targeted deliv-
ery of anti-cancer agents arose, as these often exhibit severe
systemic side effects and small doses are desirable. It should
also be noted that the safety of polymeric delivery systems
must be assessed, requiring large-scale and expensive toxicol-
ogy studies. Nevertheless, there have been some successes
notably Leupron Depot (Leuprolide acetate) for the treatment
of prostate cancer.

In the last two decades, a significant change in attitude
has occurred. The products of biotechnology which are extre-
mely potent, costly and not readily administered orally
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require novel drug delivery approaches if they are to be suc-
cessful therapeutically and commercially. The ability to treat
subclasses of disease and to manage chronic diseases, with
the implications that this has for the overall public health
and the cost of care, is driving new developments in drug deliv-
ery. It is now cost-effective to perform the necessary toxicology
studies on the components of new delivery systems since the
targeting that can then be achieved may be the only successful
approach to delivering these agents. In this light, peptides
such as calcitonin, G-CSF, and growth factor have been stu-
died for controlled delivery. Targeting of nucleic acids (oligo-
nucleotides and genes), as therapy for congenital diseases,
and vaccine delivery may offer the greatest promise for micro-
sphere delivery systems as the potential outcome is a cure for
the disease being treated. There is no question that the num-
ber of polymers and drugs and the breadth of applications
being considered will increase as the 21st century unfolds.
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10

Case Study: Development and
Scale-Up of NanoCrystal� Particles

ROBERT W. LEE

Elan Drug Delivery, Inc.,
King of Prussia, Pennsylvania, U.S.A.

1. INTRODUCTION

NanoCrystal� Technology was developed to meet a significant
market need for delivery of poorly water-soluble drugs. This
formulation problem is addressed using proprietary technology
that presents drugs as extremely small—nanometer-sized

This chapter is based on two presentations that were given at the American
Association of Pharmaceutical Scientists 37th Annual Pharmaceutical
Technologies Conference at Arden House: Parenteral Products Integrating
Science, Innovation, and Patient Needs, 15 January, 2002. The two presen-
tations were: (i) Robert W. Lee, Product Development for Suspensions and
Nanoparticulate Suspensions; and (ii) Robert W. Lee, Case Study II: Devel-
opment and Scale-Up for a Nanoparticulate Suspension.

SECTION III: CASE STUDIES

355

© 2005 by Taylor & Francis Group, LLC



—particles. NanoCrystal particles are made by wet-milling
active pharmaceutical ingredients (APIs), water, and a sta-
bilizer to create a colloidal dispersion in the size range of
100–400nm in diameter. These NanoCrystal particles do not
aggregate due to the non-covalent adsorption of stabilizing
polymers onto the particle surface, which decreases the sur-
face-free energy. The hydrophilic polymers used to stabilize
the colloidal dispersions can be found in marketed products
and are generally recognized as safe� (GRAS) materials. These
NanoCrystal particles can be further processed into all of the
dosage forms traditionally used for administering drugs by
oral, parenteral, inhalation, or topical routes. The applicability
of this technology is defined solely by the drug candidate’s aqu-
eous solubility and is not constrained by therapeutic category
or chemical structure. The NanoCrystal milling process is
fairly gentle and has been applied to proteins.

Pharmaceutical companies estimate that approximately
60% of the new chemical entities that are synthesized each
year have an aqueous solubility of less than 0.1mg=mL. This
low solubility is a significant cause of failure for discovery
phase compounds. Poorly water-soluble compounds are both
difficult to formulate and difficult to analyze in humans or
animals and are often discarded. Additionally, the synthesis
of water-soluble analogs often results in decreased bioactivity
when compared to their insoluble counterparts. A significant
number of the ‘‘Top 200’’ drugs exhibit clinical or pharma-
coeconomic limitations that arise from their poor water
solubility. The biological performance of these marketed pro-
ducts could likely be improved by the application of
NanoCrystal Technology. Furthermore, NanoCrystal Tech-
nology is the only nanoparticulate technology that is fully
scalable and validated. This technology is incorporated into
Wyeth’s Rapamune� (sirolimus) Tablets, an approved oral
solid dosage form that is marketed in the US. The Rapamune

� Inactive Ingredient Guide, Division of Drug Information Resources, Food
and Drug Administration, Center for Drug Evaluation and Research, Office
of Management, January 1996.
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Tablet formulation has two advantages over the solution
formulation:

1. The tablet is marketed as a non-refrigerated unit
dose, whereas the solution requires refrigeration
due to chemical instability and needs to be mixed
with juice prior to administration.

2. According to the package insert for Rapamune (siroli-
mus) Oral Solution and Tablets, the mean bioavail-
ability of sirolimus after the administration of the
tablet is about 27%higher relative to the oral solution.

NanoCrystal particles can be processed into a wide range
of oral solid dosage forms using conventional, scalable unit
operations that are well established in the pharmaceutical
industry. NanoCrystal Technology can be incorporated into:

� Tablets—immediate release, film-coated, enteric-coated,
rapidly disintegrating (waterless), chewable, sustained
(extended) release, and bilayer (combination immediate-
and extended-release).

� Capsules—immediate-release (dry-filled powder), immedi-
ate-release (bead-filled), and sustained (pulsatile) release.

� Powders for reconstitution.
� Sachets—immediate-release (dry-filled powder), and

immediate-release (bead-filled).

Orally administered NanoCrystal formulations of poorly
water-soluble drugs have been demonstrated to provide the
following therapeutic benefits:

� Faster onset of action.
� Increased bioavailability.
� Reduced fed=fasted variable absorption (i.e., ‘‘food

effect’’).
� Improved dose proportionality.

The potential benefits of NanoCrystal Technology rele-
vant to the development and manufacture of solid dosage
forms include:

� Improved chemical stability of the API.
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� Improved physical stability and performance stability
of the dosage form.

� Enhanced appearance (i.e., elegant, compact presen-
tation).

� Improved processability and reduced impact of lot-
to-lot variability in API.

� Rapid development.
� Predictable performance throughout product develop-

ment, scale-up, and transfer to commercial manufac-
turing site.

NanoCrystal Technology provides improved performance
characteristics for intravenous, subcutaneous, or intramuscu-
lar injection, including:

� Elimination of harsh vehicles by allowing for the use
of an aqueous-based vehicle.

� Higher dose loading with smaller dose volume.
� Longer dose retention in blood and tumors.
� Low viscosity, enabling a quick push for injection.
� Capable of sterilizing by terminal heat, gamma irra-

diation, and filtration.

NanoCrystal Technology can be used to achieve optimal
drug delivery to the lung. This is accomplished by formulating
the drug into precisely controlled particles of the appropriate
aerodynamic size, shape, and density. Drug can preferentially
be delivered to the upper respiratory pathways, for the treat-
ment of diseases such as asthma, or delivered to the deep lung
for systemic availability or local effect in the deep lung. Deliv-
ery to the upper airways requires an aerodynamic particle size
range of 3–5mm in diameter. In contrast, deep lung deposition
requires the particles to be less than 3mm in diameter.

2. PHARMACEUTICS

A significant number of APIs possess low aqueous solubility, i.e.,
less than 0.1mg=mL. There are limited options available for
the formulation of these APIs for parenteral administration.
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The formulator can use a solubilizing approach, i.e., organic
cosolvents, solubilizing agents, and=or pH extremes. However,
there are issues with solubilizing approaches. Organic, water-
miscible cosolventsmay be somewhat physiologically incompati-
ble and thus may give rise to toxic effects. Solubilizing agents
include cyclodextrins and surfactants. Cyclodextrins have
issues with low loading capacity and their release profile may
not be the desired one. Certain surfactants are known to give
rise to anaphylaxis and thus have liabilities associated with
their toxicity. The use of pH extremes to solubilize ionic APIs
may be physiologically incompatible and may also cause the
API to precipitate upon injection.

Another approach to formulating poorly water-soluble
APIs for intramuscular administration is as traditional coarse
(micron-sized) suspensions. There are commercially available
coarse suspensions such as Bicillin� C-R 900=300 (penicillin
G benzathine and penicillin G procaine suspension) and
Depo-Provera� Contraceptive Injection. The use of coarse sus-
pensions is limited to intramuscular injection and there are
some limiting pharmaceutical issues associated with these
types of formulations such as physical instability, problems
with homogeneity=content uniformity, and challenges with
producing a sterile product; besides, intravenous administra-
tion is also not possible. NanoCrystal Technology provides an
attractive alternative for the formulation of poorly water-
soluble APIs for parenteral administration, including the
intravenous route. The advantages of NanoCrystal particles
over coarse suspensions are as follows:

� Physical stability—the smaller particle size decreases
the rate of settling and improves redispersibility.

� Homogeneity=content uniformity—NanoCrystal par-
ticles behave more like molecular solutions and are
therefore much more homogeneous.

� Sterilization—there are more options available
for sterilization of NanoCrystal particles compared
to coarse suspensions. In select cases, NanoCrystal
particles can be rendered small enough to allow for
sterile filtration.
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� Administration—the small particle size permits all
routes of parenteral administration including intrave-
nous.

NanoCrystal particles consist of API, water, and a stabi-
lizer. A high-energy media-milling process is used to wet mill
the slurry and create a colloidal dispersion with particles in
the size range of 100–400nm in diameter. These NanoCrystal
particles do not aggregate due to the non-covalent adsorption
of stabilizing polymers onto the surface of the particle, which
decreases the surface-free energy. The polymers that are used
to stabilize the colloidal dispersions are typically hydrophilic
in nature and can be found in marketed products. These poly-
meric stabilizers are GRAS materials. The physical basis of
NanoCrystal Technology is the dramatic increase in the
surface area to mass ratio compared to unmilled API. This
in turn leads to significantly enhanced rates of dissolution.

3. FORMULATION DEVELOPMENT

NanoCrystal particles are developed as simple formulations,
with similar compositions compared to traditional parenteral
formulations. Each NanoCrystal particle formulation contains,
at a minimum, the API, a stabilizer (typically polymeric), and
water. Additional excipients can be added, as required, to
enhance product quality. The added excipients can include
ingredients found in solution parenteral formulations such as
anti-oxidants, anti-microbial preservatives, buffers=pH adjus-
ters, reconstitution or bulking agents for lyophilized formula-
tions, and tonicity modifiers. The key difference between
solution formulations and NanoCrystal particle formulations
is the stabilizer. The stabilizer is an essential component that
provides physical stability by keeping the NanoCrystal parti-
cles discrete and separated. The stabilizer may also: (i) aid in
redispersibility upon storage; (ii) in the case of lyophilized for-
mulations aid in reconstitution; and (iii) in conjunction with
particle size, influence pharmacokinetics. The stabilizer is typi-
cally GRAS, can be either non-ionic or ionic, and can be either
polymeric or small molecule. Examples of stabilizers include
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polyvinylpyrrolidones (BASF Kollidon 12 PF and Kollidon 17
PF), Pluronic� F-108, Pluronic� F-68, and Tween-80.

For parenteral NanoCrystal particle products, there are
two possible final dosage forms: ready-to-use NanoCrystal
particles and lyophilized NanoCrystal particles. For the most
part, NanoCrystal particle formulations require lyophiliza-
tion. This is due to the lack of suitable stabilizers that are
acceptable for parenteral administration and that are capable
of producing stable NanoCrystal particle formulations (i.e.,
with a 2-year shelf life at room temperature). In every case
investigated to date, a lyophilizable NanoCrystal particle for-
mulation has been successfully developed. This refers to the
ability to lyophilize and subsequently reconstitute the lyophi-
lized NanoCrystal particle formulation to a particle size that
is comparable to that of the pre-lyophilized formulation. An
example of the redispersibility of a lyophilized NanoCrystal
particle formulation is given in Table 1.

The most important aspect of any parenteral product is
its sterility. This requirement imposes significant challenges
in the development of sterile NanoCrystal particle formula-
tions. However, these challenges are not insurmountable.

In the case of ready-to-use NanoCrystal particle formula-
tions, there are three major methods of sterilization that
are evaluated. These are terminal heat sterilization, sterile
filtration, and aseptic processing. The use of terminal heat
sterilization is desirable both from an ease of manufacturing
and from a regulatory perspective. However, only a small

Table 1 Redispersed Mean Particle Size of a Lyophilized
NanoCrystal Particle Formulation in Different Diluents

Reconstitution diluent Mean particle size (nm)

Pre-lyophilized NanoCrystal particle formulation 99
Deionized water 104
5% dextrose 104
0.45% saline 107
6% Dextran 70 in 5% dextrose 102
10% Dextran 40 in 0.9% saline 109
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fraction of NanoCrystal particle formulations are amenable to
terminal heat sterilization. One example is N1177, an iodi-
nated diagnostic-imaging agent. This particular NanoCrystal
particle formulation has a pre-autoclaved mean particle size
of about 170nm. After autoclaving (116�C for 115 minutes)
the N1177 NanoCrystal particle formulation, the mean parti-
cle size grew to about 270nm. As in the case of terminal heat
sterilization, only a small fraction of NanoCrystal particle
formulations are capable of being milled to sufficiently small
particle sizes (mean of less than 100nm) to allow for sterile
filtration. The ability to sterile filter NanoCrystal particle
formulations is not only a function of particle size, but also
particle morphology and concentration of API. These two
parameters affect the extent of hydraulic packing and subse-
quent blinding of the filter. In the case of aseptic processing,
sterile API is required or alternatively, the formulation can
be sterilized by heating the pre-milled slurry. The stabilizer
and any added excipients can be dissolved in water and sterile
filtered as they are charged to the recirculation vessel. Once
all of the sterile formulation components are in the recirc-
ulation vessel, the milling process can be conducted in a
pre-sterilized, closed milling system. After the targeted parti-
cle size is achieved, the sterile NanoCrystal particle formula-
tion can then be subjected to further aseptic processing, such
as filling and lyophilization.

There are two principle methods for sterilization of lyo-
philized NanoCrystal particle formulations: aseptic proces-
sing and terminal sterilization using gamma-irradiation. In
the case of aseptic processing, there are three possible routes:

1. Sterile filtration of the NanoCrystal particle formu-
lation, followed by aseptic filling, and lyophilization.

2. Heat sterilization of the pre-milled slurry, followed
by aseptic processing, and lyophilization.

3. Use of sterile API in combination with aseptic
compounding, processing, filling, and lyophilization.

As mentioned previously, the bulk of the NanoCrystal
particle formulations need to be lyophilized, due to physical
instability. In the lyophilized state, the majority of the APIs
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that have been evaluated have withstood gamma-irradiation
(typical sterilizing dose is 25 kGray).

4. PHARMACOKINETICS/
PHARMACODYNAMICS

The pharmacokinetics (pK) of NanoCrystal particles adminis-
tered parenterally is a function of the formulation and
physicochemical characteristics of the API. When Nano-
Crystal particles are administered intramuscularly, the pK
profiles may have the following attributes:

� Relatively quick onset times and sustained release
plasma drug concentration vs. time profiles.

� Highly influenced by particle size (Fig. 1).
� Plasma drug levels may be as high for intramuscular

administration as when the drug is administered

Figure 1 Pharmacokinetics as a function of particle size for intra-
muscular administration of a NanoCrystal particle formulation in
rats.
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The pK of NanoCrystal particles administered intrave-
nously may have the following attributes:

� sustained release pK profile;
� higher plasma levels and longer circulation times

compared to solution formulation;
� similar pK profiles to cyclodextrin-based formulations

�

In the case of intramuscular administration, NanoCrys-
tal particle formulations can be formulated to be physiologi-

injection damage to the muscle) and pain on injection.
This is due to the absence of irritating organic cosolvents, sur-
factants, and pH extremes. Additionally, isotonic formulations
are possible. A phase I study was completed with naproxen
NanoCrystal particles administered intramuscularly. The
formulation contained a high concentration of naproxen,
400mg=mL (the aqueous solubility of naproxen is 16mg= mL
below the pKa of the carboxylic acid moiety in naproxen

Figure 2 Pharmacokinetics of a solution formulation dosed intra-
venously compared to a NanoCrystal particle formulation dosed
intravenously and intramuscularly in rats.
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cally compatible and thus minimize myotoxicity (i.e., site of

good dose proportionality (Fig. 4).



and �3.5mg=mL at pH 7), and a microbial preservative sys-
tem. The two major goals for the clinical trial were no myotoxi-
city and no pain on injection. Both of these clinical endpoints
were successfully achieved with this formulation.

When administering NanoCrystal particle formulat-
ions intravenously to dogs, the rate of infusion needs to be
relatively slow due to an acute hemodynamic effect (1). It is

Figure 3 Pharmacokinetics of a NanoCrystal particle formulation
compared to a cyclodextrin-solubilized formulation.

Figure 4 Plasma drug concentration as a function of dose for a
NanoCrystal particle formulation.
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based on the concentration of solids administered as a func-
tion of time. This effect is not unique to NanoCrystal particle
formulations and has been observed with other particulate
systems such as emulsions. To eliminate the hemodynamic
effect, the infusion rate should be kept to 5mg=min (Table 2).

5. MANUFACTURING PROCESS

NanoCrystal colloidal dispersions are manufactured using
a proprietary high-energy media-milling process called the
NanoMill2 process. The process consists of recirculating a
slurry comprised of API, stabilizers, and water through the

persion of the API crystals from an initial size of about 10
to 100mm to a final mean diameter of about 100–200nm. Poly-
Mill2 Polymeric Milling Media is used during the NanoMilling
process to impart mechanical and hydraulic shearing plus
impact forces within the NanoMill chamber. The API crystals
are fractured and dispersed as they recirculate through the
NanoMill and are sterically and=or electrostatically stabilized
by non-covalent adsorption of the stabilizers onto their surface.

6. SCALE-UP

A wide range of NanoMill equipments have been designed
and built to meet both internal and client requirements

Table 2 Hypotension in Dogs as a Function of Intravenous
Infusion Rate of a NanoCrystal Particle Formulation

Concentration of
solids (mg=mL)

Infusion rate
(mL=min)

Dose rate
(mg=min)a Hypotension

50 1 50 Yes
50 0.1 5 No
10 5 50 Yes
10 1 10 Yes
10 0.5 5 No

aBased on an average dog weight of 10 kg.
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The NanoMill process is directly scalable—from
laboratory scale (100mg API) to full commercial scale
(500kg API). This has been demonstrated for multiple com-
pounds including both marketed products and new chemical
entities. The primary parameter that measures scalability is
replicating the particle size distribution of the NanoCrystal
colloidal dispersions over the range of the NanoMills

precise control of the critical process parameters in the
NanoMill process, including the consistency of the PolyMill
Polymeric Milling Media.

An essential component of the NanoMill process is
the PolyMill Polymeric Milling Media. PolyMill is a highly
cross-linked copolymer of styrene and divinylbenzene. It
was specifically designed to be chemically and biologically
inert and possesses exceptional wear resistance. PolyMill
is manufactured exclusively by the Dow Chemical Company
for NanoCrystal applications. It is available in two size

Figure 5 NanoCrystal colloidal dispersion NanoMill process.
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Table 3 NanoMill2 Specifications

NanoMill-001 NanoMill-01
NanoMill-1
Mag-Drive NanoMill-2 NanoMill-10 NanoMill-60

Chamber volume 10mL 10mL, 50mL,
100mL

500mL;
1000mL

2L 10L 60L

Process Batch Batch Batch Recirculation Recirculation Recirculation
Minimum batch
sizea

100mg 100mg 10g 1kg 10kg 100kg

Maximum batch
sizea

1000mg 10,000mg 100g 10kg 100kg 500kg

Patent status Patented Patented Patent
pending

Patent
pending

Patent
pending

Patent
pending

CE certification No Yes Yes Yes Yes Yes

aIn terms of Active Pharmaceutical Ingredient.

3
6
8

Lee



classes—PolyMill-200 is nominally 200mm in mean dia-
meter and PolyMill-500 is nominally 500mm.

7. SUMMARY

NanoCrystal Technology provides a platform for the rapid
and efficient development and commercialization of poorly
water-soluble drugs. It has been demonstrated to enhance
the biological performance of drugs administered orally, par-
enterally, and by inhalation. NanoCrystal Technology has
been fully developed, validated, and typically provides a more
pharmaceutically elegant product. This proprietary technol-
ogy is used in a commercial product and can be leveraged to
reap the tremendous opportunities that exist in drug discov-
ery and development, and the manufacturing of poorly
water-soluble drugs.
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Figure 6 Particle size distributions produced on laboratory, pilot,
and full commercial scale NanoMills.

Development and Scale-Up of NanoCrystal � Particles 369

© 2005 by Taylor & Francis Group, LLC



REFERENCE

1. Garavilla L, Peltier N, Merisko-Liversidge E. Controlling the
acute hemodynamic effects associated with IV administration
of particulate drug dispersions in dogs. Drug Develop Res
1996; 37:86–96.

370 Lee

© 2005 by Taylor & Francis Group, LLC



11

Case Study: Formulation
Development and Scale-Up
Production of an Injectable
Perfluorocarbon Emulsion

ROBERT T. LYONS

Allergan, Inc., Irvine, California, U.S.A.

1. INTRODUCTION

1.1. Biological Requirements for PFC Emulsions

Perfluorocarbon-based ‘‘blood substitutes’’ are more closely
related to devices than to pharmaceuticals in the sense that
they perform a function that is primarily physical. These blood
substitutes are intended to promote a rapid and reversible
exchange of blood gases without impairing the functions of

Studies being reported in this chapter were conducted solely at the former
laboratories of Kabi Pharmacia in Alameda, California, U.S.A.
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blood elements, the flow of fluids, or the performance of
organs. To be acceptable for injection, a perfluorocarbon emul-
sion must meet specific requirements of hemocompatibility
and biocompatibility (1). These requirements include the
following:

� Be miscible with blood in all proportions without
undergoing phase changes, precipitation, flocculation,
or coalescence.

� Not activate or inhibit blood coagulation factors.
� Not impair the normal functioning of circulating blood

elements.
� Neither disrupt the cell membranes of blood elements

nor alter their permeability.
� Not cause clinically significant changes in the rheol-

ogy of blood.
� Be free of toxic effects and systemic adverse reactions.
� Not physically occlude the microvasculature and

cause embolisms.
� Be excreted at a predictable rate without being meta-

bolized or stored in tissues.

The present case study will summarize key formulation
and scale-up optimization studies performed during the
development of a perfluorocarbon-in-water emulsion made
with purified egg yolk phospholipids (EYP) and perfluoro-1,
3-dimethyladamantane (PFC). This structure is shown in

listed above served as a guide, and every significant change
in either formulation or physical process was subjected to
some type of biological screening, either in vivo or in vitro.

1.2. Clinical Applications for PFC Emulsions

At least six clinical indications have been proposed for this
PFC emulsion (2). The first, cardioplegia during open-heart
surgery, involves perfusing an admixture of emulsion with
a cardioplegic salt solution. This fluid is designed to preserve
the functional and structural integrity of the myocardium
while subjected to hypothermic arrest during cardiopulmonary
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bypass. A second proposed use, also related to heart surgery,
involves blood oxygenator priming to minimize blood unit
requirements. A third, myocardial ischemic rescue, is designed
to minimize reperfusion injury during restoration of blood flow
following treatment for coronary artery occlusion. In this case,
potential advantages of PFCemulsions compared towhole blood
include lower viscosity, smaller drop size, and reduced oxygen
radicals generated by inflammatory cells. A fourth indication
is radiation sensitizer to improve oxygenation of solid tumors
with anoxic cores prior to therapy with ionizing radiation. A
fifth proposed use involves organ preservation for transplanta-
tion. Oxygenated PFC emulsions could extend the viability of
organs that are now protected solely by electrolytic perfusion
and hypothermia. A sixth and ‘‘ultimate’’ use for this product
would be as a true blood substitute for transfusion, e.g., follow-
ing carbon monoxide poisoning, decompression sickness, or
hemorrhage. Such applications are especially valuable with
rare blood types.

The latter indication forms the basis of a rigorous biologi-
cal screen used during product development, namely, total
exchange perfusion (1,3). Rats are anesthetized with an
oxygen-halothane gas mixture; the test PFC emulsion is
infused through a tail vein while removing a mixture of blood
and test substance from the exterior jugular vein. This
exchange perfusion is performed in an isovolemic manner to
prevent a shock-like syndrome, down to hematocrits of 1–3%
(v=v). Initially, the animal is allowed to breathe 90–100% oxy-
gen. This phase is followed by a 3–5 day weaning schedule

Figure 1 Perfluorodimethyladamantane molecular structure.
This highly stable caged molecule consists of four interlocking
6-membered rings.
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which gradually steps down to atmospheric oxygen levels as
whole blood is regenerated. In a sense, survival of these blood-
less animals represents the ultimate tolerance or ‘‘LD50 test’’
for any injectable product.

2. FORMULATION DEVELOPMENT

2.1. Overview

The initial formulation given to our development group was
relatively simple: 50 g PFC plus 2.4 g purified EYP per
100mL emulsion product. PFC emulsions are produced using

first dispersed in hot water for injection by means of a high
shear overhead mixer (UltraTurrax); nitrogen-sparged PFC
is then added at a controlled rate through a narrow orifice
while continuing high shear mixing to form a coarse pre-
emulsion or ‘‘premix.’’ Next, this dispersion is transferred to
a high-pressure homogenizer (e.g., APV Gaulin, Inc, Model
M3) for emulsification at about 10,000 psig and 35–40�C
under continuous nitrogen protection. The finished product
is then filtered through a 10 mm stainless steel mesh into
washed, quarter-liter, borosilicate glass bottles. These bottles
are protected with nitrogen headspace gas, stoppered, secured
with aluminum overseals, and then terminally heat sterilized
in a rotating steam autoclave with air overpressure. Using
this procedure, a sterile product typically exhibits a mean
drop size of about 200–300nm as measured by photon
correlation spectroscopy (Coulter N4).

2.2. Biological Screening

As part of an initial biological screening for this experimental
product, we conducted incubations with heparinized whole
blood to evaluate emulsion effects on erythrocyte morphology
ex vivo. Normal morphology is necessary for proper
distribution of blood flow in the microcirculation. Deformation
or crenation (5) is the result of membrane damage and can
serve as a marker for hemo-incompatibility. Briefly, whole
blood is diluted with fresh plasma (1:1) which is mixed with
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Figure 2 Production of a perfluorocarbon emulsion. Liquid PFC is
added slowly to a hot aqueous dispersion of EYP with continuous
high speed mixing to form a pre-emulsion (or premix). High-pres-
sure homogenization is required to reduce the drop size distribution
to the submicron range. During production, all steps are performed
in a closed system under a protective blanket of nitrogen gas.
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test emulsion (1:1) and then incubated for 10min at 37�C.
Erythrocyte morphology is evaluated by microscopy under
phase-contrast optics (Zeiss ICM405, 410� magnification).
As shown in Fig. 3, crenated erythrocytes exhibit prominent
spoke-like projections called spicules. Addition of 3.5mM oleic
acid or 0.3mM lysolecithin to these incubations will result in
virtually 100% crenated red blood cells. At higher concentra-
tions, these surface-active agents will cause total hemolysis.

While crenation testing evaluates effects of emulsion pro-
duct on blood cells, a second useful biological screen ex vivo
involves evaluatingeffects of bloodplasmaonemulsion integrity.
Fresh or frozen plasma, anticoagulated with either citrate or
EDTA, is incubated in varying proportions with test emulsion
for 30min at 37�C. Again using phase-contrast microscopy, we
evaluate relative resistance of the emulsion to flocculation
(6,7). Floccules appear as irregular-shaped, loose aggregates of
emulsified oil droplets. These range in size from small ‘‘grape
clusters’’ (2–10mm) to massive ‘‘ice floes’’ of 100mm or larger.
An approved parenteral fat emulsion such as Intralipid� 20%
(soybean oil emulsified with egg phospholipids) may be used as

Figure 3 Erythrocyte crenation. Deformation of erythrocytes is a
result of subtle membrane damage. Incubating test formulations
with whole blood ex vivo serves as a sensitive biological screening
tool to predict unacceptable cytotoxicity.
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a negative control for this test. A pronounced tendency to
flocculate in plasma is predictive of poor rheological properties,
undesirable product deposition in organs such as liver, spleen,
and lungs, and elevated systemic toxicity. As shown in Fig. 4,
initial samples of this PFC emulsion formulation showed a high
tendency to flocculate when incubated as described.

Figure 4 Emulsion flocculation. Serial dilutions of test emulsions
are incubated ex vivo with human blood plasma.Microscopic evidence
of flocculation predicts hemo-incompatibility for the new formulation.
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Relative effects of crenation and=or flocculation on blood
rheology may be estimated by means of a glass flow visc-
ometer (8). Flow times for blood:emulsion (3:1 v=v) mixtures
are expressed as ratios to times for control blood–saline mix-
tures. Compared to Intralipid–blood mixtures, we observed
significantly increased viscosities with PFC emulsion sam-
ples. In order to address this problem, a series of small-scale
(400mL) alternative emulsions were made. Test excipients
were added prior to steam sterilization, and the sterile
product was tested in blood mixtures for resistance to
flocculation, ability to induce erythrocyte crenation, as well
as for relative flow viscosity. A summary of some of these
experiments is shown in Table 1.

We observed that added glycerin had no effect on either
crenation or flocculation, while a neutral amino acid such as
alanine had some beneficial action. However, addition of
sodium phosphate (adjusted to pH 7.4) was very effective in
preventing these effects and preserving low flow viscosity.
Surprisingly, phosphate added (admixed) to previously steri-
lized emulsion was ineffective in this regard. Commercial
Intralipid 20% (soybean oil emulsion) resisted both crenation
and flocculation under these test conditions. As a result of a
series of such studies, a modified formulation was adopted
that includes 0.05M sodium phosphate (pH 7.4) added prior
to terminal steam sterilization (9).

Table 1 Effect of Excipients on Emulsion Flocculation and
Erythrocyte Crenation

Test
emulsion Excipient

Flocculation
score

RBC crenation
(% of total)

Relative
flow ratesa

50% PFC None þþþ 75% 0.48
50% PFC 2.25% glycerin þþþ 75% 0.51
50% PFC 0.28M l-alanine þþ 25% 0.55
50% PFC 0.05M phosphate 0 0 0.98
50% PFC 0.05M phosphate

(ADMIXED)
þþþþ 75% 0.33

Intralipid 20% 2.25% glycerin 0 0 0.93

(0)¼none, (þ)¼ trace, (þþ)¼moderate, (þþþ)¼heavy, (þþþþ)¼ severe.
aNormalized to blood:saline (3:1 v=v).
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Flocculation also occurs in vivo. In a typical experiment,
Sprague–Dawley rats were infused with 20 mL=kg body
weight (bw) of PFC emulsion via the tail vein. Blood samples
were collected, anticoagulated with EDTA, and scored for floc-
culation by phase-contrast microscopy as described above.
Under these conditions, large floccules were observed for at
least 4 h post-infusion with the original formulation, while
phosphate-containing emulsion was much more resistant over
this time period.

3. PROCESS OPTIMIZATION

3.1. Premix Formation

Having established a viable formulation, developmental efforts
for this PFC emulsion next focused on process optimization. As

orpremix containing all excipients precedeshighpressurehomo-
genization. At the premix stage, relative size homogeneity of
oil droplets is critical to producing a high quality finished
product with a minimum number of large (i.e., >5mm) droplets
(10). We found several good methods to monitor premix
formation and optimize high shear process time. The simplest
is optical phase-contrast microscopy on in-process samples.
Examples of photomicrographs
Under tested conditions, 10min of processing time (at
20,500 rpm) appears sufficient to produce a very uniform disper-
sion. Since these parameters are highly correlated with the
specific formulation, equipment type, and even batch size, pro-
cess optimization must be an ongoing, project-specific activity.

Since microscopy is subjective and not very quantitative,
we evaluated two other methods. The first is large particle
counting using the Coulter ZM with a 100mm orifice. Samples
are diluted in 0.9% saline prior to counting. These data, sum-

particles (2–10mm) with a parallel disappearance of larger
droplets during premix processing. Since this analytical
method is labor-intensive and failed to identify a process
endpoint, we evaluated a third procedure using the same
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shown in Fig. 2, formation of a coarse oil-in-water dispersion

(320�) are shown in Fig. 5.

marized in Fig. 6, suggest a continuous formation of smaller



flow viscosity drops dramatically during the first 10min of
premix processing, with only small changes thereafter. From
studies such as these, we were able to optimize the premix
process time at each production scale. For other similar pro-
jects, our methods of choice for premix evaluation remain
phase-contrast microscopy and flow viscosity.

3.2. High Pressure Homogenization

Earlier pilot studies had shown that better quality emulsions
were prepared using the highest available homogenizer

Figure 5 Evaluation of in-process premix samples by phase-
contrast microscopy (1mm¼ 2.3 mm). The preferred endpoint
during premix formation is a relatively homogeneous drop size
distribution.
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capillary flow viscometer described above. As shown in Fig. 7,



pressure, 10,000 psig, with 15% of this value (1500 psig) cho-
sen as the second stage back-pressure. Earlier studies also
indicated that homogenization at lower temperatures, e.g.,
5–10�C, resulted in poor quality emulsions while higher tem-
peratures, e.g., above 60�C, resulted in extensive losses of
volatile PFC. Intermediate temperatures, e.g., 35–40�C, pro-
duced the best results and this range was selected for future
batches.

Our next challenge was to optimize the number of homo-
genizer passes through the spring-loaded valve system. Mul-
tipassing is known to narrow the drop size distribution, but to
have relatively little effect onparticlemeandiameter.This phe-

passes may produce large PFC droplets due to over-processing
and may promote more degradation of the unsaturated phos-
pholipid emulsifier due to hydrolysis and oxidation (11). In
addition, over-processing may result in significant loss of

Figure 6 Evaluation of in-process premix samples by electrozone
sensing. Shifts in particle size distribution during processing may
be monitored by large particle counting using the Coulter ZM with
a 100 mm orifice. This is a quantitative analysis of particle counts
per milliliter, unlike microscopy or laser light scattering measure-
ments.
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nomenon is shown in Fig. 8. However, an excessive number of



volatile PFC raw material and will extend production time,
adding to costs. For all these reasons, we sought a reliable
method to optimize homogenizer passes.

During homogenization, in-process ‘‘pass samples’’ are
removed and analyzed for large particle counts by the Coulter
ZM as described above. Three size classes are monitored, and

initial drop in count rate, followed by a slower but continuous
reduction during further processing. However, based on these
data,wewerenot able to establish an optimumprocess endpoint.

A second parameter used to evaluate the homogenization
process is phospholipid binding (12). For this test, aliquots of
non-sterile pass samples or sterile final product are centrifuged
for 30min at 36,000�g (Beckman J2-21 m=E centrifuge with
JA-20 fixed angle rotor). Aliquots of resulting supernatant or
of whole emulsion are vortex-mixed with ethanol (1:2 v=v).

Figure 7 Evaluation of in-process premix samples by flow viscosity.
A glass capillary viscometer was used to demonstrate a dramatic
reduction in flow viscosity in premix samples as continued processing
reduces drop size distribution.
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typical results are summarized in Fig. 9. We observe a rapid



Samples are then evaporated in a vacuum oven (3hr at 60�C)
and phospholipid concentration determined gravimetrically.
Phospholipid bound to the PFC fraction is estimated as the dif-
ference between total phospholipid in the whole emulsion

shows that phospholipid binding to PFC droplets is essentially
complete by pass 12, and a reciprocal drop in supernatant (free)
phospholipid is observed during the process time-course. We
also note some loss in binding during terminal heat steriliza-
tion (typically down to 40–50%). This loss parallels an observed
shift in population size distribution towards larger sizes with
less total surface area. For example, mean diameter for a

Figure 8 Evaluation of homogenizer multipassing by laser light
scattering. Homogenizer multipassing narrows the emulsion drop
size distribution but has relatively little effect on the mean dia-
meter. This oil-in-water emulsion was prepared using a laboratory-
size Gaulin homogenizer model 15MR. Particle size distributions
were determined by laser light scattering measurements.
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minus the unbound fraction in the supernatant. Figure 10



typical batch may shift from about 190 to 285nm during
autoclaving, with relatively small further changes occurring
during prolonged storage. We believe that small amounts of
phospholipid are sloughed from the surface of emulsified PFC
droplets during autoclaving. This phospholipid then folds in
upon itself in the aqueous phase. As a result, empty spherical
vesicles (liposomes) are formed with phospholipids arranged
in one or more bilayers (13).

A third in-process measurement is based on our obser-
vation that PFC emulsion turbidity, as measured by light
transmittance at 410nm, is closely correlated with unbound
(supernatant) phospholipid concentration. This wavelength
was chosen to give strong light scattering with minimum
absorbance from the
shows that turbidity declines dramatically at 10,000 psig

Figure 9 Evaluation of homogenizer multipassing by electrozone
sensing. Large particle counts decline with processing time as sub-
micron particles are being created but these submicron sizes are not
detected by the Coulter ZM.
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unsaturated phospholipids. Figure 11



during the first 4–6 passes at 35–40�C, but at 5–10�C, over
12 passes are required. We observed no evidence of over-
processing under these conditions. Initially, measurements
were made on pass samples using a UV=VIS spectro-
photometer with sipper attachment (BeckmanDU 640). Later,
in-line spectrophotometric monitoring was accomplished

Figure 10 Evaluation of homogenizer multipassing by monitoring
phospholipid binding. Homogenizer multipassing reduces the
number of larger particles thereby increasing the total interfacial
surface area per unit volume of emulsion. Phospholipids are
recruited continuously from the aqueous phase and bind to newly
created interfaces between PFC and water. When the ratio between
bound and free (aqueous) phospholipid becomes constant, proces-
sing at the chosen conditions of temperature and pressure is
complete.
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by means of a probe colorimeter (Brinkmann Instruments;
Westbury, NY; Model PC800) fitted with a 420nm filter. A
1 cm path length fiber optic probe is inserted into the product
stream with an in-line stainless steel T-fitting. A strip chart
recorder gives us a permanent record of product turbidity
during processing. Homogenization is continued until a

Figure 11 Evaluation of homogenizer multipassing by monitoring
turbidity. Homogenizer multipassing reduces the concentration of
unbound phospholipid that is most responsible for visible light scatter-
ing. Therefore, in-line measurement of light transmittance is a simple
way to monitor the effect of continued processing on emulsion quality.
This method is especially useful here since the refractive index of the
dispersed phase (PFC) is close to that of the continuous phase (water).
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pre-determined percentage of transmittance is attained
(usually after 8–10 passes) (14,15).

4. PROCESS SCALE-UP

4.1. Nonemulsified Perfluorocarbon

Previousprocess developmentworkwasperformedat the 4–8L
scale, filling 100mL bottles. At the 50-L scale and in 500mL
bottles, process conditions such as temperature, pressure,
and passes were revisited and re-optimized using the techni-
ques described above. However, a new problem emerged.
Figure 12 shows a photomicrograph (phase-contrast, 100�) of
sediment taken from the bottom of a sterilized 500mL bottle
after standing for 1week. In these containers, we observed
large numbers of rapidly sedimenting, poorly emulsified PFC
droplets (‘‘fish eggs’’) with diameters in the 50–200nm range.
The presence of free or poorly emulsified PFC in this product
was quantified by extraction with a lower molecular weight
perfluorocarbon liquid, fluorodimethycyclohexane (F-DMCH),

Figure 12 Poorly emulsified droplets of perfluorocarbon. These
dense droplets sediment rapidly to form a layer at the bottom of
the container. Phase-contrast microscopy (100�) of a sample from
this layer reveals PFC droplets in the 50–200 nm range with a ‘‘fish
egg’’ appearance.
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followed by gas chromatographic analysis. Earlier tests
demonstrated that F-DMCH could serve as an extraction sol-
vent since it removed only non-emulsified (free) perfluorodi-
methyladamantane.

Briefly, an exact volume (e.g., 3–5mL) of F-DMCH is
injected by syringe directly into each bottle which is then sha-
ken vigorously by hand for about 30 sec. Bottles are inverted
and allowed to stand at room temperature for 1hr, after
which time a portion of F-DMCH is removed by syringe nee-
dle through the stopper. An aliquot of this extract is then
injected into a gas chromatograph (Hewlett Packard 3388)
equipped with an automatic sampler (7672A), a Supelcowax
10 column (30m length, 0.32mm ID, 0.25mm film thickness),
and a flame ionization detector. Operating conditions were:
oven temperature 60�C, injector temperature 275�C, detector
temperature 300�C, column head pressure 13 psi, with helium
carrier gas at 0.70mL=min. Retention time for F-DMCH
is about 1.5min compared to 2.1min for extracted PFC,
allowing simple quantitation of the latter.

We suspected that refluxing was occurring in the bottle
during terminal heat sterilization at temperatures up to
121�C. During cooling, PFC vapors would condense and settle
to the bottom as large, poorly emulsified droplets. When the
mass of recovered (free) PFC was plotted vs. the square of
headspace volume, we observed a linear relationship, shown

7% of 500mL) is essential to minimize the formation of
non-emulsified PFC in sterile product.

4.2. Product Uniformity

The density of liquid perfluorodimethyladamantane is 2.025
g=mL at 20�C. For this reason, emulsified PFC droplets tend
to sediment fairly rapidly, and the potential exists for
non-uniformity in PFC content from bottle to bottle. This
is especially true during scale-up, since the bottle filling
operation time increases with the batch size, e.g., up to
2hr for a 50L batch. Any emulsion sedimentation in the
holding tank would result in a gradual increase in product
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in Fig. 13. We found that a minimal headspace volume (here,



PFC concentration across the fill series. In order to avoid
this, we established a continuous recirculation of product
in and out of the holding tank through a 1=4-in stainless
steel tubing using a centrifugal pump (Eastern). Unfortu-
nately, rapid recirculation caused a progressive increase in
Coulter large particle counts. Typical data are shown in

flow velocity through the narrow tubing was responsible for
continuous de-emulsification and particle coalescence (16).
Eventually, this problem was solved by means of a low shear,

Figure 13 Effect of headspace volume on free PFC formation in
autoclaved 100mL bottles. During autoclaving at 121�C, PFC vapors
form in the nitrogen headspace and then condense upon cooling to
form small, non-emulsified oil droplets. This effect can almost be
eliminated by minimizing headspace volume during filling.
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Fig. 14. We now believe that shear forces generated by high



positive displacement pump (Waukesha Pumps; Waukesha,
WI) coupled to larger ID tubing to reduce flow velocity. Bot-
tle-to-bottle uniformity was verified by analyzing every 25th
bottle in an entire 50L batch for both PFC concentration and
drop size distribution.

5. CONCLUSIONS

The development of an injectable PFC emulsion is compli-
cated by formidable challenges of both a biological and physi-
cochemical nature. We found that the early establishment
of several reproducible and relevant biological screens is

Figure 14 Evaluation of product recirculation during filling by
electrozone sensing. Large particle counts increase steadily when
the PFC emulsion is recirculated too rapidly during the filling
operation. Data were generated using the Coulter ZM instrument
with a 100 mm aperture and 0.9% saline as diluent.
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essential during formulation optimization and process devel-
opment.

One inherent problem relates to the immiscibility of PFC
liquid and phospholipid emulsifier. Raising the ionic strength
in the aqueous phase may help by forcing more phospholipid
to the oil–water interface. In addition, process conditions
must be carefully optimized to avoid both over-processing
and high shear conditions after homogenization, e.g., during
final filtration. These adverse treatments can strip phospho-
lipid from the interface and induce de-emulsification.

PFCs are selected for high vapor pressure to facilitate
excretion via the lungs. However, this high vapor pressure
means that careful temperature control during processing is
critical. It also means conditions leading to vaporization and
condensation must be avoided, e.g., autoclaving bottles with
large headspace volumes.

During scale-up production of perfluorocarbon emul-
sions, extra care must be taken to avoid sedimentation and
stratification of heavy emulsified droplets. For this reason,
bottle-to-bottle uniformity must be verified in the finished
product, especially with regard to PFC content and drop size
distribution.

An injectable product very similar to the one described in
this review was manufactured in multiple 50L batches at
our Clayton, North Carolina facility. This product exhibited
satisfactory storage stability and was well-tolerated in an
animal model. Unfortunately, this project was halted for
non-technical, business reasons by our collaborating partner.
We can only hope that ‘‘lessons learned’’ will benefit and
expedite future projects of this type, both at our facility and
perhaps at yours.
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Case Study: A Lipid
Emulsion—Sterilization

THOMAS BERGER

Pharmaceutical Research & Development,
Hospira, Inc., Lake Forest, Illinois, U.S.A.

1. OUTLINE

The following information outlines a case study pertaining to
the engineering and microbiological activities required for an
emulsion product in order to gain FDA approval prior to man-
ufacture. Minimum details for each research, development,
and production activity are discussed to demonstrate the sup-
porting documentation that may be required in order to file a
New Drug Application with the FDA.

An organized sequential flow of activities must occur as a
new parenteral formulation is developed in an industrial rese-
arch and development (R&D) environment, and subsequently
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processed in a manufacturing facility. Sterilization of pharma-
ceutical emulsions must be established and verified through a
series of activities that confirm the product has been rendered
free of any livingmicroorganisms. In the case ofmoist heat ster-
ilization, which is discussed here, the R&D phase activities
must include sterilization developmental engineering consist-
ing of sterilization cycle development; container thermal map-
ping; microbial closure studies; parenteral formulation
microbial growth; D-value analysis; container maintenance of
sterility (mos) studies; and final formulation stability studies.

Production phase activities for moist heat sterilization
must include an initial sterilization vessel certification, which
demonstrates that the vessel will deliver the defined steriliza-
tion process in a consistent and reproduciblemanner. Emulsion
and container closure microbial validation studies must be
conducted at subprocess production sterilization conditions
employing heat resistant microorganisms. Equipment valida-
tion, filtration studies and assessment of the bioburden on com-
ponent parts, and in the environment,must also be ascertained.

The developmental and production phase sterilization
technology activities must be included in the documentation
submitted as part of a New Drug Application. The procedures
must follow the FDA guideline requirements for products that
are either terminally sterilized or aseptically processed. These
studies allow the establishment with a high level of steriliza-
tion assurance, the correct sterilization cycle F0 (equivalent
sterilization time related to the temperature of 121�C and a
z-value of 10�C), temperature, and product time above 100�C
to be used for the sterilization of a specific parenteral formula-
tion in a particular container=closure system.

2. INTRODUCTION

This section will address sterilization and associated activ-
ities that occur in the R&D and production areas.

2.1. R&D Area

1. Sterilization engineering.
2. Thermal mapping studies.
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3. Emulsion: microbial moist heat resistance analysis.
4. Closure microbial inactivation studies.
5. Lipid emulsion predicted spore logarithmic reduc-

tion (PSLR) values.
6. Accumulated F(Bio) (biologically derived steriliza-

tion value) for lipid emulsions.
7. R&D emulsion oil phase studies.
8. Maintenance of sterility studies.
9. Bacterial endotoxin.

2.2. Production Environment

1. Engineering penetration and distribution (P&D)
studies.

2. Sterilization cycles.
3. Sterilizer microbial emulsion subprocess validations.
4. Sterilizer microbial closure subprocess validation.
5. Production environment bioburden screening pro-

gram.

Refer to Young’s detailed discussion of sterilization by
moist heat processing (1).

2.3. Regulatory Submission

Checklist for aseptically processed and terminally sterilized
products.

3. R&D AREA

3.1. Sterilization Engineering

Sterilization engineering personnel primarily focus their
efforts on determining whether a new parenteral formulation
packaged in a particular container configuration can be ster-
ilized in a current sterilization cycle or whether a new
cycle must be developed. Sterilization feasibility studies
usually occur preliminarily to ascertain the physical effects
of the cycle on a container and its emulsion. Once the basic
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engineering parameters (temperature, time, F0) are estab-
lished, engineering thermal container mapping studies are
performed (2). F0 is the integrated lethality or equivalent
minutes at 121.1�C for the hottest and coldest thermocouple
containers.

Product attributes that can be affected by a steam steri-
lization cycle include:

� product sterility;
� closure integrity;
� emulsion potency;
� pH, color;
� shelf-life stability (potency of emulsion);
� visible and subvisible particulates.

3.2. Thermal Mapping Studies

An R&D vessel is smaller than a production vessel but can
simulate the sterilization cycles conducted in the larger pro-
duction vessels. Container thermal mapping studies are
performed in an R&D vessel.

� To locate the coldest zone or area inside a container.
� To determine the cold zone in an R&D vessel and the

relationship to the location monitored by the produc-
tion thermocouple.

� The data generated are used during the setting of pro-
duction sterilization control parameters.

When conducting thermal mapping studies, there are
various factors to be considered, and these are dependent
upon the

� type of container (flexible or rigid);
� shaking=static solutions;
� viscosity;
� autoclave trays=design=surface contact;
� autoclave spray patterns=water flow.

Engineering map data obtained for lipid emulsions con-
within a 1000mL glass container are shown in
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The following summarizes typical heatmap data obtained
from a 1000mL glass Abbovac intravenous container filled
with 1035mL of lipid emulsion:

1. Heat input in F0 units.
2. Emulsion heat rates in minutes.
3.
4. 2 the average heat input (F0) at

various locations.

Thermocouple probes (Copper Constantan, type T, 0.005
in diameter) were used to monitor 11 emulsion locations
within the 1000mL container. The thermocouple probes were
positioned at various distances (in inches) as depicted in
Fig. 1. Each container was filled with 1035mL of the lipid
emulsion, evacuated to 20 in of mercury, and sealed with an
aluminum overseal.

A flat perforated rack on a reciprocating shaker cart was
used in the autoclave. The cycle’s target temperature was

Table 1 Heat Input (F0 units)

Run CLHK00.049 Run CLHK01.050

Tc Number bt1 1 bt1 2 bt1 1 bt1 2 Avg (Std Dev)

1, 12 7.91 C7.28 8.13 C7.36 7.67 (0.415)
2, 13(PC) 7.79 7.49 8.02 7.64 7.74 (0.226)
3, 14 C7.46 7.40 C7.71 7.47 C7.51 (0.137)
4, 15 7.64 7.80 7.87 7.96 7.82 (0.135)
5, 16 12.66 12.90 12.95 12.91 12.86 (0.132)
6, 17 12.73 12.46 12.77 12.68 12.66 (0.138)
7, 18 12.78 12.69 12.95 12.91 12.83 (0.120)
8, 19 13.32 13.33 13.42 13.78 13.46 (0.223)
9, 20 14.21 14.33 14.03 14.56 14.28 (0.222)
10, 21 H15.87 H17.24 H15.18 H16.09 H16.10 (0.856)
11, 22 15.47 16.56 14.77 16.07 15.72 (0.773)
H-C 8.41 9.96 7.47 8.73 8.64 (1.028)
PC-C 0.33 0.21 0.31 0.28 0.28 (0.053)

Note: H denotes hottest TC location; C denotes coldest TC location; PC denotes
approximate location of the Production Profile TC; Data from TC#9 used with a post-
calibration variance þ0.25�C at 100�C; All heat input values are calibration
corrected.
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Figure 1 depicts the thermocouple locations
Figure contains



Table 2 Solution Heat Rates (minutes)

Run CLHK00.049 Run CLHK01.050

btl 1 btl 2 btl 1 btl 2 Avg (Std Dev)

Coldest location
Thermocouple no 3 12 3 12 —
Time to 100�C 19.0 19.0 19.0 19.0 19.00 (0.000)
Time� 100�C 21.0 21.0 21.0 21.0 21.00 (0.000)
Time� 120�C 4.0 3.0 4.0 3.0 3.50 (0.577)
Time 120–100�C 4.0 5.0 4.0 5.0 4.50 (0.577)
Max temp (�C) 120.82 120.77 120.92 120.77 120.82 (0.071)
Heat input (F0) 7.46 7.28 7.71 7.36 7.45 (0.187)

Production profile TC location
Thermocouple no 2 13 2 13 —
Time to 100�C 19.0 19.0 19.0 19.0 19.00 (0.000)
Time� 100�C 22.0 21.0 22.0 21.0 21.50 (0.577)
Time� 120�C 4.0 3.0 4.0 3.0 3.50 (0.577)
Time 120–100�C 5.0 5.0 5.0 5.0 5.00 (0.000)
Max temp (�C) 120.91 120.82 120.91 120.92 120.89 (0.047)
Heat input (F0) 7.79 7.49 8.02 7.64 7.74 (0.226)

Note: H denotes hottest TC location; C denotes coldest TC location; PC denotes
approximate location of the Production Profile TC; Data from TC#9 used with a
postcalibration variance þ0.25�C at 100�C; All heat input values are calibration
corrected.

Figure 1 The numbers inside the 1000mL glass emulsion bottle
are the thermocouple locations for duplicate bottles from two sepa-
rate runs. The numbers outside the bottle are distances in inches.
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123�C, recirculating water spray cycle with 70 rpm of axial agi-
tation, 30 psig (pounds per square inch) of air over-pressure
and a minimum requirement of 6.0F0 units in the coldest
location.

When the sterilization cycle was controlled to give a heat
input of approximately 7.5F0 units in the coldest emulsion
area, the average coldest emulsion area was measured by
thermocouple number (TC#) 3,14. The average hottest emul-
sion area was measured by TC# 10,21. The difference
between the hottest and coldest emulsion areas ranged from
7.5 to 10.0F0 units with an average of 8.6F0 units. Therefore,
when the coldest emulsion area registered 7.5F0 units, the
hottest emulsion area would average 16.1F0 units.

The emulsion area approximating the production profile
thermocouple location was measured by TC#2,13 and aver-
aged 7.7F0 units when the coldest emulsion was approxi-
mately 7.5F0

3.3 Emulsion: Moist Heat Resistance Analysis

A BIER vessel is an acronym for a biological indicator (BI)
evaluator resistometer vessel that meets specific performance
requirements for the assessment of BIs as per American
National Standards developed and published by AAMI (Asso-
ciation for the Advancement of Medical Instrumentation) (3).

Figure 2 The numbers inside the 1000mLglass emulsion bottle are
the average heat input (F0) at the various thermocouple locations.
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units. (Refer to Figs. 1 and 2.)



One important requirement for a BIER steam vessel as used
in our studies is the capability of monitoring a square wave
heating profile.

Figure 3 is a schematic of the steam BIER vessel used to
generate the D and z-value data. D-value is the time in min-
utes required for a one log or 90% reduction in microbial
population. The z-value is the number of degrees of tempera-
ture required for a 10-fold change in the D-value.

The family category of lipid emulsions and their respec-
tive D121�C and z-values as well as classification in terms of

of parenteral formulations with associated D121�C and
z-values and their potential impact on microbial resistance
using the BI, Clostridium sporogenes, were previously
reported (4). In addition, the methodologies used for D and
z-value analyses were likewise cited (4). The data in Table 3
indicate that 20% emulsion (List 4336) is at the top of the list,
since it affords the most microbial moist heat resistance. It
is therefore the emulsion that should be microchallenged

Figure 3 This is a schematic of the steam BIER unit used to gen-
erate spore crop (BI) and product D and z-values. Nine 5-mL glass
ampules filled with various emulsion formulations can be tested
at one time in the represented sample chamber.
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microbial resistance are shown in Table 3. A categorization



(inoculated with spores) as part of the emulsion validation
scheme. D and z-value data have been reported for other
BIs such as Bacillus stearothermophilus (5,6) and Bacillus
subtilis 5230 (7). There are many factors that can affect moist
heat resistance including a BI’s age, the sporulation media
used, as well as the particular spore strain employed (8).

3.4. Closure Microbial Inactivation Studies

In lieu of using the large type steam sterilizers in the produc-
tion environment, microbial inactivation at the closure=bottle
interface of an emulsion container can be assessed in a devel-
opmental R&D sterilizer. The closure microbial inactivation
(kinetic) studies can address how the size of the container,
type of closure compound used as well as closure pre-
paratory processes (leaching, washing, siliconing, autoclav-
ing, etc.) influence microbial inactivation. Kinetic studies are
conducted at various time intervals in a given sterilization
cycle. Surviving organisms are ascertained by direct plate

Table 3 IV Lipid Emulsion Ranking

List# Solution D121�c z-Value
Predicted spore
log reduction

4336 20% Emulsion 0.7 10.6 7.1
0720 10% Emulsion

w=increased linolenate 0.7 11.4 7.5
9790 10% Emulsion

w=100% soybean oil 0.6 10.1 8.0
9791 20% Emulsion

w=100% soybean oil 0.7 12.8 8.2
0566 20% Emulsion

w=increased linolenate 0.6 10.6 8.3
9786 10% Emulsion w=50% safflower

& 50% soybean oil 0.6 10.7 8.4
9789 20% Emulsion w=50% safflower

& 50% soybean oil 0.6 12.7 9.5

The columns represent the list number of the product, the emulsion or product name,
its average D121�C value and z-value and finally the PSLR value.
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(DP) count or fraction-negative (F=N) methodologies. Various
BIs can be used and test data have been generated demon-
strating the value of using both a moist heat organism
(C. sporogenes) and a dry heat organism (B. subtilis) BIs
for the sterilization validation of closure systems (9).

3.5. Lipid Emulsion PSLR Values

Lipid emulsion moist heat resistance values (D121�C and
z-values) were generated in the steam BIER vessel using the

represent the list number of the product, the emulsion or pro-
duct name, its average D121�C value and z-value and finally
the PSLR value. Those parenteral formulations with the
lowest PSLR value(s) are those that should bemicrobially vali-
dated at subprocess conditions, since these provide the most
microbial resistance.

3.6. Accumulated F(Bio) for Lipid Emulsions

used to construct the PSLR ranking for lipid emulsions as
previously discussed for Table 3. The F(Bio) is the heat input
for the biological solution based on the emulsion’s moist heat
D and z-values. By inputting the sterilizer temperatures from
the coldest thermocouple of an engineering run for a
particular container=sterilization cycle, the emulsion can be
ranked according to PSLR values. The combined D121�C and
z-value allows comparison of moist heat rankings between
emulsions.

The data in Table 4 demonstrate that L. 4336, a 20%
emulsion, has the lowest PSLR (7.105), thereby affording the
highest moist heat resistance upon inoculation. Generation of
this table allows prediction of which emulsion to microbio-
logically challenge as part of validation in the production
sterilizer.

IV emulsions were inoculated in the oil phase after emul-
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BI C. sporogenes as shown in Table 3. The columns in Table 3

Accumulated F(Bio) by list number and z-values (Table 4) was

sification and filtration (Tables 5 and 6).
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Table 4 Accumulated F(BIO) by List Number and z

Solution
F (PHY) L 4336 L 720 L 9790 L 9791 L 566 L 9786 L 9789 L 4335

Temp (�C) Time (min.) z¼ 10.0 z¼ 10.6 z¼ 11.4 z ¼ 10.1 z¼ 12.8 z ¼ 10.6 z ¼ 10.7 z ¼ 12.7 z ¼ 11.1

105.4 1 0.0269 0.0330 0.0419 0.0278 0.0592 0.0330 0.0340 0.0579 0.0384
110.1 1 0.0793 0.0915 0.1082 0.0813 0.1380 0.0915 0.0935 0.1359 0.1019
114.1 1 0.1991 0.2181 0.2427 0.2023 0.2834 0.2181 0.2212 0.2806 0.2336
116.2 1 0.3228 0.3442 0.3709 0.3265 0.4134 0.3442 0.3476 0.4106 0.3611
118.1 1 0.5000 0.5200 0.5445 0.5035 0.5819 0.5200 0.5232 0.5794 0.5356
119.1 1 0.6295 0.6462 0.6663 0.6324 0.6966 0.6462 0.6489 0.6946 0.6591
119.4 1 0.6745 0.6897 0.7079 0.6772 0.7352 0.6897 0.6921 0.7334 0.7014
119.2 1 0.6442 0.6604 0.6799 0.6470 0.7092 0.6604 0.6630 0.7073 0.6729
118.5 1 0.5483 0.5672 0.5903 0.5515 0.6253 0.5672 0.5703 0.6230 0.5819
117.8 1 0.4667 0.4872 0.5124 0.4702 0.5513 0.4872 0.4905 0.5487 0.5033
116.2 1 0.3228 0.3442 0.3709 0.3265 0.4134 0.3442 0.3476 0.4106 0.3611
114.1 1 0.1991 0.2181 0.2427 0.2023 0.2834 0.2181 0.2212 0.2806 0.2336
110.6 1 0.0889 0.1020 0.1197 0.0911 0.1510 0.1020 0.1042 0.1487 0.1130
105.9 1 0.0301 0.0367 0.0463 0.0312 0.0648 0.0367 0.0379 0.0634 0.0426
101.7 1 0.0115 0.0148 0.0198 0.0120 0.0305 0.0148 0.0153 0.0296 0.0178
Total F 4.7436 4.9734 5.2646 4.7826 5.7366 4.9734 5.0107 5.7044 5.1573
D value 0.70 0.70 0.60 0.70 0.60 0.60 0.60 0.40
PSLR 7.105 7.521 7.971 8.195 8.289 8.351 9.507 12.893

The data demonstrate that L. 4336, 20% emulsion, is the emulsion that has the lowest PSLR (7.105) thereby affording the highest moist
heat resistance upon inoculation.
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3.7. R&D Sterilization Validation of IV Emulsion
Inoculated in the Oil Phase after
Emulsification and Filtration

Since the bacterial population count does not change signifi-
cantly upon multiple processing steps (5 pass vs. 15 pass), it
is not necessary to routinely inoculate the BI in the oil phase
prior to performing a microbial validation.

3.8. Maintenance of Sterility Studies

The maintenance of sterility (MOS) studies are run on all
moist heat terminally sterilized products with closure or
componentry systems in order to demonstrate that the

Table 6 Plate Count Results of the IV Lipid Emulsion Inoculated
with BI, B. stearothermophilus, ATCC 7953, and Spores in the Oil
Phase

5 pass emulsion (lipid Initial count of emulsion 4.3� 104mL
emulsion with emulphor) After pass #5 4.3� 104mL

After 0.8UM filtration <10=mL

15 pass emulsion (lipid Initial count of emulsion 4.4� 104mL
emulsion with emulphor) After pass #15 9.0� 104mL

After 0.8UM filtration 50=mL

Based on the data, one would not have to routinely inoculate the BI in the oil phase
prior to performing an emulsion microbial validation since the bacterial population
count does not change significantly upon multiple emulsion processing steps.

Table 5 Plate Count Results of the IV Lipid Emulsion Inoculated
with the BI, C. sporogenes, ATCC 7955, and Spores in the Oil Phase

5 pass emulsion Initial count of emulsion 5.0� 103mL
After pass #5 6.2� 103mL
After 0.8UM filtration 6.0� 101mL

15 pass emulsion Initial count of emulsion 6.9� 103mL
After pass #15 1.1� 104mL
After 0.8UM filtration <10=mL

Based on the data, one would not have to routinely inoculate the BI in the oil phase
prior to performing an emulsion microbial validation since the bacterial population
count does not change significantly upon multiple emulsion processing steps.
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closure or componentry system is capable of maintaining the
emulsion and fluid path in a sterile condition throughout the
shelf life of the product

In an MOS study, the product container is sterilized at a
temperature which is higher than the upper temperature limit
of the chosen sterilization cycle and for a time that is greater
than the maximum time limit for the cycle or producing an F
subzero level greater than the maximum F subzero level for
the cycle. The rationale for the selection of the maximum tem-
perature and heat input level for the pre-challenge sterilization
is that rubber and plastic closures are subjected to thermal
stresses during sterilization and those stresses are maximized
at the highest temperature and the longest time allowed.

3.9. Endotoxin Studies

Endotoxins are lipopolysaccharides from the outer cell mem-
brane of Gram-negative bacteria. Endotoxins can be detected
by themanual gel-clot method known as the limulus amebocyte
lysate test (LAL). There are also various quantitative methods
(turbidimetric and chromogenic) which use more rapid auto-
mated methodologies. All final product formulations are
required to be tested for endotoxins and the method must be
validated using three different lots of the final product. Emul-
sion formulations, if colored or opaque, cannot be tested by the
turbidimetric method and therefore must use the LAL test.

4. PRODUCTION ENVIRONMENT

4.1. Engineering Penetration and Distribution
Studies

Perform triplicate studies with thermocouples penetrating
the product containers as well as thermocouples distributed
outside the product containers in a production sterilizer at
nominal operating process parameters.

4.2. Sterilization Cycles

There are two types of batch sterilizers that can be used for the
sterilization of lipid emulsions, the shaking cycle and the
rotary cycle. The filled and sealed containers are sterilized
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by exposure to circulated hot water spray or saturated steam
at a specific temperature for a specified F0. Air overpressure
is used during heating, sterilizing, and cooling. The time,
temperature, and pressure requirements are set to pre-
determined values to assure that the product will receive a
thermal input equivalent to an F0 minimum of, e.g., 8.0. Criti-
cal and key process parameters specified are to be controlled,
monitored, and recorded. The target temperature of the circu-
lating sterilizing medium during the peak dwell portion of the
cycle must bemaintained in a specific range, e.g., 121–123. For
the shaking cycle, the product must be agitated lying on its
side providing oscillatory movement along the container cen-
troidal axis. The agitation frequency maintained throughout
the cycle must be, e.g., 70 � 3 rpm. For the rotary cycle, the
product must be agitated throughout the sterilization process.
The containers shall be horizontally positioned in rack(s) in a
fixed manner and the rack(s) rotated at, e.g., 10 � 2 rpm.

4.3. Sterilizer Microbial Emulsion SubProcess
Validation

subprocess conditions in a fully bulked load in a production
sterilizer. The acceptance criteria of 6 spore logarithmic reduc-
tion (SLR) must be achieved for the BI, C. sporogenes and a 3
SLR for the more moist heat resistant BI, B. stearothermophi-
lus. Each emulsion (20 containers) is inoculated with the
appropriate BI at a target level of 1.0� 106 and 1.0� 102 for
C. sporogenes and B. stearothermophilus, respectively. The
20 inoculated containers are distributed throughout the pro-
duction sterilizer for sterilization at subprocess conditions.

4.4. Sterilizer Microbial Closure SubProcess
Validation

conditions in a fully bulked production sterilizer. The BIs used
were C. sporogenes and B. subtilis. Acceptance criteria
of 3 SLRmust be achieved for themoist heat BI (C. sporogenes)
and the dry heat BI (B. subtilis). The R&D sterilization
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Table 7 shows the microbial emulsion validation conducted at

Table 8 shows the microbial closure validation at subprocess
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Table 7 Microbial Fraction Negative (F=N) Analysis Following Exposure in a Moist Heat Cycle with
Agitation, C. sporogenes vs. B. stearothermophilus. Lipid Emulsion Microbial Solution Validation.
Sterilization Validation of IV Lipid Emulsion (Inoculated in Oil Phase) in the 200mL Abbovac Bottle with
Fraction Negative Method

Avg. #
Positive Positive

Organism Code
spores=
bottle

#Positive
controls

#Negative
controls

#Test
samples SLR

C. sporogenes 5C6 4.8� 105 2=2 0=4 0=20 > 7.0
C. sporogenes 15C6 6.4� 105 2=2 0=4 0=20 > 7.1
B. stearo. 5B2 7.6 � 101 2=2 0=4 0=20 > 3.2
B. stearo. 15B2 7.7 � 101 2=2 0=4 0=20 > 3.2

F0 Range: (c) 5.8–-7.6
Agitation: 67–73.
Temperature range: 120–125�C.
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Table 8 Microbial Fraction Negative (F=N) Analysis Following Exposure in a Moist Heat Cycle with
Agitation, C. sporogenes vs. B. stearothermophilus. Lipid Emulsion Lipid Emulsion Microbial Closure
Validation Sterilization Validation of 200mL Abbovac Bottle Inoculated Closure Surface Coated with IV Fat
Emulsion in Cycle with Agitation

Microorganism
Initial population=
stopper

#Positive

#Positive
controls

#Negative
controls

Test
samples SLR

C. sporogenes 8.4� 103 2=2 0=4 0=20 > 5.2
B. subtilis 3.0� 104 2=2 0=4 0=20 > 5.8

F0 range: 6.3–6.4.
Agitation: 67–73 cpm.
Temperature range: 120–125�C.

4
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validation of the inoculated closure system coated with the
IV fat emulsion in a 200mL Abbovac container is shown in

contact with the sidewall of the bottle was inoculated with
the appropriate BI, dried and then a few drops of emulsion
were placed over the inoculum to simulate manufacturing
conditions.

The Halvorson and Ziegler equation is used to calculate
the SLKR value as follows (1):

a. Positive for the indicator microorganism.
b. SLR¼ loga – log b, where a¼ initial population of

spores; b¼ 2.303 log(N=q)¼ in(N=q), where N¼
total number of units tested, q¼number of sterile
units. When N¼ q, assume one (1) positive for the
purpose of calculating an SLR.

c. F0¼ integrated lethality or equivalent minutes at
121.1�C for the hottest and coldest thermocouple
containers.

4.5. Production Environment Bioburden
Screening Program

10min exposure would indicate the bioburden’s resistance as
a D121�C of less than 0.079min (a 0.0079F0=min is accumu-
lated at 100�C). A positive heat shock at 30min exposure sig-
nifies that the surviving organisms should have a more
detailed moist heat analysis conducted (e.g. 121, 118, and
112�C exposures).

5. REGULATORY SUBMISSION

The following checklists pertain to the sterilization portion of
documents required in support of an FDA submission for
aseptically processed and terminally sterilized products (10).

If a parenteral formulation can tolerate heat, then the
moist heat sterilization process is the method of choice when
compared to aseptic processing (11).
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Refer to the flow diagram in Fig. 4. A negative heat shock at

Table 8. The surface of the stopper that comes into direct



The following summarize the documents required to sup-
port a New Drug Application for product formulations that
are aseptically processed or terminally sterilized.

5.1. Aseptic Processing

Microbiological sterilization and depyrogenation:

� Depyrogenation validation of glass=stopper.
� Microbiological sterilization validation of the stop-

per(s) (steam sterilizer).
� Microbiological sterilization validation of representa-

tive items for the family category of setups (filling line
items, e.g., filling line needles, stoppers, etc.) in the
steam sterilizer.

� Microbiological sterilization validation of representa-
tive items for the family category of filters in the
steam sterilizer.

Figure 4 Heat shock is a method used for screening thermally
resistant microorganisms. The application of a known amount of
moist heat (approximately 10 or 30min if required at less than
100�C) allows the isolation of bioburden microorganisms that poten-
tially have moist heat resistance from microorganisms that have no
moist heat resistance.
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Stability of BIs:

� Engineering information:

� Performance qualification for equipment, e.g.,
sterilizers, ovens, etc.

� Thermocouple diagram during PQs.

� Procedures and specifications for media and environ-
mental data.

� Sterility testing methods and release criteria:

� Bacteriostasis, fungistasis.
� Sterility testing.

� Bacterial endotoxin test product validation data.

5.2. Terminal Sterilization

� The sterilization process:

� the operation and control of the production auto-
clave;

� the autoclave process and performance specifica-
tions;

� specification of the sterilization cycle.

� Autoclave loading patterns:

� description=diagram of representative autoclave
loading patterns.

� Thermal qualification of the cycle:

� heat distribution in the production autoclave;
� heat penetration in the production autoclave.

� Depyrogenation validation of container=closure prior
to sterilization.

� Microbiological efficacy of the cycle:

� identification;
� resistance;
� stability of BIs.
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� Information and data concerning the identification,
resistance, and stability of BIs used in the biological
validation of the cycle should be provided. Include
ATCC number, stock, resistance value and test date
in each microbial validation report.

� The resistance of the BI relative to that of the bio-
burden microbiological challenge studies:

� microbial challenge of emulsion in a production
vessel;

� microbial challenge of closure in a production
vessel.

� Demonstrate container integrity following maximum
processing exposure:

� Maintenance of sterility

� BET validation data:

� LAL compatibility worksheet;
� bulk drug and final product inhibition=

enhancement data.

� Sterility testing methods and release criteria:

� bacteriostasis, fungistasis sterility testing.

� Preservative efficacy at time zero, 3 months acceler-
ated stability and time expire.

REFERENCES

1. Young RF. In: Morrissey RF, et al., eds. Sterilization with
Steam Under Pressure, Sterilization Technology. New York:
Van Nostrand Reinhold, 1993:120.

2. Owens JE. In: Morrissey RF, et al., eds. Sterilization of LVP’s
and SVP’s, Sterilization Technology. New York: Van Nostrand
Reinhold, 1993:254.

3. Association for the Advancement of Medical Instrumentation.
Resistometers used for characterizing the performance

412 Berger

© 2005 by Taylor & Francis Group, LLC



of biological and chemical indicators, Vol. 1.2. Arlington,
VA: Association for the Advancement of Medical Instrumenta-
tion, 2003:1.

4. Berger TJ, Nelson PA. The effect of formulation of parenteral
emulsions on microbial growth-measurement of D- and
z-values. PDA J Pharm Sci Tech 1995; 49:32.

5. Feldsine PT, Shechtman AJ, Korczzynski MS. Survivor
kinetics of bacterial spores in various steam-heated parenteral
emulsions. Develop Industr Microbiol 1970; 18.

6. Caputo RA, Odlaug TE, Wilkinson RL, Mascoli CC. J Parent
Drug Assoc 1979; 33:214.

7. Berger TJ, Chavez C, Tew RD, Navasca FT, Ostrow DH.
Biological indicator comparative analysis in various product for-
mulations and closure sites. PDAJPharmSci Tech 2000; 54:101.

8. Pflug IJ, Holcomb RG. In: Block SS. ed. Principles of Thermal
Destruction of Microorganisms Disinfection, Sterilization and
Preservation, 3rd ed. Philadelphia: Lea and Febiger, 1983:759.

9. Berger TJ, May TB, Nelson PA, Rogers GB, Korczynski MS.
The effect of closure processing on the microbial inactivation
of biological indicators at the closure-container interface.
PDA J Pharm Sci Tech 1998; 52:70.

10. FDA guideline for submitting documentation for sterilization
process validation in applications for human and veterinary
drug products. Federal Register, 58, No. 231, Friday, December
3, 1993, Notices, p. 63996.

11. Cooney PH. Aseptic fill vs. terminal sterilization. Presented at
the Pharmaceutical Technology Conference, Cherry Hill, NJ,
September 16–18, 1986.

Case Study: A Lipid Emulsion—Sterilization 413

© 2005 by Taylor & Francis Group, LLC



13

Case Study: Formulation of an
Intravenous Fat Emulsion

BERNIE MIKRUT

Pharmaceutical Research
& Development, Hospira, Inc., Lake Forest,

Illinois, U.S.A.

1. INTRODUCTION

The history of i.v. fat emulsions can be traced as far back as
1873 when Holder infused milk in cholera patients. In the
1920s, Yamakawa (1) in Japan produced a product called
‘‘Janol’’ from caster oil, butter, fish oil, and lecithin which
had many side effects. It was not until 1945 that Stare
et al. (2) produced the first relatively non-toxic emulsion using
purified soy phospholipids. This product was further refined
by Schuberth and Wretlind (3) in 1961, who made 1506 infu-
sions in 422 patients using a soybean oil emulsion made with
purified egg phospholipids with no untoward reactions
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in humans. This led to the product, Intralipid�, which was
approved in Sweden in 1961. Intralipid was approved in the
US in 1975 and Liposyn� was approved in the US in 1979.

2. FORMULATION

i.v. fat emulsions are oil-in-water emulsions of soybean or a
1:1 soybean=safflower oil mixture emulsified using purified
egg phosphatide. Tonicity is adjusted with glycerin and pH
is adjusted with sodium hydroxide. i.v. fat emulsions with
fat contents of 10%, 20%, and 30% are commercially available.

2.1. Oil

The current products available in the US use either a 1:1 com-
bination of safflower oil and soybean oil or soybean oil exclu-
sively. Worldwide, other products are available which contain
medium chain triglyceride (MCT) oil in combination with
soybean oil. Both safflower and soybean oils are listed in
USP 23 and their respective fatty acid profiles are summar-
ized in Table 1.

Safflower and soybean oils are highly unsaturated and
prone to oxidation through initial peroxide formation.
Therefore, they must be maintained under nitrogen gas
protection during storage and handling. Both oils contain
some saturated waxes and sterols which must be removed
by the standard oil industry practice of ‘‘winterization.’’ In
this process, the oils are refrigerated for a length of time dur-
ing which the waxes and sterols crystallize out and settle to
the bottom of the drum. The oils are then quickly cold filtered

Table 1 Fatty Acid Composition

Safflower oil, USP Soybean oil, USP
Palmitic acid 2–10% Palmitic acid 7–14%
Stearic acid 1–10% Stearic acid 1–6%
Oleic acid 7–42% Oleic acid 19–30%
Linoleic acid 72–84% Linoleic acid 44–62%

Linolenic acid 4–11%
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to remove these unwanted components and stored under
nitrogen gas protection prior to their use in emulsion manu-
facture. The oils must be food-grade oils and of high chemical
purity, pyrogen-free and free of herbicides and pesticides. The
FDA requires these oils to be tested to show the absence of
herbicides and pesticides (4).

2.2. Emulsifier

Highly purified egg lecithin is used as the emulsifier in all
commercial i.v. fat emulsions. Historically, soy phosphatides
were used; however, they were rejected due to untoward clin-
ical effects. Pluronic F68 was investigated, but was discarded
because of toxic effects (5,6). The main components of egg
phospholipid are phosphatidylcholine (PC) and phosphatidy-
lethanolamine (PE), along with minor components. Pure PC
and PE make poor emulsions. The minor components of
lecithin are necessary to produce a stable emulsion (7).
The components of a typical egg phospholipid used in the
manufacture of i.v. fat emulsions are presented in Table 2.

2.3. Tonicity Adjuster

The tonicity adjuster of choice is glycerin at a concentration of
2.25% (Intralipid) or 2.5% (Liposyn II=III). Glycerin was used
by Schuberth and Wretlind (3) in their classic work in 1961
and is still used today. Dextrose is not used since it has been
reported to interact with egg phospholipid to produce brown
discoloration upon autoclaving and storage (8,9).

Table 2 Typical Egg Phospholipid Composition

PC 73.0%
Lysophosphatidylcholine (LPC) 5.8%
PE 15.0%
Lysophosphatidylethanolamine (LPE) 2.1%
Phosphatidylinositol (PI) 0.6%
Sphingomylin (SP) 2.5%

(Adapted from Ref. 10.)
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2.4. Others

2.4.1. pH

Small amounts of sodium hydroxide are used to adjust the pH
to approximately 9.5 during manufacture. This pH level has
two effects: it causes the ionization of the acidic phospholipids
present in the egg phospholipid mixture, creating a net nega-
tive charge for droplet repulsion; it also forms some free fatty
acids. These fatty acids form sodium soaps and further stabi-
lize the emulsion by acting as auxiliary emulsifiers. The
ionization characteristics of the individual phospholipids are
summarized in Table 3 (10).

2.4.2. Preservatives

No preservatives are used in i.v. fat emulsions. Small quanti-
ties of vitamin E and BHA=BHT are present since these occur
in the original soybean or safflower oils. i.v. fat emulsions have
been shown to be a good growth medium for microbial growth
(11) and therefore are designed as a single-dose product.

Table 3 Ionization Characteristics of Phospholipids

Phosphatide
Ionic
species

Ionization
characteristics

Phosphatidic
acid (PA)

Primary
phosphate, PO4

2�
Strong acid

(pKa 3.8, 8.6)
PC, LPC Secondary

phosphate-choline,
PO4

�–NMe3
þ

Isoelectric over a
wide range of pH

PE Secondary
phosphate-amine,
PO4

�–NH3
þ

Negative at pH 7
(pKa 4.1, 7.8)

Phosphatidylserine
(PS)

Secondary
phosphate-carboxyl-amine,
PO4

�–COO�–NH3
þ

Negative at pH 7.5
(pKa 4.2, 9.4)

Phosphatidylinositol
(PI)

Secondary
phosphate-sugar,
PO4

�–sugar

Negative above
pH 4 (pKa 4.1)

(From Ref. 10.)
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3. PROCESSING

Several methods of emulsion manufacture can and have been
used, but the equipment of choice for i.v. fat emulsions is
the standard high-pressure homogenizer. The egg phospholi-
pid is first dispersed in a portion of the water for injection
(WFI) or dissolved in the oil. Both of these methods have
been used successfully to manufacture acceptable emulsions.
Abbott currently disperses egg phosphatide in WFI, the gly-
cerin is added and the mixture homogenized to a fine disper-
sion. This dispersion is filtered through a 0.45mm membrane
and more WFI added. Oil is then added with agitation to form
a crude emulsion, which is homogenized further to form the
finished emulsion. pH is adjusted with sodium hydroxide at
several points during the process so that the final emulsion
has a pH of approximately 9.0 prior to autoclaving. Two dif-
ferent methods of homogenization have been used. The
tank-to-tank method homogenizes the emulsion alternately
from one tank to another until the desired globule size is
attained. The other, the recirculation method, uses only one
tank and continuously recirculates the emulsion through
the homogenizer and back to the tank until the desired glo-

from the homogenizer manufacturer correlates the efficiency
of the two methods. The entire process must be oxygen-free
as much as possible. All WFI is degassed and nitrogen gas
purging=flushing is used throughout the process. A typical

emulsion product has a mean globule size very close to the
usual 0.45mm filtration of intravenous fluids, emulsion
stability would be compromised if the final product was fil-
tered through a 0.45mm membrane. All i.v. fluids are filtered
through at least a 0.45 mm filter to reduce particulates. In this
case, it was decided to filter each of the ingredients through a
0.45mm filter prior to homogenization. The oil is also filtered
through a 0.45 mm filter prior to homogenization. The 0.8 mm
filtration is after the final homogenization to reduce the
particulates introduced during the manufacturing procedure.
Any breakdown of the emulsion which may have been caused
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manufacturing scheme is outlined in Fig. 2. Since the final



Figure 1 Comparison of tank-to-tank homogenization vs.
continuous recirculation. (From APV Gaulin bulletin TB-71.)
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Figure 2 Typical manufacturing scheme for i.v. fat emulsions.
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by the filtration at this point is repaired by the final homo-
genization pass. The final 5.0mm filtration is a regimesh stain-
less steel filter just prior to the emulsion going to the filling line.

4. FILLING/PACKAGING

The currently marketed i.v. fat emulsions are available in 50,
100=200, 200, 500 and 1000 mL glass containers which are
evacuated and flushed with nitrogen gas. The use of nitrogen
gas reduces the degradation of the emulsion by oxidation as
well as the formation of toxic by-products. Unpublished work
in Abbott Laboratories to evaluate the packaging of i.v. fat
emulsions in flexible containers using a full aluminum foil over-
wrap has shown that a crack=break or pin hole in the aluminum
foil layer will let in oxygen and result in by-products which have
been shown to be toxic to mice. Both Type I and Type II glass
containers are approved for packaging of i.v. fat emulsions.

5. STABILITY EVALUATION

The main stability-indicating parameters used in the stability
evaluation of i.v. fat emulsions are pH, free fatty acids,
extraneous particulates, visual evaluation, and globule size
distribution.

5.1. pH and Free Fatty Acids

The pH of i.v. fat emulsions before autoclaving is approxi-
mately 9.0. Subsequent to terminal heat sterilization, the
pH drops to approximately 8.5. This drop in pH is normal
and is the result of hydrolysis of the PC and PE to their
respective lyso compounds and the subsequent formation of
free fatty acids. Since the emulsions have no buffering
capacity, the pH drops upon autoclaving and also on aging.
The Abbott pH specifications are 6.0–9.0 over the 24-month
shelf life. i.v. fat emulsions with a pH of less than 5.0 have
significantly decreased zeta potential values and are subject
to coalescence and globule size growth as noted by Davis (10).
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5.2. Particulate

Particulate evaluation of i.v. fat emulsions is determined by
the conductance of a microscopic particle counting method,
wherein the sample is filtered through a 0.8 mm gray, gridded
membrane to isolate solid extraneous particles. The light-
obscuration method is unsuitable because of the composition
of the sample, i.e., liquid micro-droplets of oil in a water-based
vehicle. These droplets are counted as particles by the light-
obscuration sensor and erroneous data are produced. When
the microscopic method is attempted, emulsion droplets pass
through or are absorbed by the filter and are not observed on
the filter membrane. Particulate contamination can be
created by stainless steel wear of the homogenizer or mixer
parts and is observed as fine black particulates. Viton rubber
or teflon wear particles can occur if the homogenizer plunger
packings use these materials. Also, Caþþ or Mgþþ contamina-
tion may result in particles originating from the precipitation
of salts of the free fatty acids which are formed by hydrolysis
during processing, autoclaving, and storage.

5.3. Visual Evaluation

Visual evaluation is very important since no instrumental
globule-sizing technique can detect free oil droplets floating
on the emulsion surface. One technique of visualizing these
droplets is to view the emulsion surface at an angle using
an inspection lamp in a darkened room. The oil droplets show
up as shiny specks on the dull emulsion surface. This techni-
que requires practice in order to see beyond the glass surface
and focus on the emulsion surface.

Creaming of i.v. fat emulsions is normal and the emul-
sion is easily re-dispersed with gentle agitation. Creaming
is observed in the bottle as a whitish layer in the top portion
of the emulsion and a darker, less opaque layer toward the
bottom. This is a result of the low-density oil droplets slowly
rising to the surface as a result of gravitational forces. Upon
inversion of the container, the emulsion should be uniform
in color and opacity.
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5.4. Globule Size

Globule size and distribution are the most important factors
in i.v. fat emulsion stability. Measurement of globule size
and distribution must be evaluated using several instru-
mental techniques since no one technique can measure the
entire size range. In addition to the instrumental techniques
described here, visual evaluation should always be conducted.

5.5. Accelerated Stability Testing

5.5.1. Temperature

i.v. fat emulsions have been shown to be stable for up to 6
months at 40�C. This corresponds to approximately 24
months at 25–30�C. Longer storage at 40�C results in a signif-
icant increase in free fatty acid formation due to phosphlipid
hydrolysis and a concomitant decrease in pH. Abbott
normally tests i.v. fat emulsions at 25, 30, and 40�C.

5.5.2. Freeze–Thaw Cycling

Cycles that comprise slow freezing at –20�C, followed by undis-
turbed thawing at room temperature can be used to evaluate
i.v. fat emulsion stability. Unpublished data at Abbott have
shown that one cannot correlate this to shelf life at room
temperature, but it can be useful for rank-order stability
evaluation of various emulsion formulations.

5.5.3. Stress Shake

Horizontal shaking at approximately 200 cycles per minute
can also cause emulsion breakdown and is useful for rank-
order stability evaluation of various emulsion formulations.
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Case Study: DOXIL, the
Development of Pegylated

Liposomal Doxorubicin

FRANK J. MARTIN

ALZA Corporation, Mountain View,
California, U.S.A.

1. INTRODUCTION

Over the past 30 years, liposomes have been proposed as a
vehicle for improving the delivery (and thereby the therapeu-
tic utility) of dozens of drugs. The cytotoxic anthracycline
antibiotics doxorubicin and daunorubicin and the polyene
antibiotics amphotericin B and nystatin are perhaps the most
often cited examples. The vast majority of these publications
originated from academic laboratories and thus do not gener-
ally address the pharmaceutical attributes required for the
regulatory approval of a commercially viable product.
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Development of a liposomal product in most respects para-
llels that of any other ethical pharmaceutical product. Amedical
need must be identified and the product must be shown in well-
controlled clinical trials to meet that need and to do so safely.
Moreover, itmust have at least comparable activity to other drug
products approved for the same clinical indication. Implicit in
the ability to conduct clinical trials is the availability of the drug
product in sufficient quantity to supply clinical investigators. It
must also be of proper quality to meet regulatory requirements.
A commercially successful product must also be cost-effective,
reproducibly made in large scale and stable enough to be sup-
plied through the normal channels of distribution.

Four liposomal products meet these requirements and
are approved in the US and=or Europe, DOXILTM (pegylated
liposomal doxorubicin, also known as CaelyxTM in Europe),
DaunoXomeTM (liposomal daunorubicin), AmbisomeTM (lipo-
somal amphotericin B), and MyocetTM (liposomal doxorubicin).
The case study reported here examines the formulation design,
clinical evaluation, and regulatory strategy used in the deve-
lopment and registration of DOXIL. The case study following

design, clinical evaluation, and regulatory strategy used in
the development and registration of AmBisome.

2. BACKGROUND

Early liposome formulations of doxorubicin were shown to sig-
nificantly reduce cardiotoxicity and acute lethality in animals
but on a dose-equivalent basis, were no more active than the
unencapsulated drug (1). Why was there no improvement of
anti-tumor activity? In retrospect, two related biological
responses provoked by the injection of liposomes appear to
be to blame. Firstly, liposomes released a proportion (up to
50%) of their encapsulated doxorubicin as a consequence of
opsonization by components of blood (lipoproteins, albumin,
complement components, formed elements) (2). Obviously,
drug that is lost in this way is not available to be delivered
to a tumor in encapsulated form. Secondly, the liposomes that
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survive destabilization in blood are rapidly removed from
circulation by fixed macrophages in the liver and spleen
(the mononuclear phagocyte system or MPS; also known by
an older designation as the reticuloendothelial system or
RES) (3). Once internalized by macrophages, the liposome
matrix is digested by lysosomal lipases and the drug is
released intracellularly. This combination of leakage and
MPS uptake virtually eliminates any opportunity for ‘‘true’’
targeting, as drug loaded liposomes never reach the tumor.

3. DEFINE PROBLEM

3.1. Improve Anti-tumor Activity of Doxorubicin
by ‘‘Passive’’ Liposome Targeting

To successfully deliver an encapsulated drug to tumors, the
liposome carrier must retain the drug while in blood, the med-
ium through which the liposomes must pass to reach the tar-
get. Moreover, the liposomes must recirculate for the period of
time needed to access the tumor and possess the physical
characteristics that allow them to actually enter the tumor.

The liposome literature of the late 1970s and early 1980s is
replete with reports from the laboratories of liposome scientists
who attempted to engineer liposomes to circulate longer in blood
and remain intact while doing so. Bona fide structure=function
relationships emerged from this work (4). For example, small
(<50nm) liposomes composed of high phase transition lipids
and cholesterol were found to resist degradation in blood and
to circulate at least for a few hours in rodents (5). These results
were later reproduced in human cancer patients (6). In the mid-
1980s surface modification of liposomes was explored as a strat-
egy to improve recirculation times further. The rationale driving
this approach was to create a liposome that behaved like a tiny-
formed element in blood (i.e., an erythrocyte or platelet). Indeed,
circulation times were significantly improved when specific gly-
colipids such as a brain-derived ganglioside (GM1) or a plant
phospholipid (hydrogenated phosphatidyl inositol) were
included in the formulation (7,8). Moreover, prolonged circula-
tion times were highly correlated with improved distribution
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of liposomes to implanted tumors in mice (Fig. 1) (9). This find-
ing confirmed the belief that reducing the rate of MPS uptake
(increasing circulation time) would allow i.v. injected liposomes
to access systemic tumors.

Following these hopeful developmentswith carbohydrate-
coated liposomes, other surface modification approaches were
pursued. Themost promising resultswere achieved by grafting
polymer groups to the liposome surface (10). Circulation half-
lives in excess of 12hr in rats were found with polyethylene

of the pharmacokinetics in cancer patients among various
liposome formulation is shown in Fig. 2 (6,12,13).

3.2. Provide Required Pharmaceutical Attributes

Adequate shelf-life stability, a scalable, reproducible produc-
tion method and validation of sterility assurance methodology
are required for any injectable pharmaceutical product.

With respect to stability, liposome products represent a
special case. The safety and efficacy of the system is critically

Figure 1 Correlation between liposome circulation time and
tumor uptake.
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related to the encapsulated form of the drug. Indeed, toxicol-
ogy studies required to qualify the product for clinical testing
are performed on the encapsulated drug. Therefore, for the
claimed shelf-life of a particular product, the drug must
remain encapsulated (at least within predetermined limits).
Any leakage during storage could, and very likely would,
change the safety and efficacy profiles of the product, which
is unacceptable from a regulatory perspective.

The reproducibility of production is also critical. Simple
chemical entities must meet strict purity and potency stan-
dards and all excipients must be of suitable quality. Physical
characteristics of liposomes profoundly influence their phar-
macology. So, in addition to chemical standards related to the
active ingredient and excipients (including lipids), liposome
products must reproducibly conform to equally strict physical
specifications. These include percent encapsulation (i.e.,
amount of ‘‘free’’ or unencapsulated drug in the product—
which regulators may rightly regard as a contaminant),
amount of drug carried in each liposome (drug ‘‘loading,’’
usually expressed asmass or moles of drug per unit lipid), size,
and the rate of release of the drug.

Figure 2 Human plasma pharmacokinetics of liposomes.
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Sterility assurance is another requirement that presents
interesting challenges to the developers of injectable liposome
products. In general, terminal sterilization with heat or ioniz-
ing radiation is not possible in the case of liposome encapsu-
lated drugs due to the sensitivity of the drug and=or the
lipids to degradation under these conditions. Aseptic proces-
sing is possible but validation is costly and burdensome.
Terminal filter sterilization using reliable, industry-validated
filtration systems is the method of choice.

3.3. Craft Regulatory Approval Strategy

Any improvement of the anti-tumor activity of a drug pro-
vided by liposome encapsulation could be offset by an increase
in any one of the side effects which limit the dose patients are
able to tolerate. Well-designed and executed preclinical toxi-
cology=pharmacology studies are absolutely necessary to
provide reassurance that the therapeutic index of the encap-
sulated drug is demonstrably superior to that of the unencap-
sulated drug. Without such information, it would be foolhardy
to embark on an expensive product development program.

Clinical development is generally the most expensive and
time consuming element of the product development cycle. In
the case of cytotoxic cancer drugs, registration is usually
based on results obtained from the typical sequence of clinical
trials. During Phase I, the safety profile and preferred dose
and dosing schedule for the agent are established. Phase II
trials fine tune the dose and confirm clinical activity in well-
defined patient populations. The primary source of data
required for approval is usually derived from ‘‘well-controlled’’
Phase III trials which are designed to demonstrate both
safety and efficacy, usually relative to some established
therapy.

For regular marketing approval of oncology drugs
substantial evidence of efficacy from ‘‘adequate and well-
controlled’’ trials is necessary. Pivotal registration trials must
have a valid control (i.e., a population to which the results of
the product under testing can be compared) and provide an
objective, quantitative measurement of the drug’s effect.
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Endpoints typically are disease-free survival, overall survival
or a surrogate for one of these. Optimally, from the perspec-
tive of the regulatory authorities, the comparison would be
to standard therapy in a blinded study (i.e., patients are pro-
spectively randomized to the new product or the comparator
without either the patient nor the caregiver knowing which
one is actually administered). In some instances, standard
therapy for a specific type of cancer is not officially approved,
but support for the therapy as a standard of care has been
established in the peer-reviewed literature.

At times, there are no proven therapeutic options that
would be suitable to be used as a control arm of a comparative
study. In non-life-threatening diseases, placebo controls are
often used. In the case of cancer, placebos are understandably
not acceptable to study participants and their physicians. In
this case less optimal controls can be relied upon. Two differ-
ent doses of the product could be compared with the prospect
that one may provide greater benefit than the other. Histori-
cally controlled trails rely upon a comparison of the benefit of
the new drug in a specific tumor type to a series of retrospec-
tively collected cases of the same cancer type treated with
standard therapy. Although historical controls are appropri-
ate at times, regulators generally regard them as a poor
substitute for prospectively randomized trials. For example,
the standard of care may have changed between the time
the control patients were treated at the time the new drug
was tested and there is no way of telling whether this influ-
enced the outcome of the comparison. Nevertheless, several
cancer drugs including paclitaxel have been approved on the
basis of historically controlled trials (14).

Clearly the tumor type and patient population for clinical
trails will be selected based on the sensitivity of the tumor to
the encapsulated drug, patients’ tolerance of the product, and
the therapeutic benefit provided by the product. If a mean-
ingful clinical benefit can be established in a population of
patients afflicted with a life-threatening tumor and who have
exhausted all other treatment options, accelerated review by
regulatory authorities and more rapid that normal approval
may be an option.
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New Drug Application (NDA) regulations in the United
States were modified in 1992 to include a provision (CFR Title
21, Part 314, Subpart H) which allows for accelerated approval
of drugs intended to treat life-threatening diseases in situa-
tions when the drug appears to provide benefit over available
therapy, but does not meet the standards required of regular
approval. With respect to cancer therapy, the example that is
often cited is accelerated approval based on a surrogate end-
point (e.g. partial response rate or time to tumor progression)
which is likely to predict clinical benefit (e.g. complete response
rate, survival) but not yet established to the degree that would
be required to support regular approval. As a condition,
approvals based on Subpart H require the sponsor to conduct
post-marketing trials to validate that the surrogate marker
used actually does predict objective clinical benefit.

Accelerated marketing approval is an attractive option,
for both small and large pharmaceutical companies. But there
are many attendant risks. In the first place, if no proven
treatment options exist in the selected clinical indication,
there may not be an opportunity to compare the new liposo-
mal drug product with an existing therapy. That is, rando-
mized, comparative clinical trails, which represent the ‘‘gold
standard’’ for pivotal registration trials, are not possible
because there is no proper comparator. In this case, so-called
‘‘open-label’’ non-comparative trials must be relied upon for
approval. In a real sense the comparator in this case is a his-
torical understanding of the typical course of the disease pro-
cess. For example, patients with advanced non-small cell lung
cancer who have failed all standard chemotherapy do not
typically improve spontaneously, but rather their disease
progresses with a median survival time of only a few months.
In such a population, if intervention with a liposomal anti-
cancer drug (or any other drug for that matter) provides
objective responses or demonstrable benefit to a reasonable
number of patients, regulatory approval could be sought with-
out the benefit of comparative data. Following this acceler-
ated strategy, the burden of proving without question that
the patients are truly refractory to existing therapy and that
the benefit is meaningful to the patients falls squarely on the
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drug sponsor. But, if the liposomal drug product performs
well, the design and execution of a clinical trials program
aimed at accelerated approval is a real possibility.

Another potential shortcoming for an accelerated appro-
val approach is that the approved use (label claim) will be
limited to a small number of patients that fall into the
chemo-refractory or salvage therapy categories. In this case,
post-marketing studies are typically conducted to expand the
label claims, and thus the market potential, for the product.

4. SOLUTIONS TO PROBLEM: DOXIL
(PEGYLATED LIPOSOMAL DOXORUBICIN)

4.1. Liposome Design and Scientific Rationale

4.1.1. Conventional Liposomes

The active drug substance encapsulated in DOXIL liposomes
is doxorubicin hydrochloride, a cytotoxic anthracycline anti-
biotic isolated from cultures of Streptomyces peucetius var.
caesius. Doxorubicin interacts strongly with nucleic acids,
presumably by specific intercalation of the planar anthracy-
cline nucleus with the DNA double helix, and inhibits DNA
and RNA metabolism in vitro and in vivo. Cell culture studies
have demonstrated that the drug exerts its cytotoxic action on
rapidly proliferating tumor cells (IC50 values are gene-
rally<1 mg=mL) with rapid cell penetration, perinuclear chro-
matin binding, and rapid inhibition of mitotic activity and
nucleic acid biosynthesis.

Doxorubicin HCl (which is often referred to by its trade
name Adriamycin�) is an approved anti-neoplastic agent
and has been in clinical use for over 20 years. Human tumors
shown to be responsive to doxorubicin HCl include acute leu-
kemia, resistant Hodgkin’s and non-Hodgkin’s lymphomas,
sarcoma, neuroblastoma, ovarian and endometrial carcinoma,
breast carcinoma, bronchogenic carcinoma, lung cancer and
thyroid and bladder carcinoma (15). AIDS-Related Kaposi’s
sarcoma (KS) is somewhat responsive to Adriamycin as a sin-
gle agent and in combination regimens (16). Dose-dependent
toxicities, including stomatitis=mucositis, nausea=vomiting,
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bone marrow suppression, and cardiomyopathy, limit the
amount of Adriamycin patients are able to tolerate.

Tumors, including the cutaneous and visceral lesions
characteristic of KS, depend on blood vessels for exchange
of gases, nutrients, and metabolic waste products. Neo-
vascularization is necessary to support tumors larger than a
few millimeters in diameter. The permeability of vessels in
tumors is significantly higher than those residing in normal
tissues (17). Vessels supplying KS lesions are particularly
permeable as evidenced by edema and extensive extravasa-
tion of formed blood elements (perivascular streams of extra-
vasated red blood cells are typically seen in KS lesions) (18).
This increased vascular permeability has been attributed
to several factors: the existence of fenestrated and disconti-
nuous capillaries, the existence of blood channels without
an endothelial lining (19) increased occurrence of trans-
endothelial channels and higher trans-endothelial pinocytotic
transport (20).

Conventional liposomal formulations of doxorubicin have
been proposed as a means to reduce doxorubicin HCl-related
toxicities and thereby improve the drug’s therapeutic index.
The scientific rationale for the use of liposomal formulations
of doxorubicin HCl is discussed below, first for conventional
liposomes and then for Stealth liposomes.

Conventional liposomes used for drug delivery purposes
are generally small in size (<300nm) and composed of natu-
rally occurring or synthetic phospholipids, with or without
cholesterol. The exposed outer surfaces of such liposomes
are susceptible to attack and destabilization by components
present in biological fluids. Following intravenous injection,
a liposome of this type is rapidly recognized as a foreign body
and cleared from the circulation in a dose-dependent fashion
by elements of the immune system: primarily by specialized
phagocytic cells residing in the liver and spleen, the MPS. It
is believed that binding of plasma proteins (lipoproteins,
immunoglobulins, complement) to the liposome surface
triggers such macrophage uptake.

Internalization of liposome-encapsulated anti-tumor
agents by MPS cells has the potential to diminish exposure
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of other body tissues to the irritating effects of such drugs.
Liposomal encapsulation of doxorubicin has been proposed
as a means of reducing the side effects of this highly active
anti-tumor agent. By taking advantage of MPS clearance of
encapsulated drug, exposure of other healthy tissues to high
plasma concentrations of doxorubicin is reduced. Doxorubi-
cin-related nausea=vomiting and cardiomyopathy are related
to the drug’s peak levels in plasma. By using liposome encap-
sulation to sequester the majority of an injected dose in the
MPS, in theory, plasma levels of free drug are attenuated
and safety improved. The drug is eventually released from
MPS organs and distributes to peripheral tissues in the free
form. In this case, the pharmacokinetic pattern is intended
to mimic that seen following administration of doxorubicin
as a divided-dose or prolonged infusion, regimens known to
reduce drug-related side effects (21–25). Indeed, it has been
shown that administration of liposome-encapsulated doxoru-
bicin reduces the drug’s acute and chronic toxicities in precli-
nical animal models (26). Moreover, results from animal
models indicate that doxorubicin delivered in this fashion
retains its activity against non-hepatic tumors (27). The phar-
macokinetics and safety of various clinical formulations of
conventional liposomal doxorubicin have been reported in
the scientific literature (13,28–30). Clinical pharmacokinetic
measurements confirm that conventional liposome formula-
tions are cleared rapidly from plasma. These data also sug-
gest that a considerable amount of encapsulated doxorubicin
HCl is released into the plasma prior to MPS uptake (2,31).

4.1.2. Long Circulating Liposomes

Design Features

Recognizing that rapid liposome clearance, coupled with
release of encapsulated drug, severely limits the potential of
liposomes to transport encapsulated drugs to systemic
tumors, strategies have been sought to stabilize liposomes
in plasma and prolong their circulation following administra-
tion. Similarly, efforts have been made to optimize liposome
size (32–35).
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DOXIL (pegylated liposomal doxorubicin) is a long-
circulating ‘‘Stealth�’’ liposomal formulation of doxorubicin
HCl. This new type of liposome contains surface-grafted
segments of the hydrophilic polymer methoxypolyethylene
glycol (MPEG). These linear MPEG groups extend from the
liposome surface creating a protective coating that reduces
interactions between the lipid bilayer membrane and plasma
components. A schematic representative of a Stealth liposome,
not drawn to scale, is presented in Fig. 3.

The critical design features of the Stealth liposome
include:

� Polyethylene glycol (‘‘Stealth’’ polymer) coating: redu-
ces MPS uptake and provides long plasma residence
times.

� Average diameter of approximately 100nm: balances
drug carrying capacity and circulation time, and
allows extravasation through endothelial defects=
gaps in tumors.

� Low permeability lipid matrix and internal aqueous
buffer system: provide high drug loading and stable
encapsulation, i.e., drug retention during residence in
plasma.

Figure 3 Diagram of PEG-stabilized Stealth liposome.
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The ‘‘steric stabilization’’ effect provided by MPEG is
believed to be responsible for the remarkable stability of
DOXIL in plasma (36). The MPEG coating also inhibits the
interaction (close approach) of liposomes with macrophage
cells, thus reducing hepatic uptake and prolonging liposome
residence time in the circulation (37). Comparative pharmaco-
kinetic measurements in rodents and dogs indicate that dox-
orubicin HCl has a prolonged plasma residence time when
administered as DOXIL relative to Adriamycin (15–30hr,
compared to a distribution half-life of 10min for Adriamycin)
(11). The long residence time of DOXIL was confirmed in stu-
dies conducted in cancer patients and AIDS patients with KS
(13,38,39). In these studies, DOXIL remained in circulation
with a distribution half-life of 40–50hr while the distribution
half-life of doxorubicin HCl is reported to be less than 10min.

Stability

The internal buffer system used to load and retain doxor-
ubicin into DOXIL liposomes is critical to achieve optimal tar-
geting of the drug to tumors. Any drug release while in the
circulation (i.e., in route to the tumor) would detract from
the total amount delivered to the tumor in encapsulated from.

Weak bases like doxorubicin can be loaded into preformed
liposomes under the influence of an ammonium ion gradient.

orubicin into DOXIL liposomes (40). Liposomes are formed
and sized by extrusion in the presence of 250mM ammonium
sulfate (41). The external ammonium sulfate is subsequently
replaced with a non-electrolyte solution of sucrose by cross-
flow filtration. A solution of the hydrochloride salt of doxorubi-
cin is then added to the external phase. An equilibrium
between the protonated and deprotonated form of the primary
amine group of doxorubicin is established. Although at neutral
pH the protonated from of the drug is highly favored, a small
proportion is in the deprotonated or neutral form. Owing to its
greater hydrophobicity relative to the protonated form, this
neutral form of doxorubicin is free to move rapidly through
the bilayer membranes of the liposomes. Once a molecule of
doxorubicin enters the liposome and complexes with sulfate
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This approach which is illustrated in Fig. 4 is used to load dox-



ions, an insoluble sulfate salt forms and precipitates as a gel-
like structure. For every mole of doxorubicin that enters the
liposome, a mole of ammonia is released. This process
continues until virtually all of the doxorubicin is loaded as a
gel-like precipitate within the liposomes (42). This method
provides remarkable stability against leakage of the drug.
Indeed, DOXIL is stable at refrigerator temperatures as an
aqueous suspension for over 2years. Remarkably, the stability-
determining factor is not drug leakage, but drug potency (see

Extravasation in Tumors

Light and electron microscopic examination of C-26 colon
carcinoma and KS-like lesions show high concentrations of
liposomes in interstitial areas surrounding capillaries in mice
treated with Stealth liposomes containing colloidal gold parti-
cles as a liposome marker (43,44). These findings suggest that
such Stealth liposomes circulate for a sufficient period of time
and are small enough to extravasate through the capillaries
supplying tumors.

Following treatment of tumor-bearing mice with DOXIL,
doxorubicin concentrations achieved in tumors are higher

Figure 4 Ammonium sulfate-loading of doxorubicin.
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(Fig. 5) and anti-tumor activity is greater compared to ani-
mals receiving comparable doses of unencapsulated drug
(45–50). These findings suggest that DOXIL, by virtue of its
plasma stability and slow clearance, might have a higher ther-
apeutic ratio than earlier liposome formulations of doxorubicin.

Table 1 Stability of DOXlL Batch 4-DOX-03

Month
DOX potency
(mg DOX=mL)

Encapsulation
(%)

Particle size
(nm)

LPC
(mg LPC=mL)

0 2.05 97.7 83 < 0.12
1 2.04 97.4 87 < 0.12
2 2.07 97.8 83 < 0.12
3 2.01 98.2 82 0.14
6 1.99 97.9 83 < 0.12
9 1.99 97.1 83 0.13
12 1.97 98.5 84 < 0.12
18 2.02 98.7 83 0.33
24 1.94 89.7 83 0.32
36 1.93 98.4 83 0.44

Figure 5 Uptake of doxorubicin in murine tumors after DOXIL
and Adriamycin.
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As in the animal models, there is evidence from clinical
studies that DOXIL selectively distributes to tumor relative
to normal tissue. This was first shown in biopsies of KS
lesions and adjacent normal skin (51). Forty-eight hours after
an injection of DOXIL, the average doxorubicin concentration
in tumors was 19 times (range 3–53) that in skin. In another
set of experiments, doxorubicin levels in KS lesions were
measured after treatment with either DOXIL or doxorubicin
(52–63). Clinical experience suggests DOXIL is active against
advanced AIDS-related KS (55–63).

At 72hr, concentrations of doxorubicin in the KS lesions
were 5–11 times greater following DOXIL administration
than after dosing with conventional doxorubicin. In two
patients with metastatic breast cancer, doxorubicin levels
were measured in bone fragments and in tumor-free adjacent
muscle during surgical repair of a pathological fracture 6 and
12 days after a dose of DOXIL (64). Doxorubicin levels in

bicin fluorescence and specific nuclear staining showed good
co-localization. This suggests that the observed differences
in doxorubicin levels between tumorous and normal tissue
are a result, at least in part, of differences in intracellular
drug levels. Thus, while DOXIL appeared to be distributed
to normal tissues, there is evidence that it selectively con-
centrates in tumors and that the encapsulated drug may
offer some protection to normal tissues by lessening overall
exposure.

Selective distribution of Stealth liposomes was also
demonstrated with radiolabeled pegylated liposomes of the
same size and composition of DOXIL in patients with several
common malignancies, including breast cancer, squamous cell
cancer of the head and neck, lung cancer, cancer of the cervix,
and high grade glioma (65). In these studies, tumor uptake of
the radiolabeled liposomes exceeded uptake in any of the nor-
mal tissues with the exception of RES tissues. Accumulation
of radiolabeled DOXIL was studied in patients with locally
advanced sarcomas undergoing radiotherapy, with significant
accumulation of the drug observed in each of the seven patients
studied (66). Similarly, relative to surrounding normal tissues,
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bone were 10-fold those seen in the muscle (Table 7). Doxoru-



biopsy-proven higher intratumoral concentrations of doxorubi-
cin were reported following administration of DOXIL to 10
patients with breast cancer, one patient each with ovarian can-
cer and hepatoma, and 3 patients with liver metastases (67). In
addition, preferential tumor accumulation of radiolabeled
pegylated liposomal doxorubicin was demonstrated by planar
and SPECT scintography following treatment of 15 patients
with brain metastases or glioblastoma (68).

In addition to increasing doxorubicin localization in
tumor tissues, the encapsulation of doxorubicin in Stealth
liposomes could also result in a reduction of some of the
adverse reactions associated with doxorubicin HCl adminis-
tration. For example, the cardiotoxicity caused by high cumu-
lative doses of doxorubicin is believed to be related to the high
peak plasma concentration of doxorubicin HCl after its
administration using the standard 3-week schedule. It is well
established in the literature that the incidence of cardiomyo-
pathy is significantly reduced when the drug is administered
using a 1-week or a prolonged infusion schedule (21–25). The
encapsulation of doxorubicin HCl will effectively reduce the
peak drug concentration in plasma, therefore mimicking the
prolonged infusion regimen.

4.2. Large Scale Production and Stability

4.2.1. Production

A flow diagram illustrating the key step of the DOXIL produc-

lipids (cholesterol, soy bean derived phosphatidylcholine, and
MPEG-phosphatidylethanolamine) is introduced into a warm
solution of 250mM ammonium sulfate. During this process,
a crude suspension of multilamellar liposomes spontaneously
forms as the lipid solvent power of the ethanol is lost by dilu-
tion with the aqueous phase. The suspension is then passed
under pressure through a series of capillary pore filters
of defined pore size, ultimately yielding a mean liposome
diameter of 100nm (69). Residual ethanol and the external
ammonium sulfate are removed by a diafiltration process
during which the external phase is replaced with isotonic
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tion process is presented in Fig. 6. An ethanolic solution of



sucrose. A solution of doxorubicin hydrochloride is added and
loading of the liposomes is driven by the process described in
greater detail in There is no need for a free drug
removal step since >95% of the doxorubicin is loaded by the

Figure 6 Flow diagram of DOXIL production process.
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method. The drug potency is measured and the bulk suspension
diluted until the label-strength concentration (2mg=mL) is
achieved. The suspension is then passed through a sterile-grade
filter into a holding tank in a class-100 clean room. Filling of
vials makes use of a standard fill line.

Commercial batches of DOXIL are at the 400L scale,
yielding about 32,000 20-mg vials. As is the case with most
pharmaceuticals, scale-up of the production process began
at a bench-top volume and moved to the commercial scale in
discrete stages. Formulation development work relied on
10–50mL batches. At these volumes, small glass equipment
is used under the type of laminar flow hood found typically
in a cell culture laboratory. At the time toxicology and Phase
I clinical supplies are needed, the scale is increased to 10L
and stainless steel tanks replace glass vessels and the process
is moved into a clean room. Down-sizing of the liposomes
continues to be done using flat stock polycarbonate mem-
branes housed in a high pressure cell. The next step up, to
100L, comes as larger Phase III clinical trials become immi-
nent. At the 100L scale, the process was validated using
conventional pharmaceutical processing tanks, pumps, filters,
sterilization and filling equipment. At this stage, sizing by
extrusion was done using polycarbonate membranes housed
in cartridges. In this way, it was possible to connect a parallel
series of such cartridges to accommodate the increased volume.

4.2.2. Stability

Physical and chemical stability are critically important for reg-
ulatory and commercial reasons. DOXIL is currently labeled
with an 18month shelf-life, based on real-time stability stu-
dies. It is likely that this time can be extended as more
real-time stability data are generated. Several of the design
features of DOXIL are responsible for this robust stability pro-

By virtue of the PEG coating, the colloidal stability of
DOXIL is remarkable. No size growth or precipitation is
seen during storage at 2–8�C for at least 2 years. Similarly,
the ammonium sulfate loading method provides for stable
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drug retention for long periods. In fact, no measurable drug
leakage occurs over the shelf-life of DOXIL. The stability-
limiting process during storage of DOXIL is a slow but
steady decline of drug potency. Lysophosphatidylcholine
appears over time, but after 36 months of storage, it remains
well below 1.0mg=mL, the level at which the product would
fall out of regulatory specifications.

4.3. Clinical and Regulatory Strategy

The DOXIL overall registration strategy is illustrated in

patients with refractory AIDS-related KS. In the principal clin-
ical trial supporting this indication, patients were considered
‘‘refractory’’ by an independent panel of three physicians expert
in the treatment of KS if they met both of the following criteria:

1. Prior treatment with at least two systemic chemo-
therapy drugs for treatment of AIDS-related KS for
at least two cycles of therapy. (One, but not both, of
the drugs could have been a vinca alkaloid; alpha-
interferon was not considered a systemic chemother-
apeutic drug.)

2. Had progressive disease or could not tolerate contin-
ued standard therapy due to drug toxicities.

Given the seriousness of the indication, the original NDA
for DOXIL was based on the interim efficacy results from
two studies: Study 30-12, the principal study supporting
efficacy in treatment-refractory patients, and Study 30-03, a
supportive study. An overview of DOXIL clinical trials con-

During the course of development, the DOXIL formula-
tion evolved. The initial formulation, DOXIL 1,was unbuffered
and stored frozen. Subsequently, a liquid formulation was
developed. The early liquid formulation, designated DOXIL
2, had limited use in the clinic. The final liquid formulation,
DOXIL 3, differs from DOXIL 2 solely in the buffer used. The
final formulation was used in the primary AIDS-related KS
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Fig. 7. The first indication sought for DOXIL was treatment of

tained in the NDA is presented in Table 2.



clinical study, Study 30-12, in part of the supportive clinical
study, Study 30-03, and in a pharmacokinetic study, Study
30-14. DOXIL 3 (hereafter referred to asDOXIL) has been used
in a complete non-clinical pharmacology and toxicology

Figure 7 Flow diagram of DOXIL regulatory strategy.
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program and was the formulation proposed for commercial
marketing. A summary of the DOXIL formulations used in

4.3.1. Clinical Pharmacology

Three clinical pharmacology=pharmacokinetic studies were
conducted for the DOXIL NDA. One study, Study 30-14,
was an evaluation of the pharmacokinetics and KS tumor
levels of DOXIL, the proposed commercial formulation. The
previous frozen formulation, DOXIL 1, has been studied in
two earlier clinical pharmacology trials, Study 30-02 and
Study 30-05. Comparisons to conventional doxorubicin HCl
(Adriamycin) were included in Study 30-05 and Study 30-02.

The pharmacokinetics of DOXIL are characterized by a
biexponential plasma concentration–time curve, with a short
first phase and a prolonged second phase that accounts for the
majority of the AUC. Plasma concentration and AUC are dose-
dependent, given as 10 or 20 mg=m2, but disposition kinetics
are independent of dose. Volume of distribution is relatively
small, just several-fold the plasma volume and clearance is low.

Several lines of evidence support the conclusion that the
majority of the doxorubicin remains encapsulated within the
liposome after i.v. administration of DOXIL. In a pharmacoki-

Table 2 Overview of DOXIL Clinical Studies Contained in DOXIL
NDA

Study number Location Formulation(s)

Clinical pharmacology studies
30-02 Israel DOXIL 1
30-05 US DOXIL 1

DOXIL 3
30-14 US DOXIL 3
Phase 2=3 efficacy studies—AIDS-related KS
30-03 Australia=Europe DOXIL 1

DOXIL 2
DOXIL 2

30-12 US=Europe DOXIL 3
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netic study reported by Gabizon et al. (13), the fraction of the
liposome-encapsulated and total drug in circulation after
DOXIL treatment was actually measured. Essentially all
the doxorubicin measured in plasma was liposome-associated

cokinetic studies in rats, i.e., at least 90–95% of the doxorubicin
measured in plasma, and possibly more, is liposome-encapsu-
lated (11). Moreover, low blood levels of doxorubicinol suggest
that 99% of the drug remains liposome-encapsulated after
DOXIL treatment.

In Study 30-14, the doxorubicin concentration of KS
lesions ranged from approximately 3- to 16-fold higher than
doxorubicin levels in normal skin biopsies collected from the
same patients at the same time points. In Study 30–05, doxor-
ubicin levels in KS lesions 72hr after treatment with DOXIL
1 were found to range from 5- to 11-fold higher than after the
same dose of Adriamycin. Animal studies have shown that
tumor levels of doxorubicin are higher after treatment with
DOXIL even at 1hr post-treatment (70).

The pharmacokinetics of DOXIL appears to be signifi-

Table 3 Summary of DOXIL Formulations used in Clinical Trials

Component

Frozen formulation Liquid formulations

DOXIL 1 DOXIL 2 DOXIL 3

Doxorubicin HCl 2.0mg=mL 2.0mg=mL 2.0mg=mL
HSPC 9.58mg=mL 9.58mg=mL 9.58mg=mL
MPEG-DSPE 3.19mg=mL 3.19mg=mL 3.19mg=mL
Cholesterol 3.19mg=mL 3.19mg=mL 3.19mg=mL
Sucrosea 94mg=mL 94mg=mL 94mg=mL
Tromethamine — 1.21mg=mL —
Histidine — — 1.55mg=mL
Ammonium sulfatea 1mg=mL 2mg=mL 2mg=mL
a-Tocopherol 0.0195mg=mL — —
Deferoxaminemesylate 0.132mg=mL — —
Water for injection qs 1mL qs 1mL qs 1mL
Formulation pH 5.5 6.5 6.5

aEstimated based on theoretically calculated liposome encapsulated volume.
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(Fig. 8). Similar results were found in non-clinical pharma-

cantly different from those reported for Adriamycin (Fig. 9).



Figure 8 Human pharmacokinetics of DOXIL.

Figure 9 Comparative Human pharmacokinetics of DOXIL and
Adriamycin.
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DOXIL has a significantly higher AUC, lower rate of clear-
ance (approximately 0.1 L=hr) and smaller volume of distribu-
tion (5–7L) than those parameters reported for Adriamycin.
The first phase of the biexponential plasma concentration-
time curve after DOXIL administration is relatively short
(half-life 1–3hr), and the second phase, which represents
the majority of the AUC, is prolonged (half-life 50–55hr).
Doxorubicin Cmax after DOXIL administration is 15- to 40-
fold higher than after the same dose of Adriamycin, and the
ratio quickly increases as Adriamycin is rapidly cleared from
circulation; however, the majority of plasma doxorubicin
remains liposome-encapsulated after DOXIL treatment.
Because of the high percentage of liposome encapsulation in
DOXIL, initial free drug levels in the plasma appear to be sig-
nificantly lower than those measured after administration of
an equal dose of Adriamycin (11,13,71,72).

No formal bioequivalence studies of DOXIL, the
proposed commercial formulation, and the previous formula-
tion, DOXIL 1, were conducted. However, using the data
from Study 30-14 and Study 30-05, the pharmacokinetics and
KS lesion localization of DOXIL can be compared to those of
DOXIL 1 (Table 4). These two studies were conducted in
patients with similar characteristics by the same investigator.
No statistical tests were utilized to compare the pharma-
cokinetics of the two formulations, since the studies were not
prospectively intended to be compared. Instead, a direct visual

Table 4 Summary of Median (Range) DOXIL and DOXIL 1
Pharmacokinetic Parameters

Parameter DOXIL (N¼ 42) DOXIL 1 (N¼ 9)

AUC0!1
a(mg=mL=mg hr) 13.2 (1.50–28.3) 8.09 (4.87–14.7)

Vc (L=m
2) 2.34 (1.12–3.79) 2.27 (1.60–2.75)

Vp (L=m2) 0.452 (0.206–1.29) 1.21 (0.463–1.65)
Vss (L=m

2) 2.79 (1.44–4.51) 3.25 (2.16–4.39)
CLt (L=hr=m2) 0.0413 (0.0171–0.358) 0.0670 (0.0340–0.108)
t1=2l1 (hr) 3.13 (0.542–16.5) 3.76 (2.01–4.90)
t1=2l2 (hr) 48.7 (6.00–98.9) 41.3 (19.8–54.0)

aAUC0-1 is normalized to dose.
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comparison of median pharmacokinetic parameters was
applied. Pharmacokinetic parameters are summarized in

By inspection, it appears that only Vp, t½l2, and
AUC0!1 may be different between formulations. These
observations are consistent with what is known about these
formulations. The decreased peripheral volume of the DOXIL
formulation may reflect its decreased leakage rate of doxorubi-
cin. In contrast, the DOXIL 1 formulation, which has a
higher leakage rate of free doxorubicin, expresses a larger
Vp, reflecting the large volume of distribution of free doxoru-
bicin. The increase in terminal half-life and AUC0!1 of
DOXIL are both the result of decreased release rate of doxor-
ubicin from DOXIL liposomes. It appears that DOXIL may
provide a larger and more sustained exposure to doxorubicin
than does DOXIL 1.

4.3.2. Pivotal Clinical Studies

Five clinical trials were included in the DOXIL NDA

30-02, 30-05, and 30-14) have been summarized above. The effi-
cacy of DOXIL for its proposed indication is supported by two
studies, Studies 30-03 and 30-12, which are described below.

It is customary for the sponsor of a new drug product
to consult with the FDA prior to conducting pivotal clinical
studies to obtain regulatory advice and clinical guidance.
Based on such interactions with the Division of Oncology
and Pulmonary Drug Products of the FDA, the DOXIL NDA
sought approval for DOXIL in a limited indication, namely,
treatment of AIDS patients with advanced KS which has
failed standard first-line combination systemic chemotherapy
due to disease progression or unacceptable toxicity. This
patient population had no clearly established treatment
options. The key points discussed atmeetingswith FDA focused
on the patient population being studied and the methods used
to document anti-tumor response and clinical benefit.

� There was general agreement that an NDA could be
filed based on Phase 2 open-label data provided that
the sponsor documented a clinical response of mean-
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(Table 5). The three clinical pharmacology studies (Studies
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Table 5 Clinical Studies Submitted in Support of Clinical Efficacy=Benefit

Study number Study sites N (M=F)a Diagnosis
Mean age
(range) Dose Formulation

30-03 22 sites
in Australia
and Europe

242=5 Kaposi’s
sarcoma

39.1 years
(16–70 yrs)

10–40 mg=m2

every 2 weeks
DOXIL 1
DOXIL

30-12 18 sites
in US and
Europe

137=0 Kaposi’s
sarcoma

38.3 years
(24–68 yrs)

20 mg=m2

every 3 weeks
DOXIL

D
O
X
IL

4
5
3



ingful duration in a population of about 50 KS patients
who had failed standard systemic chemotherapy.

� The FDA recommend that unanimous (three out of
three) vote by a panel of AIDS-KS clinical experts be
used to identify treatment failure patients among
those enrolled in clinical studies.

� Only those patients who had failed on prior combination
therapy with Adriamycin, bleomycin, and vincristine
(or vinblastine) (ABV) or bleomycin and vincristine (or
vinblastine) (BV) were to be considered as treatment
failure candidates.

� Supportive efficacy data were to be presented in the
NDA from Study 30-03.

� Clinical benefit would be documented in narrative
patient summaries based on case records for patients
who achieve a tumor response based on indicator lesion
assessment.

In accordance with the FDA’s recommendations, a cohort
of 77 treatment failure patients was identified among those
enrolled in the primary efficacy study, Study 30-12.

Efficacy Studies Supporting the Indication

Therapeutic response and clinical benefit of DOXIL were
assessed using each patient as his own control. Efficacy data
were submitted in 383 patients but the primary efficacy ana-
lysis of response to DOXIL was based on objective documenta-
tion of changes in the characteristics of five indicator lesions
in a cohort of 77 patients retrospectively identified as having
disease progression on prior systemic combination che-
motherapy as being intolerant to such therapy.

The results of the analyses were presented for the 77
patients selected by a panel of three AIDS-KS experts as
having met the definition of failure on prior systemic combi-
nation chemotherapy either due to disease progression or

sented as: (i) the cohort of 41 patients submitted in the origi-
nal NDA, (ii) the additional 36 patients submitted as a clinical
amendment to the NDA, and (iii) the 77 patients combined.
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unacceptable toxicity. Table 6 lists the efficacy results pre-



Demographics: The 77 patients were white, homosexual
males and the median CD4 count for this group was 10
cells=mm3. Their age ranged from 24 to 54 years, with a mean
age of 38 years. Using the ATCG staging criteria I at baseline
78% of the patients were at poor risk for tumor burden (D, 96%
at poor risk for immune system (1) and 58% at poor risk for
systemic illness (S). Their mean Kamofsky status score was
74%. All 77 patients had cutaneous or subcutaneous lesions;
40% also had oral lesions, 26% reported pulmonary lesions;
and 14% of patients reported lesions of the stomach= intestine.
The median duration of exposure to DOXIL for these 77
patients was 155 days and ranged from 1 to 456 days. The
median cumulative dose was 154 mg=m2 and ranged from 20
to 620 mg=m2. Sixty-six of the 77 patients had progressive dis-
ease and 11 had toxicity with their prior first line therapies.

Response to treatment: The best response to treatment
was partial response for 52 patients (68%), stable disease for
20 (26%), and progressive disease for five (6%). The median
duration of PR was 64 days (mean, 74).

Forty-three of the 77 patients experienced progression of
their KS during therapy with Adriamycin (in combination
with I or 2 other cytotoxic agents) prior to receiving DOXIL.
Of these 43 patients, 26 (60.5%) had a partial response as their
best response on DOXIL therapy while 4 patients (9.3%) had
progression as the best response after progressing on an
Adriamycin-containing regimen.

Table 6 Comparison of Response by Indicator Lesion Assessment-
Conservative vs. Best Response

Method of analysis 41 Patients 36 Patients 77 Patients

Conservative method (best response)
Partial 15 (36.6%) 13 (36.1%) 26 (33.8%)
Stable 8 (19.5%) 9 (25.0%) 19 (24.7%)
Progression 18 (43.9%) 14 (38.9%) 32 (41.6%)

Primary efficacy analysis (best response)
Partial 27 (65.9%) 25 (69.4%) 52 (67.5%)
Stable 10 (24.4%) 10 (27.8%) 20 (26.0%)
Progression 4 (9.8%) 1 (2.8%) 5 (6.5%)
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Comparison of primary and secondary tumor response:

measures of response for the 77 patients. Investigator assess-
ment of response (56%) was slightly lower than the response
seen using the indicator lesion assessment (68%). However,
according to the investigator assessment criteria, one patient
achieved a clinical complete response. Of the 77 patients,
there are 24 (31%) patients where the indicator lesion assess-
ment yields amore favorable assessment of response and innine
cases (11.7%), the investigator assessment is more favorable.

The median duration of partial response is 113 and 64
days for the investigator assessment and indicator lesion
assessment, respectively. This duration of response comprises
an important length of time in the life expectancy of a patient
population with advanced AIDS.

Response by conservative analysis: In addition to the effi-
cacy analyses described above, data were analyzed by a more
conservative method, which limits responders to those who
did not progress prior to having achieved a response, and whose
response lasted for at least 21 days and occurred for at least two
cycles. Table 6 shows that using this conservative definition 26
(34%) patients achieved a partial response, 19 (25%) achieved
stable disease, and 32 (42%) had progressive disease. The med-
ian duration of the best partial response was 65 days.

Of the 77 cases, for 41 (53%), the primary indicator lesion
assessment and the conservative assessment are in agreement,
five (7%) patients had their original PR response reduced
because a PD occurred before they experienced a PR, and 31
(40%) remaining patients had their response reduced because
the original response had a duration of less than 21 days. Seven
of these 31 patients have been conservatively classified as a PD,
even though they were not categorized as having had progres-
sive disease by the other analyses.

Clinical benefits:
of clinical benefit by best response category. Overall, 51% of
patients experienced pain reduction, 79% edema reduction,
50% complete flattening, and 55% color improvement.

The results of these analyses show that clinical benefit is
associated with response. These clinical benefits were seen
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Table 6 presents a comparison of the primary and secondary

Table 7 shows the results of assessment



mostly in those patients achieving a partial response and 48%
of patients showed improvement in more than one category.

Efficacy conclusions: Treatment with DOXIL is effica-
cious and provides a reasonable tumor response and a clear
and meaningful clinical benefit, in the treatment of patients
with AIDS-related KS who have failed or are intolerant to
conventional combination chemotherapy. The primary analy-
sis of efficacy based on assessment of indicator lesions and the
secondary analysis based on investigator assessment provide
nearly identical results. Documented clinical benefits include
flattening of all indicator lesions, improvement in the color of
indicator lesions from purple or red to a brown or more
neutral color, a reduction in KS-associated pain and a
reduction in KS lesions-associated edema and nodularity.

DOXIL used in the treatment of the broader population
of KS patients was also seen to be efficacious. Results from
all patients treated in Studies 30-03 and 30-12 were consis-
tent with those achieved in the refractory patient subset.

As demonstrated in Study 30-05, there was a prolonged
doxorubicin plasma circulation time after the administration
of DOXIL relative to the administration of Adriamycin. This
long circulation time was associated with higher doxorubicin
concentrations in KS lesions of patients who received DOXIL.

Table 7 Clinical Benefits by Best Response (77 Patients)

Best
response N

Complete
flattening

Color
improvement

Pain
reduction

Edema
reduction

PR 52 36 34 13 19
SD 20 0 4 6 2
PD 5 0 0 0 1
Totala 77 36=72

(50%)
38=69
(55%)

19=37
(51%)

22=28
(79%)

Median
duration of
benefit (days)

>149 >164 >216 >176

aDenominator represents number of patients with potential for changes, i.e., baseline
edema and baseline existence of moderate=severe pain, red=purple color of at least
one indicator lesion, and at least one raised indicator lesion.
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These concentrations exceed those found in normal skin as
demonstrated in Study 30-14.

Takentogether, these four clinical trials establish thatdox-
orubicin encapsulated in long-circulating liposomes remains
circulating in the blood stream for extended periods of time,
allowing for accumulation of doxorubicin in KS lesions which
translates into a reduced tumor bulk and clinical benefit for a
population of patients with no other therapeutic options.

Safety Conclusions

Leukopenia: Most DOXIL-treated patients experienced
leukopenia, an adverse reaction known to be associated with
Adriamycin therapy and common among AIDS patients not
receiving chemotherapy. Of the KS patients in the NDA safety
database, 60% experienced leukopenia possibly or probably
related to DOXIL therapy. The mean minimum value of
ANC was 1250 cells=mm3, with 13% of patients experiencing
at least one episode of ANC <500 cells=mm3. Despite the fre-
quency of neutropenia observed, bacterial or fungal septicemia
attributable to DOXIL were uncommon across all studies
(0.7%) and only 11 patients discontinued DOXIL therapy
due to bone marrow suppression.

Opportunistic infections: The relationship between
DOXIL and the incidence of opportunistic infections is not
known. Opportunistic infections occurred in 355 of 706 (50%)
patients. The most commonly reported infections were Candida
(24%), CMV (20%), herpes simplex (10%), and PCP (9%).

Acute infusion reactions: One type of adverse event may
be related to the liposomal dosage form—an idiosyncratic
acute reaction to the infusion. Acute reactions occurring
during or soon after DOXIL infusion, characterized by sudden
onset of facial flushing and in some cases shortness of breath,
chest=back pressure=pain, and hypotension were experienced
by 7% of patients (48 of 706 patients) in the NDA safety data-
base. In most cases, the reaction occurred in the first cycle of
treatment and the patient was retreated without complica-
tion. These reactions were generally self-limited and ceased
within a few minutes after the infusion was temporarily
stopped, or when the rate of infusion was decreased. However,
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several patients were treated with medication for the reaction
and for six patients the event was severe enough to warrant
discontinuation from study.

Hand-foot syndrome: Of 706 AIDS-KS patients who
received DOXIL in any clinical trial, 24 (3%) developed skin
eruptions consistent with a previously recognized palmar-
plantar erythrodysesthesia. This syndrome encompasses
swelling, pain, erythema and for some patients desquamation
of the skin on the hands and feet. Some patients experienced
a rash other than on the hands and feet and are included
here. In general, this reaction was mild and resolved with
interruption or discontinuation of therapy. However, three
patients were terminated due to the event.

In preclinical testing, skin lesions developed in dogs and
rats receiving multiple doses of DOXIL. A similar pattern of
skin toxicity has been reported for standard Adriamycin and
other chemotherapeutic agents including 5-flurouracil admi-
nistered via prolonged infusions.

Alopecia, nausea, and vomiting: Other common toxicities
associated with standard Adriamycin therapy, such as alope-
cia, nausea and vomiting, considered related to DOXIL
administration were relatively infrequent (9%, 13%, and 4%,
respectively). The lack of significant nausea=vomiting attribu-
table to DOXIL therapy is a particular benefit for these
patients who are already generally cachectic as a result of
their FHV disease. The low incidence of drug-induced alope-
cia is also an advantage for patients who remain active,
continue to work, and interact socially.

Risk vs. Benefit Discussion. Patients with advanced
AIDS-KS who have failed standard combination cytotoxic
chemotherapy have no clearly established treatment options.
In this population, the benefits provided by DOXIL therapy
outweigh the risks of DOXIL-related toxicities. DOXIL-
related leukopenia is manageable. The incidences of cardiac
adverse events and opportunistic infections do not appear to
be significantly greater than those expected for similar
patients receiving conventional cytotoxic chemotherapy. Occa-
sional hypersensitivity reactions and skin eruptions occur
but are self-limited and not life threatening. DOXIL-related
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alopecia, nausea, and vomiting are infrequent, so these toxi-
cities, which are commonly associated with chemotherapy,
would not be expected to significantly detract from these
patients’ quality of life. DOXIL therapy stabilizes KS for over
3 months in patients who would almost certainly progress
without treatment. Partial responses are associated with clin-
ical benefits including pain reduction, flattening, and discolor-
ing of lesions and resolution of lesion-associated edema.
Overall, the use of single-agent DOXIL provides meaningful
clinical benefit for KS patients with manageable risk.

For patients in whom standard multi-agent systemic che-
motherapy has failed, there are no clearly proven alternative
treatments available. Alpha-interferon, an agent approved
for the treatment of KS, is not expected to provide meaningful
benefit to KS patients with advanced HIV disease. New combi-
nations of the chemotherapeutic agents proven effective for
the treatment of AIDS-related KS (Adriamycin, bleomycin,
etoposide, vincristine, and vinblastine) could be attempted.
However, combinations including bleomycin and a vinca alka-
loid with or without Adriamycin had already failed the
patients in our primary efficacy study.

For those patients for whom toxicity was the cause of
treatment failure, single- or multiagent chemotherapy could
be reintroduced after a recovery period. However, untreated
KS probably would progress in the interval and the patients
who resumed chemotherapy would be at high risk for the
same toxicities.

Neutropenia, although common, is manageable with
growth factor support (C-CSF or GM-CSF). Of KS patients
treated with DOXIL 1.5% discontinued therapy because of
bone marrow suppression. The risk of developing DOXIL-
induced cardiotoxicity in a KS population is not known, but
based on animal studies, it is probably not greater than,
and may be less than, with standard Adriamycin. We have
no indication that DOXIL produces an incidence of cardiac
events higher than what one expects in a population of
patients with advanced HIV infection. Acute infusion reac-
tions are self-limited and symptoms resolve quickly after stop-
ping or slowing the infusion. Skin eruptions are infrequent,
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reversible, and not dose-limiting in almost all patients. Since
DOXIL-related alopecia, nausea, and vomiting are relatively
infrequent, these toxicities, which are common with Adriamy-
cin chemotherapy, are unlikely to detract significantly from
the quality of life for these patients.

DOXIL therapy improves or stabilizes KS for a median
of 4 months in patients who would almost surely progress
without treatment. Partial responses are associated with
important clinical benefits including pain reduction, flatten-
ing, and color improvement of lesions and resolution of
lesion-associated edema.

Given that patients in these studies have advanced
AIDS-related KS, have failed standard systemic cytotoxic
chemotherapy, have no clearly proven treatment options,
and whose KS would progress if untreated, the benefits
provided by DOXIL therapy outweigh the risks of DOXIL-
related toxicity.

4.4. NDA Contents, FDA Review, and Approval

The DOXIL NDA was formatted in the customary manner and
consisted of over 500 volumes. One section was the proposed
labeling (actual text of the product insert) annotated with
references to other sections of the NDA which contained data
to support each label claim. Other sections contained the scien-
tific rationale and the marketing history for the product. The
bulk of the submission consisted of the chemistry manufactur-
ing and controls, non-clinical pharmacology, and clinical data
(clinical data alone accounted for 155 volumes). The clinical
sections included study reports from five trials including phar-
macokinetics, efficacy, and safety data. Additionally, as
required by the FDA, integrated summaries of efficacy and
safety aswell as an overall summary of theNDAwere included.

The original NDA was submitted in September, 1994.
The core of the submission was response data for a cohort of
41 ‘‘refractory’’ KS patients treated with DOXIL. Supportive
efficacy data from several large open-label trials and safety
data derived from five clinical trials totaling 753 patients
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were also submitted. Since the FDA expressed concern that
the number of patients in the key refractory cohort was too
small, a clinical amendment consisting of efficacy data for
a cohort of 36 additional refractory patients was submitted
in November, 1994. The submission with a combined refrac-
tory cohort of 77 KS patients as detailed above was reviewed
by FDA and a hearing was held by the Oncologic Drugs Advi-
sory Committee (ODAC) of the FDA on February 14, 1995.
The purpose of the ODAC hearing was to address the clinical
questions unresolved during the agency’s review. Paraphrasing,
the FDA posed the following questions to the ODAC members.

1. Are the historically controlled clinical trials that
represent the basis for approval in this submission
‘‘adequate and well-controlled’’ (i.e., do they meet
the statutory requirements for approval)?

2. Is DOXIL active in KS patients who have failed stan-
dard first-line therapy?

3. Given its safety and efficacy profiles, does DOXIL
provide benefit to these patients?

Although the committee members voted positively on
the questions of efficacy and safety of DOXIL, they evenly
split on the question regarding the statutory adequacy of the
historically controlled trial design (vis-a-vis the preference
for comparative clinical trials). ODAC members agreed that
the natural history of KS was reasonably well documented
and that no agents were officially approved for second-line
therapy, so historically controlled trials were reasonable.
However, one KS expert on the panel believed that a variety
of existing cytotoxic agents might be active in the second-line
setting. Moreover, response to DOXIL therapy was based pri-
marily on shrinkage (flattening) of a subset of ‘‘indicator’’
lesions followed in the 77 refractory patients. Although the
ODAC members and the FDA medical reviewers were
convinced that DOXIL therapy provided remission of KS
tumors, it was not obvious that such a response provided
meaningful clinical benefit to the patients. (With other solid
tumors such as lung or ovarian, documentation of tumor
shrinkage is considered sufficient in itself as evidence of
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clinical benefit. But, since AIDS-related KS was a fairly new
disease, the underlying immune dysfunction was progressive,
and KS was only rarely the cause of death in these patients,
the benefit of tumor shrinkage in the overall context of AIDS
was and is not clear-cut.) Thus the ODAC was reluctant to
base its recommendation for approval of a full NDA for DOXIL
on tumor response data alone. But, since a positive vote on the
adequacy of the clinical trials is required for approval, FDA
representatives at the hearing suggested that DOXIL might
be eligible for ‘‘accelerated approval.’’ Accelerated approval
can be based on a surrogate marker of clinical benefit. (Exam-
ples of drugs receiving accelerated approval include AIDS
anti-virals where the surrogate endpoint for efficacy was
improvement of CD4 cell count (73).) In the case of the DOXIL
submission, the FDA representatives proposed that tumor
response could be considered a surrogate endpoint of benefit.
In this context, the committee then voted unanimously to
recommend DOXIL for accelerated approval (74,75). Based
on the committee’s recommendation and further review by
the FDA, DOXIL was approved for marketing in November,
1995 under FDA accelerated approval regulations.

4.5. Post-Marketing Trials

4.5.1. Blinded Comparative Trial in KS

As a condition for accelerated approval, the sponsor must
agree to conduct additional clinical trails (so called Phase IV
studies) to confirm that the surrogate endpoint relied upon
for accelerated approval actually reflects meaningful bene-
fits to patients. In the case of DOXIL, the sponsor agreed
to conduct a blinded comparative trial of DOXIL vs. Dau-
noXome, another liposome product known to be active against
KS (6,27). This trial began in 1996 and was completed in
2001. In this trial, refractory KS patients were randomized
to either DOXIL or DaunoXome (the randomization is 1 to 4
in favor of DOXIL). Both drugs were administered ‘‘blinded’’
(that is, neither the patient nor the caregiver knows which
drug is being given). The endpoints of the trail included safety,
tumor response assessed by careful serial measurement
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of all KS lesions, and clinical benefits such as reduced need for
transfusions, resolution of edema, improvement in the range
of motion of limbs, etc. An sNDA was submitted in 2001 seek-
ing full approval but the FDA concluded that in the 5-year
time period during which the trial had been conducted
changes in anti-retroviral therapy confounded the efficacy
assessment. The sponsor is currently discussing a follow on
trial to confirm benefit in a population of patients in which
anti-viral therapy is standardized.

4.5.2. Cardiotoxicity Assessment

Doxorubicin is known to cause irreversible cardiotoxicity in
patients as cumulative exposure reaches or exceeds about
400–500 mg=m2. It was important to know whether DOXIL
provided any reduction in this dose-limiting toxicity. Endo-
myocardial biopsy has previously been shown to be a safe,
sensitive, and specific method of demonstrating anthracycline-
induced cardiac lesions. DOXIL has been shown in preclinical
models to induce less cardiotoxicity than non-liposomal do-
xorubicin. An endomyocardial biopsy study was undertaken to
assess histopathological changes in the hearts of KS patients
receiving cumulative doses of DOXIL >400 mg=m2.

Myocardial tissue from 10 KS patients who had received
cumulative DOXIL (20 mg=m2=biweekly) of 440–840 mg=m2

was evaluated for evidence of anthracycline-induced cardiac
damage (76). These results were compared to those of patients
who had received cumulative doxorubicin doses of 410–671
mg=m2 in two earlier cardiac biopsy protocols. Two control
groups of patients who had not received cardiac irradiation
were selected on the basis of cumulative doxorubicin dose
(�10 mg=m2) and peak dose (60 or 20 mg=m2, group 1), or
peak dose alone (20 mg=m2, group 2). Electron micrographs
of biopsies from the DOXIL and doxorubicin treated patients
in group 1 were read blinded by two cardiac pathologists.
Adjustments were made to some scores in group 1 to account
for differences in peak dose.

DOXIL patients had significantly lower cardiac biopsy
scores compared with those of matched doxorubicin controls.
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In all three analyses, the average cumulative dose of doxoru-
bicin given as DOXIL was higher than in the control patients.
The mean biopsy scores for the DOXIL and doxorubicin
groups, respectively, were 0.5� 0.6 vs. 2.5� 0.7 (p< 0.001)
for group 1, 0.5� 0.6 vs. 1.4� 0.7 (p< 0.001) for group 2,
and 0.5� 0.6 vs. 2.1� 0.7 (p< 0.001) for group 1 after adjust-
ment. These results suggested that DOXIL is less cardiotoxic
than doxorubicin. Studies in larger groups of patients receiv-
ing higher doses of DOXIL are underway to confirm these
findings.

4.5.3. Investigator-Sponsored Trails in Solid
Tumors

Since doxorubicin is active against a wide range of tumor
types, it is not unexpected that investigators would experi-
ment with DOXIL in diseases other than KS. Indeed, small
Phase II trials of single-agent DOXIL are completed or under-
way in a wide range of tumors including soft tissue sarcoma,
non-Hodgkin’s lymphoma, carcinoma of the head and neck,
renal cell carcinoma, multiple myeloma, and ovarian and
breast carcinoma. In addition combinations of DOXIL and
other agents including Navelbine, cyclophosphamide, pacli-
taxel, taxotere, and cisplatin have been investigated. Many
of these trials are sponsored by individual investigators.

4.5.4. Post-Marketing Trials

First-Line AIDS KS

Two prospectively randomized clinical trails have com-
pared the activity of DOXIL to combinations of Adriamycin
(doxorubicin)=bleomycin=vincristine (ABV) and to bleomy-
cin=vincristine (BV) as first-line treatment of AIDS-KS. In
the DOXIL vs. ABV study the dosing interval was 2 weeks
whereas in the DOXIL vs. BV study the interval was 3 weeks
(63,77,78). A total of 254 patients were treated with DOXIL,
125 with ABV, and 120 with BV. Demographics and baseline
disease status were well balanced among the groups.
Response was 52% in the combined DOXIL group, 25% in
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the ABV group, and 23% among BV patients. A greater num-
ber of DOXIL patients were able to complete the trials (68%
for DOXIL vs. 34% for ABV and 55% for DOXIL vs. 31% for
BV). With the exception of mucositis which was more frequent
among DOXIL patients, fewer and less severe adverse events
including nausea=vomiting, alopecia, peripheral sensory neu-
ropathy, and neutropenia (<1000 cells=mm3) were reported in
the DOXIL arm relative to ABV. Less than 1% of all patients
reported skin toxicity. Relative to BV, a greater degree of neu-
tropenia was found in DOXIL patients, but less peripheral
neuropathy and nausea=vomiting were reported. The rates
of opportunistic infections were similar among DOXIL, ABV,
and BV patients. DOXIL has a superior tumor response rate
relative to both ABV and BV, a superior safety profile than
ABVandan equivalent safety profile toBV, butwithout the com-
mon dose-limiting toxicities associated with BV. Single agent
DOXIL (20 mg=m2 every 2–3 weeks) is indicated for first-line
treatment for KS and is suitable for long-term therapy.

A third trial compared the activity of DOXIL alone or in
combination with bleomycin and vincristine in 48 patients
AIDS-KS patients refractory to or intolerant of conventional
systemic chemotherapy. DOXIL 20 mg=m2 was administered
every 3 weeks (with cycle length modified depending on
adverse events and response) for up to 10 cycles. DOXIL
was shown to be as efficacious as the three-drug combination
and significantly safer (79).

The findings of these randomized trials confirm the
result of the earlier open-label trails and show that single-
agent DOXIL is effective in the treatment of advanced KS.
Indeed based on these results DOXIL has become the stan-
dard of care for the first- and second-line treatment of KS.

Ovarian Carcinoma

In early Phase I-II trails, DOXIL showed substantial
activity in advanced ovarian cancer with reported response
rates ranging from 20% to 26% (80,81). Moreover, the duration
of responses was meaningful (on the order of 6 months) in a
group of patients who had failed both platinum- and taxane-
based therapy (82).
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These response results compare favorably with those
reported for single-agent paclitaxel in advanced ovarian can-
cer. Response rates for paclitaxel ranging from 19% to 40%
have been reported in early Phase 1–2 trials, with durations
of response on the order of 7 months. In a large series of pla-
tinum-resistant ovarian cancer patients, an overall response
rate of 22% has been reported for paclitaxel, with a median
duration of less than 5 months.

Basedon this favorable responsedata, a large comparative
trial of DOXIL vs. Topotecan in platinum- and paclitaxel-
refractory ovarian cancer patients was launched in mid-1997
and completed in mid-1999. The objective to demonstrate
equivalent safety and efficacy between the two drugs was
achieved (83). Equivalence in time to tumor progression in
patients receiving DOXIL and Topotecan is the primary
endpoint of the trial. A supplemental NDA for platinum and
taxane-refractory ovarian cancer was submitted and approved
in late 1999.

Breast Carcinoma

Doxorubicin is among the most active single agents used
in the treatment of advanced breast cancer. However, the
duration of treatmentwith doxorubicin is limited by acute toxi-
cities including nausea and vomiting, and subacute toxicities
such as alopecia, mucositis, and bone marrow suppression.
Treatment-related neutropenia is frequently encountered
with doxorubicin at the dose intensities needed to achieve a
meaningful response rate. Severe neutropenia can lead to feb-
rile episodes and occasionally to septic infections that can be
life-threatening. Moreover, these agents have the potential
to cause irreversible cardiac damage as cumulative doses
reach and exceed about 500 mg=m2.

Treatment strategies for advanced breast cancer vary
geographically and among treatment centers in the same
country. The goals of systemic chemotherapy in this setting
can range from palliation to an intent to cure. Many medical
oncologists believe that improved survival is not a realistic
objective for systemic chemotherapy, particularly in patients
who present with a high disease burden and=or multiple
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visceral metastatic sites. In some treatment centers patients
with advanced breast cancer are not treated with chemother-
apy, but rather given supportive care to palliate the signs and
symptoms of the disease. This debate has raised awareness of
the importance of patients’ quality of life and has driven a
search for treatment options which provide responses in a sig-
nificant number of patients and=or delay disease progression
for a meaningful period of time with minimal toxicity. In this
context, a single-agent regimen would be preferred to combi-
nations of drugs—provided that it is well tolerated and
provides a respectable tumor response rate.

Preclinical studies of DOXIL and experience in the treat-
ment of KS patients detailed above suggested that pegylated
liposomes deliver a greater proportion of an injected dose of
doxorubicin to tumor sites relative to unencapsulated doxoru-
bicin. If this were also the case in breast cancer, one might
reasonably expect DOXIL to have similar anti-tumor activity
to that of doxorubicin, but at a lower dose intensity, and thus
would produce less severe toxicity. This expectation provides
a rationale for developing DOXIL as single-agent therapy for
advanced breast cancer. The goal would be a tumor response
rate comparable to doxorubicin but with a dose and schedule
of DOXIL that minimizes the frequency and severity of nau-
sea, vomiting, neutropenia, mucositis, alopecia, and cardio-
toxicity.

Indeed DOXIL has been shown in a Phase II trial to pro-
vide a response rate and duration of response comparable to
doxorubicin but at half the dose intensity (84). At a dose rate
of 45 mg=m2 every 4 weeks, treatment with DOXIL produced
objective responses in 31% of patients. This response rate com-
pares favorably to literature values for single agent doxorubi-
cin at doses ranging from 60 to 90 mg=m2 every 3 weeks. The
potential advantages ofDOXIL in this setting include improved
tolerance (reduced alopecia, nausea, and vomiting, myelosup-
pression and cardiotoxicity) with comparable efficacy.

In 2003, DOXIL received marketing authorization in
the European Union as monotherapy for patients with
metastatic breast cancer where there is increased risk of
cardiotoxicity (85).
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5. CONCLUSIONS AND PERSPECTIVES

This case study of DOXIL provides several important lessons.
Despite a good amount of skepticism, liposomes can be engi-
neered to stably encapsulate doxorubicin (and probably other
drugs), to recirculate for periods of several days after injection
without releasing the drug, to penetrate into tumor tissues
and to release encapsulated drug within the tumor (13). This
is no small achievement. Moreover, such liposomes can be
produced at large scale and reproducibly and enjoy a shelf-life
typical of other injectable pharmaceutical products.

The accelerated approval path taken in the clinical devel-
opment of DOXIL has an ample precedent in the cases of can-
cer and AIDS drugs. The requirement to demonstrate safety
and patient benefit in well-controlled clinical trials applies
across the board, regardless of whether the product is a new
chemical entity (NCE) or a liposomal drug product. The
requirement for Phase IV confirmation of benefit is under-
standable from both scientific and regulatory perspectives.

DOXIL received approval in the United States in less
than 5 years of its development, a remarkable achievement
when compared to the 10-year period of time typically needed
to register an NCE. This observation points out perhaps the
most important lesson of all. Many of the risks associated
with the development of NCEs do not apply to liposome for-
mulations of existing drugs with proven biological activity.
Liposomes will likely introduce differences in tissue distribu-
tion and pharmacokinetics and may affect the safety and
efficacy profiles of the drug (positively or negatively). But
there is little risk that the intrinsic biological activity of the
encapsulated drug will be changed. After all, the drug is not
chemically modified, it is simply encapsulated.

The prospects of creating additional approvable products
based on liposome technology are brighter than ever. Many of
the presumedobstacles to thedevelopment of liposomepharma-
ceuticals suchas instability, lackof reproducibility, scale-updif-
ficulties andhigh cost of goodshave beenovercome in the case of
DOXIL and other liposome-based products as well. Fairly stan-
dard pharmaceutical engineering was all that was needed.
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The key challenges that face the developers of liposome
products are less related to the pharmaceutical engineering
aspects of the technology as once believed, but are those
facing the developers of other drug delivery technologies,
i.e., whether the liposome encapsulated version of the drug
is demonstrably superior to the unencapsulated form in terms
of benefit to patients.

1. Uptake of radiolabeled liposomes (expressed a
percent of the total does of radioactivity injected) in
subcutaneously implanted solid tumors 24h after tail
vein injection of various formulations in mice. All
were of equivalent size (~100nm). PG, phosphatidyl-
glycerol; PC, phosphatidylcholine; C, cholesterol;
DSPC, distearoylphosphatidylcholine; S, sphingo-
myelin, GM1, brain derived ganglioside GM1; DPPC,
dipalmitoylphosphatidylcholine; PI, hydrogenated
phosphatidylinositol; PEG-PE, methyl-polyethylene
glycol derivative of distearoylphosphatidylethanola-
mine (45).

2. Plasma clearance over 24hr period of three types of
liposomes injected intravenously in cancer patients
(statistics given in primary references). D-99 (also
known as Evacet and Myocet) liposomes contain dox-
orubicin, are 150–200nm in diameter and are com-
posed of egg phosphatidylcholine and cholesterol
(12). DaunoXome liposomes contain daunorubicin,
are 50nm in diameter and are composed of distear-
oylphosphatidylcholine and cholesterol (6). DOXIL
contains doxorubicin, are 85–100nm in diameter

3. Illustration of a DOXIL liposome. A single lipid
bilayer membrane composed of hydrogenated soy
phosphatidyl choline (HSPC), and cholesterol sepa-
rates an internal aqueous compartment from the
external medium. Doxorubicin is encapsulated in
the internal compartment. Polymer groups (linear
2000 Da segments of polyethylene glycol) are grafted
to the liposome surface (although not shown, the
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polymer also extends from the inner monolayer of
the membrane). The mean diameter of the particle,
including the PEG layer, is 85nm.

4. Chemical equilibria driving external doxorubicin
accumulation into liposomes containing ammonium
sulfate (86).

5. Tumor distribution of doxorubicin following single
tail vein injection of equal doses of either DOXIL or
Adriamycin (10 mg=kg) in mice bearing subcuta-
neously implanted C26 colon tumors (mean values,
n¼ 10 mice per group).

6. Flow diagram of DOXIL production process.
7. Flow Diagram of DOXIL registration strategy. The

first NDA submission was based on a cohort of
refractory KS patients who had no treatment
options. Accelerated approval was sought and
granted. Post-marketing trials in the first-line KS
setting were conducted and published, but a supple-
mental NDA (sNDA) was delayed in preference for a
submission for ovarian cancer, the second indication
sought for approval. Breast cancer is the likely third
indication for DOXIL.

8. Clearance over a 1week period of total vs. encapsu-
lated doxorubicin after a single 50 mg=m2 dose of
an early formulation of DOXIL (containing 150nm
ammonium sulfate) in cancer patients. Data points
represent mean values� standard deviation for 14
patients in the DOXIL group and four patients
in the doxorubicin group (adapted from Ref. 13).
The separation method has been described by
Druckmann et al. (87).

9. Comparative pharmacokinetics of DOXIL and Adria-
mycin. Plasma clearance of doxorubicin after a single
50 mg=m2 dose of an early formulation of DOXIL
(containing 150nm ammonium sulfate) in cancer
patients. Data points represent mean values
� standard deviation for 14 patients in the DOXIL
group and four patients in the doxorubicin group
(adapted from Ref. 13).
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1. DEFINITION OF THE PROBLEM

Systemic fungal infections have long been recognized as a
significant cause of death in immunocompromised patients.
As early as 1964, Hutter et al. (1) found that aspergillosis
was a contributing factor to the cause of death in 37% of cancer
patients in a single institution. Shortly thereafter, Bodey (2)
reported an increasing incidence of fungal infections in acute
leukemia patients at the National Cancer Institute between
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the years 1959 and 1965. Similarly, Maksymiuk et al. (3)
summarized the incidence of fungal infections at the M.D.
Anderson Hospital from 1976 to 1980. Overall, there were
233 patients with documented fungal infections out of 27,681
total registrants. Thus, the overall rate of fungal infections
was 8.4 per 1000 patients, with the highest frequency of fungal
infections (14.7%) occurring in acute leukemia patients.

In addition to cancer patients, surgical patients are also
at increased risk for contracting systemic fungal infections
because of many factors including antibacterial therapy, cor-
ticosteroid therapy, indwelling catheters, total parenteral
nutrition, and length of stay in intensive care units (4).
Cornwell et al. (5) found that 5.7% of patients in the surgical
intensive care unit (SICU) of a large teaching hospital were
culture-positive for fungi, of which 43% had systemic fungal
infections. Furthermore, these investigators reported that
the mortality for SICU patients with positive fungal cultures
was more than twice that of patients who were culture-
negative (23.3% vs. 10.5%, p< 0.001).

With the increasing numbers of bone marrow and solid
organ transplantations, the AIDS epidemic and the intensive
use of antineoplastic therapies, the number of systemic fungal
infections reported in immunocompromised patients has con-
tinued to grow (6). Wald et al. (7) reported a doubling of the
incidence of invasive aspergillosis over a six-and-a-half year
period in a major bone marrow transplantation unit. Allo-
geneic transplant patients over 40 years of age undergoing
corticosteroid therapy for graft-vs.-host disease were at high-
est risk for infection. In the AIDS setting, Candida albicans
infections of mucosal membranes (esophageal and oropharyn-
geal candidiasis) and cryptococcal meningitis occur in a high
percentage of patients (8). The advent of highly active antire-
troviral combination therapies, however, has greatly reduced
the incidence of opportunistic fungal infections in AIDS
patients. In contrast, the trend toward more aggressive antil-
eukemic regimens has led to longer periods of neutropenia and
increased levels of intestinal mucosal damage. These variables
are positively associated with an increased incidence of inva-
sive fungal infections in this population (9).
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In recent years, there has been an alarming increase in
the rate of fungal infections in hospitalized patients, as well
as an increase in the death rate of such patients. For example,
Fisher-Hoch and Hutwagner (10) found that the rate of disse-
minated Candida infections increased 11-fold over the period
of 1980–1989. Likewise, the rate of invasive Aspergillosis has
increased substantially, and is now a major cause of death at
leukemia treatment and bone marrow transplantation cen-
ters (11). This situation has been exacerbated by the recent
identification of less common fungi as the causative agents of
these infections including Fusarium sp. (12), non-Candida
albicans spp. (13), Trichosporon spp. (14), and Penicillium
marneffei (15). In general, these fungi are less susceptible than
the more common pathogen, C. albicans, to the frequently
used antifungal azoles, and polyenes (16).

The fungistatic azoles commonly used to treat systemic fun-
gal infections include fluconazole for Candida and Cryptococcus
infections (17) and itraconazole primarily forCandida,Aspergil-
lus andHistoplasma infections (18,19). Voriconazole is a second
generation triazole that was recently approved as primary treat-
ment of acute invasive aspergillosis (20). Voriconazole has been
reported to be 4- to 16-fold more active than fluconazole and
two- to eightfold more active than itraconazole against Candida
spp., includingCandida krusei andCandida glabrata (21,22). In
addition, voriconazole has shown good activity against Crypto-
coccus neoformans (21), dimorphic fungi such as Histoplasma
capsulatum, and emerging pathogens such as Fusarium spp.,
dematiaceous molds, and P. marneffei (22,23). These three azole
drugs are minimally toxic and can be administered either orally
or intravenously, but azoles are potent inhibitors of the cyto-
chrome P450 (CYP) 3A4 oxidizers and can give rise to serious
drug–drug interactions with other drugs, such as cyclosporin A,
which is metabolized by the CYP3A4 system (24,25).

The fungicidal polyene amphotericin B has been exten-
sively used to treat a number of systemic fungal infections,
including those caused by yeast (Candida and Cryptococcus),
mycelia (Aspergillus, Mucor, Rhizopus), and dimorphic
fungi (H. capsulatum, Coccidioides immitis, Blastomyces
dermatitidis, Paracoccidioides brasiliensis) (26). Thus,
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amphotericin B has a broad spectrum of fungicidal activity
and is administered intravenously as a colloidal dispersion
in sodium deoxycholate. In this formulation, amphotericin B
at therapeutic doses may also cause a multitude of severe,
acute toxicities including fever, chills, rigors, nausea, vomit-
ing, and hypokalemia which require that it be administered
as a 4–6hr intravenous infusion (27). Its acute toxic side effects
can lead to modifications of treatment regimen and termina-
tion of treatment. Amphotericin B can also cause transient or
permanent nephrotoxicity which limits the total amount of
drug that may be administered. This toxicity is of primary
importance in immunocompromised patients who are receiving
other nephrotoxic, immunosuppressive and antimicrobial
agents to manage their disease (17).

Despite these limitations, amphotericin B has for many
years been considered the drug of choice for treating life-
threatening systemic fungal infections (27). For this reason,
in the past 20 years there have been many attempts to
develop amphotericin B formulations that circumvent these
toxicity problems, while maintaining the drug’s potent anti-
fungal activity. One of the solutions to this problem has been
the development of the liposome formulation known as
AmBisome�, which is the topic of this case study.

2. OVERVIEW OF AMPHOTERICIN B/LIPID
FORMULATIONS

Since amphotericin B is amphiphilic and insoluble, it readily
associates with lipophilic molecules and the resulting lipid=
amphotericin B preparations are less toxic when adminis-
tered in vivo (28). This approach has been used to develop
various less toxic formulations of amphotericin B including
amphotericin B=intralipid mixtures, Abelcet�, Amphotec�

and AmBisome�. The extent of this decrease in toxicity varies
with the type of lipid=drug associations formed.

Intralipid is made up of soybean oil, egg yolk phospholi-
pids, and glycerin. This combination of lipids has been mixed
in varying ratios with the colloidal dispersion of amphotericin
B to form a drug suspension. Clinical investigators have
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reported some reduction in infusion-related toxicities with the
intralipid=amphotericin B combination (29). Other lipids,
such as dimyristoyl phosphatidylglycerol and dimyristoyl
phosphatidylcholine, can be complexed with amphotericin B
in a 10:7:3 molar ratio to form the preparation referred to
as Abelcet (30). The large (1–6mm), ribbon-like complexes
characteristic of Abelcet produce less nephrotoxicity than
treatment with conventional amphotericin B (31). Other
investigators have complexed amphotericin B with choles-
teryl sulfate in a molar ratio of 1:1 to form 122nm discs
referred to as Amphotec (32). When injected intravenously,
these disc-like structures also reduced the nephrotoxicity
associated with amphotericin B treatment (33).

Further reductions in both acute and chronic toxicity, as
well as improved amphotericin B pharmacokinetics, were
achieved when amphotericin B was incorporated into the
small unilamellar liposome formulation known as AmBisome
(34). These liposomes are less than 100nm in diameter, and
are less nephrotoxic than amphotericin B (35) or Abelcet
(36) producing significantly fewer infusion-related adverse
events. Unlike non-liposomal amphotericin B, AmBisome
avoids rapid uptake by the liver and spleen characteristic of
the other lipid=drug formulations (37) and thus circulates
for extended periods of time in the blood stream (8.6–10.4hr)
(38). Due to the small size of the liposomes and their extended
half-life in plasma, AmBisome readily penetrates into sites of
inflammation and infection (39).

3. DEVELOPMENT OF AMBISOME
FORMULATION

3.1. Formulation Criteria

The development of AmBisome proceeded in several stages
beginningwith a list of criteria that needed to bemet to initially
formulate the liposomes. These criteria included the following:

� quantitative association of the drug with the liposome;
� liposome size compatible with sterile filtration and

suitable for IV administration;
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� >30-fold reduction in murine intravenous LD50 com-
pared to conventional drug;

� physical and chemical stability to justify a 1–2 year
shelf-life;

� long-term blood circulation;
� in vivo antifungal efficacy comparable to, or better,

than non-liposomal drug.

The first challenge was to achieve a stable, long-term
association of the drug with the liposome. Since the lipid to
drug ratio in a formulation can alter the amount of drug
incorporated into the liposome, many liposome formulations
with varying lipid to drug ratios were prepared and tested.
Another goal of the project was to improve the pharmacoki-
netics of the drug. As a result, the liposomes had to be made
less than 100nm in size to ensure their long-term circulation
in the blood and delayed uptake by the reticuloendothelial
system (39,40). At this stage of development, probe sonication
was used to make the laboratory scale (1–20mL) preparations
while selecting for the appropriate lipid composition.

3.2. Selection of Lipids

The choice of lipids focused on inclusion of cholesterol as well
as phospholipids with saturated long-chain fatty acids [dipal-
mitoyl phosphatidylcholine (DPPC) and distearoyl phosphati-
dylcholine (DSPC)]. These phospholipids have gel-to-liquid
crystalline transition temperatures above 37�C, which
ensures liposome integrity after intravenous injection. Also,
cholesterol was included in the formulations studied because
amphotericin B has an affinity for cholesterol, but has a higher
binding affinity for ergosterol, the sterol in fungal cell mem-
branes (41). This association with cholesterol would favor
the drug remaining with the liposome until it came into con-
tact with fungi, thus minimizing the drug interaction with
non-target tissues. The addition of distearoyl phosphatidylgly-
cerol (DSPG) to the lipid composition provided a negatively
charged moiety which, at physiological pH, would bind with
the positively charged aminosaccharide group of the ampho-
tericin B molecule, further ensuring drug association with
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the liposome bilayer. Hydrogenated, rather than non-hydroge-
nated, phospholipids were also used because of the chemical
stability associated with saturated hydrocarbon side chains
and the increased physical stability of liposomes prepared
from saturated phospholipids. Selection of acidic pH, low ionic
strength, and the presence of sucrose in the hydration buffer
promoted a stable drug=lipid association and avoided the pro-
blems of liposome aggregation.

3.3. Toxicity Screen

When it was determined that a particular lipid composition
had entrapped more than 50% of the drug, and the liposome
was less than 100nm in diameter, the murine intravenous
LD50 in C57BL=6 mice was assessed for this preparation.
C57Bl=6 mice were selected for the screening step because
of their marked in vivo sensitivity to the toxic effects of
amphotericin B (42). This approach ultimately resulted in
the selection of an optimized liposome formulation consisting
of hydrogenated soy phosphatidylcholine (HSPC), cholesterol,
DSPG, and amphotericin B in the molar ratio of 2:1:0.8:0.4
hydrated in a 10mM succinate, 9% sucrose buffer. The acute
intravenous murine LD50 of this formulation was greater
than 50mg=kg (43), a 20-fold increase in the safety margin
compared to amphotericin B with sodium deoxycholate.

At this juncture, it was necessary to scale-up the produc-
tion of the amphotericin B liposomes. A micro-emulsification
technique was selected since it produced liposomes similar
to those made by probe sonication. This procedure could be
scaled-up to 100L batches (44). The micro-emulsification pro-
cess produced small liposomes with less toxicity (acute intra-
venous murine LD50>125mg=kg) and a more consistently
homogeneous size distribution compared to probe sonicated
liposomes (45–80nm).

3.4. Raw Materials

Another problem which had to be addressed was making
available large amounts of raw material that met the precise
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specifications needed to make the liposomes reproducibly.
Chemical, physical, and biological assays had to be developed
by the supplier and by the company to ensure consistent qual-
ity for the material from batch to batch. Since the demand for
large quantities of very pure phospholipids was unique in the
industry, the suppliers and the company had to work together
to develop the standards by which these chemicals had to be
manufactured and assessed.

To increase the shelf-life of the liposomes, conditions
were defined for the lyophilization of the micro-emulsified
product. Following refinement of these procedures, the stabi-
lity of the physical, chemical, and biological properties of the
lyophilized product was assured. The rehydrated product had
the same properties as the original liposome dispersion. At
present, the shelf-life of the product is 3 years.

3.5. Pre-Clinical In Vitro Efficacy
and Toxicity Testing

Once the liposome formulation had been optimized, in vitro
efficacy studies had to be conducted to determine the range
of antifungal activity of this formulation. In general, the in
vitro activity of AmBisome and Fungizone (sodium deoxycho-
late formulation of amphotericin B) was similar against
yeast and molds using standard 24 or 48hr incubations
(45). Studies by Anaissie et al. (46) showed that the in vitro
antifungal activities of AmBisome and Fungizone were
similar for over 100 strains of Candida, Cryptococcus
and Aspergillus. However, the AmBisome MIC for other
strains of Candida (47) and the yeast form of one strain of
P. brasiliensis (48) were higher than that of Fungizone.

In vitro cytotoxicity studies were used to help establish
safe dosing regimens. When human red blood cells were
incubated for 2hr with AmBisome at concentrations up to
100mg=mL, there was only 5% hemolysis. In comparison,
Fungizone at concentrations as low as 1 mg=mL caused 92%
hemolysis (34). This rapid and extensive damage to red blood
cells by Fungizone, but not AmBisome, could also be
correlated with potassium release from rat red blood cells
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incubated with these drugs (49). Similar reductions in toxicity
have been reported in other cell types, such as primary (Lan-
gerhans cells) and established (canine kidney and murine
macrophage) cell lines, using electron microscopic (50) and
viability assays (51), respectively.

3.6. Pre-Clinical In Vivo Toxicity Testing

The reduced in vivo toxicity of AmBisome compared to non-
liposomal amphotericin B was demonstrated in a variety of
single and repeated dosing studies in mice, rats, and dogs.
Fungizone had an LD50 of 2.3 mg=kg whereas reconstituted
AmBisome had a single dose LD50 in C57BL=6 mice that
was above 125 mg=kg (43). Repeated dosing toxicity of AmBi-
some was tested at 1, 3, 9, and 20 mg=kg=day for 30 days in
rats (52), and 1, 4, 8, and 16 mg=kg in dogs for 30 days (53).
In the rat study, 12 of 25 female Sprague–Dawley Crl:CD
(SD) BR rats from Charles River receiving 20 mg=kg died
or were sacrificed after two doses due to acute liver toxicity.
The remaining female rats and all of the male rats given
20 mg=kg AmBisome survived to the end of the study (day
30), but had significantly lower weight gain than control
rats (p< 0.01). Some nephrotoxicity for AmBisome was con-
firmed by a significant dose-related increase in BUN
(p< 0.01) for both sexes, but without concomitant rises in
serum creatinine. In dogs, blood chemistries of animals
receiving 4 mg= kg AmBisome were compared with pub-
lished values for dogs receiving 0.6 mg=kg Fungizone (54).
Both AST and ALT levels were normal for the AmBisome
group, but about 7- and 21-fold higher, respectively, for
the Fungizone comparison group. Also, BUN levels were
about four times higher for dogs given 0.6 mg=kg Fungizone
(229 mg=dL) compared with those given 4 mg=kg AmBisome
(58 mg=dL), and creatinine levels were more than 2.5 times
higher for Fungizone-treated animals (6.0 mg=dL) compared
with those receiving AmBisome (2.3 mg=dL). Thus, in dogs
repeated treatments with AmBisome resulted in only mild
effects on the kidney while liver enzymes remained within
normal ranges.
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3.7. Pharmacokinetic Testing

Having established the toxicity profile for AmBisome in
several different animal species, biodistribution studies were
conducted to optimize the therapeutic dosing of this product.
Like other long-circulating, stable liposomes (55), the AmBi-
some pharmacokinetic studies showed high peak plasma
levels, high plasma AUC, and extended plasma elimination
(see Table 1). AmBisome also demonstrated a saturable,
non-linear distribution from the plasma, most likely due to
uptake by the reticuloendothelial system. Thus, when the
dose was increased from 1 to 5mg=kg, the volume of distribu-
tion (Vd) and the total clearance (Cl) decreased.

Tissue distribution studies in uninfected rats with
1month dosing at 1, 3, and 5mg=kg AmBisome or Fungi-
zone (1mg=kg) were conducted to compare drug localization
over time. At 1mg=kg most of the AmBisome accumulated
in the liver and spleen, showing levels 2–3 times higher
than the comparable dose of Fungizone. In contrast, kidney

Table 1 Mean Single Dose Pharmacokinetics of AmBisome in
Animals Following Intravenous Administration

Species
n
(group)

Dose
(mg=kg)

Cmax

(mg=mL)
AUC0–1
(mgh=mL)

t1=2
(hr)

Vd

(L=kg)
Cl
(mL=hr=kg)

Mouse 3 1 8 36 17 0.68 28
5 50 1080 24 0.16 4.6

Rat 6 1 7.2 64 9.5 0.21 16
3 30.3 374 7.9 0.10 8.4
9 141 1140 8.0 0.10 8.0
20 235 1810 13.6 0.20 12.6

Rabbit 3–4 1.0 26 60 3.6 0.09 16
2.5 53 210 5.2 0.09 12
5 132 840 5.5 0.05 5.3
10 287 2220 7.7 0.05 4.2

Dog 10 0.25 0.21 2.6 7.0 1.66 110
1 1.9 11 9.3 0.96 79
4 18 164 8.4 0.29 26
8 72 990 11.0 0.14 10
16 174 2600 11.6 0.07 6.0
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and lung drug levels were 6 and 2.5 times lower, res-
pectively. At a dose of 5mg=kg AmBisome, the relative per-
cent uptake by the liver and spleen decreased, and there
was redistribution of the drug into other organs including
the (43). Shown in 1 are
kidney and lung tissue concentrations of amphotericin B
determined up to 28 days after dosing was discontinued. In
both tissues, higher drug levels persisted after treatment with
5mg=kg AmBisome vs. 1mg=kgFungizone suggesting that
AmBisome could be utilized in prophylactic regimens (56).

Brain accumulation of the drug in uninfected rats was
lower than for the other organs, but AmBisome treatment at
5mg=kg produced at least twofold higher brain levels than
were achieved with Fungizone at 1mg=kg (43). In comparison,
when uninfected or Candida infected rabbits were given

Figure 1 Harlan–Sprague–Dawley rats (female) were given
daily intravenous treatments for 28 days with either amphotericin
B as Fungizone (1mg=kg) or AmBisome (1 or 5mg=kg). At various
time points during (drug accumulation days 10, 20, and 28) and
after (drug clearance days 38 and 56) treatment, kidney tissues
were removed and assayed by HPLC for the concentration of
amphotericin B per gram tissue.

Liposomal Formulation of Amphotericin B 491

© 2005 by Taylor & Francis Group, LLC

Figs.and andlungskidneys 2



5 mg=kg of AmBisome, Abelcet, or Amphotec, brain levels of
drug achieved with AmBisome were 4–7 times higher than
with any of the other formulations (57).

3.8. Pre-Clinical In Vivo Efficacy Testing

With this background of information on the toxicity and phar-
macokinetics of AmBisome, pre-clinical efficacy studies were
expanded to include testing of AmBisome for the treatment
of both extracellularand intracellular fungal infections in immu-
nocompetent and immunosuppressed animals. The liposomal
form of the drug was to be very effective
The models of infections utilized included systemic candi-
diasis (56,58,59,61), pulmonary and systemic aspergillosis
(62–64), mucormycosis (65), meningeal cryptococcosis (66),

Figure 2 Harlan–Sprague–Dawley rats (female) were given daily
intravenous treatments for 28 days with either amphotericin B as
Fungizone (1 mg=kg) or AmBisome (1 or 5 mg=kg). At various time
points during (drug accumulation days 10, 20, and 28) and after
(drug clearance days 38 and 56) treatment, lung tissues were
removed and assayed by HPLC for the concentration of amphoteri-
cin B per gram tissue.
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pulmonary blastomycosis (67), coccidioidomycosis (68), histo-
plasmosis (69), pulmonary paracoccidoidomycosis (48), tri-
chosporonosis (70), and leishmaniasis (71,72). In all models,
AmBisome could be administered at much higher daily
(3–30mg=kg) and total doses of amphotericin B compared
with Fungizone because it was much less toxic. As a result,
fungi were completely eradicated from infected tissues in up
to 80% of the animals with infections including blastomycosis,
paracoccidoidomycosis, cryptococcal meningitis, and candidia-
sis. Of particular relevance is the capability of AmBisome to
eliminate (57) or markedly reduce (66,68) fungal infection in
the brain. In some models, equal doses of Fungizone and
AmBisome (1mg=kg or less) produced comparable efficacy,
e.g., treatment of infections due to C. albicans (58), C. neofor-
mans (58), C. immitis (73), Leishmania donovani (72), and
H. capsulatum (69).

Since the pharmacokinetic data indicated that following
intravenous administration, AmBisome would remain in the
tissues for several weeks, prophylactic pre-clinical efficacy stu-
dies were also conducted. AmBisome’s persistence in the tissue
was associated with continued bioavailability and persistent
antifungal effect. Thus, after a single intravenous prophylactic
dose of AmBisome at 5, 10, or 20mg=kg, immunocompetent or
immunosuppressed mice were protected from a subsequent
lethal challenge with C. albicans (56) or H. capsulatum (56).
Also, prophylactic treatment with 6.05mg=kg AmBisome
administered by the aerosol route over 3 days prevented
infection with Aspergillus fumigatus in immunosuppressed
mice (64).

3.9. Mode of Action

The pre-clinical efficacy studies showed that AmBisome could
be used to treat infections in many organs including the brain,
spleen, liver, kidneys, and lungs. To elucidate AmBisome’s
antimicrobial mode of action, additional in vivo and in vitro
studies were necessary. To follow the in vivo distribution of
AmBisome, liposomes were prepared with the fluorescent dye
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Table 2 Overview of In Vivo Pharmacology Studies Comparing Amphotericin B with AmBisome

Amphotericin B AmBisome

Test species Micro-organism

Dose

regimen

Dose

(mg=kg) Major findings

Dose

(mg=kg) Major findings Refs.

Mouse

C57BL=6J,

female

(n¼ 5)

C. albicans,

strain CSPU 39

Multi: 5

cycles

0.7 80% survival at 21 days.

1.0�103 CFU=mg

kidney tissue

(p< 0.05)

2.5, 5.0, 10.0 100% survival all doses.

Dose related kidney

clearance of yeast: 68

CFU=mg at 2.5 (p<0.05);

16 CFU=mg at 5.0

(p< 0.05); 9 CFU=mg at

10.0 (p< 0.05)

58

Mouse
BALB=C;

female,

Immuno-

competent

(n¼ 10)

C. albicans,
ATCC 44858

Multi:5
cycles

0.4 100% survival at 14
days. Significant

reduction in CFU=mg

of kidney tissue

(p< 0.001).Prevented

relapse

0.4, 7.0 90–100% survival at 14 days.
Significant reduction in

CFU=mg of kidney tissue

(p< 0.001). Prevented

relapse

59

Mouse,

BALB=C;

female,

leukopenic

(n¼ 10)

C. albicans,

ATCC 44858

Multi: 5

cycles

0.3 100% survival,

significant reductions

in CFU in liver, spleen

and lungs (p< 0.001).

Growth inhibited only

in kidneys. Infection

relapsed

0.3

7.0

50% survival

100% survival. Reduction

in CFU=mg of kidney

(p< 0.001). Prevented

relapse

59

Mouse,

C57BL=6,

female,

immuno-

competent

(n¼ 5)

C. albicans,

strain CSPU 39

Single

Prophy-

lactic

day 7

pre-

challenge

1.0 Log CFU ¼ 5.2 at day

7 post-challenge

1, 5, 10 or 20 All doses reduced fungal

burden (p< 0.05);

doses of 5, 10, and

20mg=kg resulted in

less weight loss. At

1mg=kg, log CFU¼4.6
at day 7 post-challenge

56
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Mouse,

C57BL=6,

female

immuno-

suppressed

(n¼5)

C. albicans,

strain CSPU

39

Single

Prophylactic

day 7 pre-

challenge.

1.0 Log CFU¼4.2 at day 7

post-challenge

1, 5, or 20 All doses reduced fungal

burden (p<0.05); doses

of 5 or 20mg=kg resulted

in less weight loss. At 1.0

and 5.0mg=kg, CFU¼3.2

and CFU¼ 3.5 at day

7 post-challenge

Mouse, CF1,

male,

neutro-

penic

(n¼20)

Candida lusitaniae,

strain 1706

Multi: 3

cycles

1 Significantly prolonged

survival (p<0.05);

significant reduction in

CFU=g kidney

tissue (p<0.05)

10, 30 Significantly prolonged

survival (p< 0.05);

significant reduction in

CFU=g kidney

tissue (p< 0.05)

61

C. lusitaniae,

strain 524

Multi: 3

cycles

1 Significantly prolonged

survival (p<0.05);

significant reduction

in CFU=g kidney tissue
(p<0.05)

10, 15 Significantly prolonged

survival (p< 0.05);

significant reduction in

CFU=g kidney tissue
(p< 0.05)

C. lusitaniae,

strain 2819

Multi: 3

cycles

1 Survival not significantly

prolonged; no

significant reduction in

CFU=g kidney tissue

10, 30 Significantly reduced

CFU=g kidney

tissue (p< 0.05)

C. lusitaniae,

strain 5W31

(resistant)

Multi: 3

cycles

1 Survival not

significantly prolonged;

no significant

reduction in CFU=g

kidney tissue

10, 30 At 10mg=kg survival not

prolonged; CFU=g

kidney tissue not

reduced. At 30mg=kg

survival not prolonged;

significant reduction

in CFU=g kidney

tissue (p< 0.05)

(Continued)
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Table 2 Overview of In Vivo Pharmacology Studies Comparing Amphotericin Bwith AmBisome (Continued )

Amphotericin B AmBisome

Test species Micro-organism

Dose

regimen

Dose

(mg=kg) Major findings

Dose

(mg=kg) Major findings Refs.

Rabbit,

New

Zealand

White;

granulo-

cytopenic

(n¼ 5–18)

Aspergillus

fumigatus,

isolate 4215

(intratracheal)

Multi: 10

cycles

1 30% survival at day 10

(p¼ 0.1). Approx-

imately 15-fold

reduction in mean

number of CFU

(p< 0.001)

1.0 80–100% survival at day 10

(p< 0.01). Approximately

eight-fold reduction in

mean number of CFU at

1.0mg=kg (p< 0.01)

62

5.0, 10.0 Approximately 15-fold

reduction in mean

number of CFU at

5.0 and 10.0 mg=kg
(p< 0.001)

Rat, strain R,

female,

granulo-

cytopenic

(n¼ 15)

A. fumigatus,

clinical

isolate

(left lung

intubation)

Multi: 10

cycles

1 Increased survival

to 13% (p¼ 0.006 vs.

controls). No effect on

dissemination to the

right lung. Reduced

dissemination of infect-

ion to liver and spleen

in 39% of animals vs.

controls (NS)

1 No increase in survival vs.

untreated controls.

Reduced dissemination of

infection to right lung by

33% (p< 0.01), and to the

liver and spleen in 59%

of animals (p<0.01)

63

10 Increased survival to 27%

(p¼ 0.027 vs. controls).

Reduced dissemination
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of infection to right lung

by 33% (p<0.01).

Completely prevented

dissemination of infection

to liver and spleen

in 100% of animals.

Mouse, ICR,

female,

immuno-

suppressed

(n¼ 10)

A. fumigatus,

ATCC 13073

(intranasal)

Multi 3

cycles,

aerosol

prior to

challenge

6.73 (total

dose)

100% survival at day 9

post-challenge. 2 log

reduction in lung

CFU=gm, 0% of

animals cleared

of lung infection

6.05 (total

dose)

100% survival at day 9

post-challenge. 3 log

reduction in lung CFU=gm,

80% of animals cleared

of lung infection

64

Mouse,

BALB=c

male,

diabetic

(n¼ 19–30)

Rhizopus oryzae,

99–880 (IV)

Multi 4

cycles

0.75 b.i.d. No significant

improvement in

survival

2.5 b.i.d.;

7.5 b.i.d.

No significant mprovement

in survival

Significant improvement

in median survival

(p¼0.01) and total

survival (p ¼ 0.001)

65

Mouse,

ICR

(n¼ 9–10)

C. neoformans,

clinical isolate

89–98

(intracranial)

Multi: 7

cycles

0.3 (IV),

1.0 (IV)

3.0 (IP),

7.0 (IP)

Survival significantly

prolonged (p< 0.05).

Survival significantly

prolonged (p< 0.05).

Significant reduction

in brain CFU

(p< 0.05)

0.3 (IV),

3.0, 7.0 (IV)

Survival was not prolonged.

Survival significantly

prolonged (p<0.05).

Significant reduction in

brain CFU (p<0.05)

66

1.0, 20, 30

(all doses IV)

Significant reduction

in brain CFU (p< 0.05).

44% of 20 mg=kg group

and 78% of 30mg=kg

group were culture-

negative on day 30.

(Continued)
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Table 2 Overview of In Vivo Pharmacology Studies Comparing Amphotericin Bwith AmBisome (Continued )

Amphotericin B AmBisome

Test species Micro-organism

Dose

regimen

Dose

(mg=kg) Major findings

Dose

(mg=kg) Major findings Refs.

Mouse,

CD-1,

male

(n¼10)

Blastomyces

dermatitidis,

ATCC 26199

(intranasal)

Multi: 6

cycles

0.6 100%survival (p<0.001).

Significant reduction

in CFU=lung

(p<0.001). No

animal cleared

of infection

1.0, 3.0,

7.5, 15.0

90–100% survival

(p< 0.001); significant

dose-dependent

reduction in

CFU=lung (p<0.001);

70–80% cleared of infection

at top two dosages

67

Rabbit,

New

Zealand

white,

(n¼8–10)

Coccidioides

immitis,

strain: Salviera

(intracisternal)

Multi: 9

Cycles

1.0 100% survival; no

animals cleared of

infection (p< 0.05

vs. control).

About 1.0 log reduction

in CFU in brain

7.5, 15.0,

22.5

100% survival in all groups

(p< 0.05 vs. control).

About 1.9–2.7 log reduction

in CFU in brain

68

Mouse,
athymic

nu=nu

(n¼10–20)

Histoplasma
capsulatum,

isolate 93–255

Multi: 6
Cycles

0.3, 0.6,
1.0 (IV)

3.0 (IP)

Survival prolonged
significantly (p<0.005)

Survival prolonged

significantly (p<0.001)

0.3, 0.6 (IV),

1.0 (IV)

3.0 (IV)

Survival prolonged
significantly (p< 0.005).

Survival prolonged

significantly (p< 0.001);

more effective than

1.0mg=kg amphotericin

B (p<0.02).

Survival prolonged

significantly (p< 0.001).
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Mouse,

male

BALB=c

(n¼ 14–15)

Paracoccidiodes

brasiliensis,

isolate Gar

(intranasal)

Multi: 6

cycles

0.6 47% survival (p< 0.05)

at day 40

0.6

5.0, 15.0,

30.0

7% survival (p< 0.05) at

day 40

67–86% survival (p< 0.05–

0.0001); significant
reduction in CFU=lung

(p< 0.01–0.001)

48

Mouse, CF1,

male,

immuno-

suppressed

(n¼ 20)

Trichosporon

beigelii,

isolate 009

(resistant)

Multi: 10

cycles

1 (IP) No significant reduction

of CFU=g of

kidney tissue

1, 5

10

No significant reduction of

CFU=g of kidney tissue

Significant reduction

(p< 0.05) of CFU=g of

kidney tissue

70

T. beigelii,

isolate 008

(Partially

resistant)

Multi: 10

cycles

1 (IP) Significant reduction

(p< 0.05) of CFU=g

of kidney tissue

1, 5, 10 Significant dose-dependent

reduction (p< 0.05) of

CFU=g of kidney tissue for

all dosages

Mouse,

female

BALB=c,

(n¼ 5)

L. donovani,

strain

MHOM=FR=91

=LEM2259V

Multi: 6

cycles

0.8 1–2 log decrease in

liver and spleen CFU;

2–3 log reduction in

lung CFU

0.8 4–6 log decrease in liver and

spleen CFU; complete

clearance of lung CFU for

14 weeks

71

5, 50 Complete clearance of liver,

spleen, and lung CFU for

14 weeks

72

Mouse,

female

BALB=c

(n¼ 5)

L. donovani,

MHOM=ET=

67=L82

Single 0.04

0.2

1.0

5.3% inhibition

of amastigotes

in liver (p¼ 0.26).

22.0% inhibition

of amastigotes

in liver (p¼ 0.016).

52.7% inhibition

of amastigotes

in liver (p¼ 0.0003).

0.04

0.2

1.0

5.0

15.8% inhibition

of amastigotes in liver

(p¼ 0.11).

41.2% inhibition of

amastigotes in liver

(p¼ 0.001)

84.5% inhibition of

amastigotesin liver

(p < 0.0001)99.8%

inhibition of amastigotes in

liver (p < 0.0001)
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sulforhodamine entrapped inside the liposomes. C. albicans
infected mice were treated with the fluorescently labeled form
of AmBisome; controls included liposomes with fluorescent
dye but lacking amphotericin B and unlabeled AmBisome.
Infected kidneys were collected 17hr after treatment, frozen,
sectioned and examined for localization of red fluorescence,
or fixed and stained with Gomori methenamine silver to detect
fungi. The sections from the mice administered fluorescent
liposomes showed bright fluorescence associated with sites of
fungal infection, but the unmodified AmBisome showed only
faint, diffuse autofluorescence throughout the tissue. Direct
evidence of the interactions between the liposomes and the
fungi was obtained from in vitro studies using the same type
of fluorescent-labeled AmBisome and non-drug containing
fluorescent-labeled liposomes. After incubation with the AmBi-
some, the fungal cells showed dye distribution throughout the
fungal cytoplasm; these cells were all dead. In comparison, the
fluorescent dye remained on the surface of viable fungal cells
even after 24hr of incubation when liposomes lacking drug
were used (60). These results suggested that AmBisome could
bind to the surface of the fungal cells, breakdown, and release
their contents into the fungal cytoplasm. Visualization of lipo-
somes, with andwithout drug, binding to the surface of the fun-
gal cell wall was demonstrated using freeze-fracture analysis

The presence of liposomal lipids within the fungal cyto-
plasm after treatment of C. glabrata with AmBisome was
detected by incorporating a small amount of gold-labeled phos-
phatidylethanolamine into the AmBisome or liposomes with-
out drug. The results showed that lipid from the
liposomes without drug could not penetrate into the fungal
cytoplasm whereas the lipid from AmBisome could be seen
throughout the cytoplasm. Delivery of amphotericin B into
the fungal cytoplasm of cells incubated with AmBisome
was visualized by reacting fungal thin sections with anti-
amphotericin B antibody (generously provided by Dr. John
Cleary, University of Mississippi) followed by treatment with
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of C. glabrata incubated with the liposomes (Fig. 3).

(Fig. 4)

immunogold-labeled anti-antibody (Fig. 5).



In summary, these data suggest that AmBisome can
localize at infection sites, and interact directly with the fun-
gus. It appears that following binding of the AmBisome to
the fungal cell wall, drug-containing liposomes breakdown,
and release their constituents which traverse the cell wall.
Upon contact with the fungal cell membrane below the fun-
gal cell wall, the released amphotericin B is able to bind to
the ergosterol in the membrane for which it has a 10�
higher binding affinity than for the cholesterol in the lipo-
some (41). This proposed mode of action may help explain

Figure 3 Candida glabrata was mixed with non-drug containing
liposomes with the same lipid composition as AmBisome (A) or with
AmBisome (B) and processed for freeze-fracture electron micro-
scopy. With both types of liposome preparations, liposomes (L) were
seen adhering to the outer surface of the cell wall (CW) of the yeast,
and no intact liposomes were observed within the cell wall or at
the cell membrane (CM). Size ¼ 300nm=0.5 cm. (Photographs cour-
tesy of Kevin Franke, California State Polytechnic University,
Pomona, CA.)
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Figure 4 (Caption on facing page)
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how circulating AmBisome which retains active drug within
its lipid bilayer can provide potent antifungal efficacy at the
infection site when it comes in contact with the fungus.

3.10. Clinical Testing

Approval of AmBisome for patient use required extensive
clinical testing to determine if the compelling pre-clinical
safety and efficacy data for the drug were applicable to the
human population. This component of the drug development
process took many years since the total number of confirmed
fungal infections per year is limited by the difficulties
involved in diagnosing fungal infections (74,75) and by the
complexities of treating patients with fungal infections. The
following is a summary of the many clinical trials that were
conducted, and which eventually led to the approval of the
drug in 48 countries including the United States. These stu-
dies and reports include initial compassionate use of the drug,
salvage therapy, toxicological evaluation in the presence of
other nephrotoxic drugs, prophylactic use, efficacy in different
patient populations (including neutropenic, AIDS and

Figure 4 (facing page) Candida glabrata was incubated with
gold-labeled lipid in non-drug containing liposomes with the
same lipid composition as AmBisome (A) or with gold-labeled
lipid in AmBisome (B). After incubation for 24hr, the samples
were fixed. The gold-labeled lipid was enhanced with silver,
and the samples were processed for thin section electron
microscopy. With the non-drug containing liposome prepara-
tion (A), gold-labeled lipid (GL) was seen adhering to the
outer surface of the cell wall (w) of the yeast, with no lipid
present within the cell wall, at the cell membrane (Cm), or
in the cytoplasm (C). With the AmBisome (B), gold-labeled
lipid (GL) was seen at the cell wall surface (w) at the cell mem-
brane (Cm) and in the cytoplasm (C). Size ¼ 300nm=0.5 cm.
(Photographs courtesy of Kevin Franke, California State
Polytechnic University, Pomona, CA.)
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pediatric patients), safety and pharmacokinetic evaluation,
and empirical use.

The first clinical use of AmBisome occurred in 1987 when
a heart transplant patient developed pulmonary aspergillosis

Figure 5 Aspergillus fumigatus was incubated with non-liposomal
amphotericin B as Fungizone (A) or AmBisome (B). After incubation
for 10hr (Fungizone) or 14hr (AmBisome), the sampleswere fixed, pro-
cessed for thin section electron microscopy, sectioned and incubated
with anti-amphotericin B antibody (generously provided by Dr. John
Cleary of University of Mississippi), followed by incubation with gold-
labeled anti-antibody. After incubation with Fungizone, some gold-
labeled anti-antibody (GA) was seen adhering to the outer surface of
the cell wall (CW) of the fungus, but most of the anti-antibody was pre-
sent throughout thedisrupted cytoplasm(CY)of the fungus.After 14hr
incubation with AmBisome, gold-labeled anti-antibody (GA) was seen
at the cell wall surface (CW) and in the disrupted cytoplasm (CY) of
the fungus. Size ¼ 300nm=0.5 cm. (Photographs courtesy of Kevin
Franke, California State Polytechnic University, Pomona, CA.)
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that could not be treated with conventional amphotericin B
due to nephrotoxicity (76). After 34 days of treatment with
AmBisome at 1mg=kg=day, the infection was eradicated,
and no evidence of recurrence was reported during a 16month
follow-up period. Also, during the treatment period, kidney
function improved and there were no acute side effects such
as fever and chills. At 16 months after the completion of ther-
apy the patient was alive with no evidence of recurrent infec-
tion. This initial success provided substantial impetus for
broader safety and efficacy testing of AmBisome.

3.10.1. Early Clinical Trials of AmBisome in
Europe

The earliest safety data on AmBisome were reported by
Meunier et al. (77). This multicenter study included 126
patients receiving 133 episodes of AmBisome treatment. The
majority of these patients had failed previous conventional
amphotericin B therapy due to toxicity or renal insufficiency.
The mean duration of AmBisome administration was 21 days
at an average dose of 2.1mg=kg (range ¼ 0.45–5.0mg=kg).
Hypokalemia was the most common side effect and was
observed in 24 cases. Nausea, vomiting, fever, chills and rig-
ors were observed in a total of five instances. Serum chemis-
tries were monitored closely throughout the study for
indications of organ toxicity. Although many patients entered
this study with elevated creatinine levels, in only 11 cases did
creatinine levels become elevated during AmBisome treat-
ment. In 17 episodes, creatinine was initially high but
returned to normal. Glutamyl oxaloacetate transaminase
became elevated in 19 instances, and elevation in alkaline
phosphatase was observed in 22 cases. However, there were
no reports of discontinuation of AmBisome therapy due to
adverse side effects. Thus, AmBisome was well tolerated even
in severely ill patients.

The efficacy evaluation of the same patients described
above was published in 1991 (78). AmBisome was analyzed
as a salvage therapy in immunocompromised patients with
suspected or proven fungal infections who had failed previous
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antifungal therapy, or had renal insufficiency or toxicity. Out
of a total of 126 patients, there were 64 cases with proven
invasive infections. Of these, 37 (58%) were cured, 12 (19%)
improved, and 15 (23%) failed to respond. From these results,
it was concluded that AmBisome was an effective salvage
agent in the majority of patients with invasive (78) fungal
infections. Although this was not the traditional randomized
comparative trial usually required to gain marketing
approval, it was sufficient in some countries to gain limited
regulatory approval of AmBisome for salvage therapy in
patients with severe fungal infections who could not be treated
effectively with any other available agent.

As a result of its unique safety profile including very low
kidney toxicity, AmBisome was further evaluated in a series of
187 transplant recipients who were also receiving cyclosporin
(79). Cyclosporin is an immunosuppressive drug that is fre-
quently administered to transplant patients to prevent graft
rejection. However, cyclosporin has significant nephrotoxicity
which often precludes the use of conventional amphotericin B
in those patients who have contracted fungal infections.
AmBisome was administered to these patients at dose levels
between 1 and 4mg=kg=day for a median of 11 days (range
1–112 days). The side effects attributed to AmBisome therapy
were observed in only 7% of the cases, and resulted in its dis-
continuation in six cases. The serum creatinine increase,
which was 20% overall, was not statistically significant
indicating that AmBisome had minimal effect on kidney func-
tion. Other side effects possibly related to AmBisome included
elevated serum urea and alkaline phosphatase which rapidly
normalized after AmBisome therapy was discontinued. Thus,
in the context of this study, when patients received a variety of
potentially toxic drugs, the AmBisome side-effect profile was
mild and manageable in the vast majority of cases.

AmBisome has also been investigated in neutropenic
patients with suspected or confirmed fungal infections. In
one report (80), 116 patients who had failed, or could not
tolerate, conventional amphotericinBwere treatedwithAmBi-
some. The median duration of AmBisome therapy was 12 days
(range: 2–96 days) and the median total dose administered
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was 1684mg (range: 180–10,440mg). Adverse events were
rare, even in patients receiving 5mg=kg=day. No clinically
significant deterioration in serum urea or creatinine resulted
from AmBisome therapy, although electrolyte replacement
was required in some patients. Abnormal hepatic function
possibly attributable to AmBisome was noted in 17% of the
treatment episodes, but was severe enough to warrant discon-
tinuation of therapy in only two cases. Overall, 61% of the
patients treatedwithAmBisome recovered. In 21 patientswith
proven aspergillosis, 13 (62%) obtained complete or partial
resolution of the clinical and radiological signs of infection. In
this study, AmBisome was shown to be an effective agent for
the treatment of Aspergillus infections, and was far less toxic
than conventional amphotericin B.

3.10.2. Prophylactic Studies

Since fungal infections in immunosuppressed patients are
often fatal, clinicians have long sought an effective method
to prevent such infections in high-risk patients such as bone
marrow and solid organ transplant recipients. Although the
broad activity spectrum of amphotericin B makes it an ideal
prophylactic agent, its severe toxicities have precluded its
use at dose levels that would assure success. Tollemar et al.
(81), having recognized the value of AmBisome’s low toxicity
profile, were the first to study AmBisome in a randomized
prospective prophylactic trial in bone marrow transplant reci-
pients (82). Their results showed that AmBisome at 1 mg=kg
per day significantly reduced fungal colonization compared to
placebo, but the incidence of suspected (5 AmBisome vs. 7
placebo patients) and proven fungal infections (1 AmBisome
vs. 3 placebo patients) were not significantly different. Never-
theless, AmBisome was well tolerated suggesting that pro-
phylactic clinical trials with greater numbers of patients
and at higher doses as indicated in the pre-clinical studies
might show statistically significant efficacy for AmBisome.

Several years later, Tollemar et al. (83) published a
paper on the prophylactic potential of AmBisome in liver
transplant recipients. In this randomized prospective
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double-blind trial, AmBisome at 1mg=kg =day completely pre-
vented invasive fungal infections, while 6 of 37 patients (16%)
in the placebo control group developed such infections
(p< 0.01). However, there was no significant difference in
30-day survival between the two groups. Two AmBisome
and three placebo patients developed suspected fungal infec-
tions (NS) based on the presence of Candida antigen. AmBi-
some was well tolerated, although backache in one patient,
thrombocytopenia in another patient, and suspected nephro-
toxicity and transient thrombocytopenia in a third patient
were observed. Interestingly, an economic analysis of this
study showed that the cost of AmBisome for prophylaxis
was less than the cost of treatment for the verified fungal
infections in the placebo control group.

Another prophylaxis study in neutropenic patients com-
pared AmBisome given three times weekly at 2mg=kg with
placebo (84). In this study, no patients receiving AmBisome
developed a proven fungal infection compared to three in
the placebo arm (NS) and suspected fungal infections defined
as fever for greater than 96hr while on broad-spectrum anti-
biotics occurred in 42 and 46% of the AmBisome and placebo
patients, respectively (NS). In comparison, significantly
fewer patients in the AmBisome arm became colonized with
fungus compared to the placebo arm during the study (15 vs.
35, respectively, p< 0.05). As in other prophylactic studies,
AmBisome was well tolerated, but despite positive trends, this
regimen did not lead to a significant reduction in fungal
infection or reduce the requirement for systemic antifungal
therapy.

In a randomized prospective study, AmBisome (3 mg=kg,
three times per week) was compared to a combination of
fluconazole (200mg every 12hr) and itraconazole (200mg
every 12hr) as prophylaxis for fungal infections in patients
who were undergoing induction chemotherapy for acute mye-
logenous leukemia or myelodysplastic syndrome (85). Both
treatment arms of the study showed similar antifungal pro-
phylaxis, although AmBisome treatment was associated
with significantly high rates of increase in serum bilirubin
(P ¼ 0.012 ) and serum creatinine (P ¼ 0.021).
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3.10.3. Therapeutic Studies

AmBisome treatment of opportunistic fungal infections inAIDS
patients also provided encouraging results. One multicenter
study (86) described theuse ofAmBisome inAIDSpatientswith
cryptococcosis. Patients were treated at 3 mg=kg=day for at
least 42 days. Of the 23 enrollments evaluable for clinical effi-
cacy, 18 (78%) were either cured or improved. Cryptococcus
neoformanswas eradicated in 14 (67%) of 21 patients that were
mycologically evaluable. AmBisomewas well tolerated in these
patients. Leenders et al. (87) conducted a randomized prospec-
tive studyof cryptococcosis to compare the efficacy ofAmBisome
at 4mg=kg vs. standard amphotericin B at 0.7mg=kg daily for 3
weeks, each followed by oral Fluconazole (400mg per day) for 7
weeks. Fifteen patients received AmBisome and 13 received
amphotericin B. Although time to clinical response was the
same in both treatment groups, cerebral spinal fluid (CSF)
sterilization was achieved with AmBisome within 7 days in 6
of 15 patients compared to 1 in the amphotericin B group. By
the end of intravenous therapy, 11 of 15 (73%) AmBisome
patients had achieved CSF conversion compared to 3 of 8
(37.5%) evaluable patients in the amphotericin B group. Thus,
AmBisome therapy resulted in significantly earlierCSF culture
conversion than conventional amphotericin B therapy and was
significantly less nephrotoxic.

AmBisome has also proven to be an effective treatment
for leishmaniasis. Several clinical studies were done to test
the efficacy of high dose AmBisome for treatment of drug-
resistant visceral leishmaniasis (88,89). In one pilot study, a
single dose of AmBisome at 5mg=kg or five daily doses of
AmBisome at 1mg=kg were found to be curative in 91 and
93%, respectively, of visceral leishmaniasis patients at the
6month follow-up (88). A more extensive multicenter study
was performed in a total of 203 patients (89). In this study,
a single 7.5mg=kg dose of AmBisome was curative in 96% of
the cases after 1month. At the 6month follow-up examina-
tion, 90% of the patients remained disease-free. Thus, AmBi-
some was shown to be a suitable treatment for drug-resistant
visceral leishmaniasis.
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AmBisome was evaluated for the treatment of fever of
unknown origin in a prospective randomized clinical trial
conducted in Europe (35). In this study, 338 neutropenic
pediatric and adult patients with fever of unknown origin
were randomized to receive one of the following regimens:
amphotericin B (1 mg=kg), AmBisome (1mg=kg), or AmBi-
some (3mg=kg). Overall, 64% of patients in the amphotericin
B arm experienced adverse events, which was significantly
higher than in either the 1 or 3mg=kg AmBisome arms
(36 and 43%, respectively). Likewise, kidney toxicity, defined
as at least a doubling of serum creatinine, was significantly
higher in the amphotericin B group. With the exception of
lower serum potassium in the amphotericin B group, there
were no other significant differences in blood chemistry
values. From an efficacy point of view, patients were defined
as responders if they had resolution of fever (<38�C) and
recovery of neutrophils (�0.5�109=L) for three consecutive
days. Discontinuation of therapy, addition of another anti-
fungal therapy, or proven breakthrough fungal infection
were failure criteria. There was a 49% response rate in the
amphotericin B arm compared to 58% (p ¼ 0.09) and 63%
(p¼ 0.03) response rates for AmBisome at 1 and 3mg=kg,
respectively. Thus, this study provided evidence that AmBi-
some was significantly safer while being equivalent to con-
ventional amphotericin B at 1mg=kg and significantly
better at 3mg=kg with regard to resolution of fever of
unknown origin.

Based on AmBisome’s encouraging safety profile, addi-
tional evaluations of this product for pediatric applications
were done (90,91). In a study of 15 immunosuppressed
infants, with suspected fungal infections or severe Candida
colonization, who were about to have bone marrow transplan-
tation for primary immunodeficiency, AmBisome could be
administered at daily doses up to 6mg=kg without serious
side effects (90). These patients had minimal side effects
despite the fact that many were receiving concomitant
nephrotoxic agents such as cyclosporin. However, some
patients (n¼3) required increased potassium supplementa-
tion and one patient showed a significant rise in creatinine
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level. In another study, Scarcella et al. (91) reported on their
experience with AmBisome in 44 pre-term or full term neo-
nates with fungal infections. AmBisome was given at 1–5mg=
kg=day for up to 49 days with essentially no side effects. This
treatment cured 32 (72.7%) of those treated. It confirmed the
drug’s safety and efficacy in this population. In addition,
AmBisome (2.5–7.0mg=kg=day) has been evaluated prospec-
tively in 24 very low birth weight infants with systemic candi-
diasis (92). Twenty (83%) infants were considered clinically
cured at the end of treatment. No major adverse effects were
recorded, although one patient developed increased bilirubin
and hepatic transaminases levels during therapy. Thus, it
was concluded that AmBisome is an effective, safe, and conve-
nient antifungal therapy for systemic fungal infections in very
low birth weight infants.

AmBisome (5mg=kg) has also been compared to conven-
tional amphotericin B (1mg=kg) for the treatment of proven
or suspected invasive fungal infections in a randomized trial
(93). A total of 66 patients were eligible for analysis, 32 on
AmBisome and 34 on amphotericin B. After 14 days of therapy,
the complete plus partial response rate in the AmBisome
treatment armwas significantly greater than in the amphoter-
icin B arm (p¼ 0.03). This trend was also evident at the com-
pletion of therapy (median duration: 14.5 days for AmBisome
and 16.5 days for amphotericin B), but not statistically signifi-
cant (p¼ 0.09). This trial showed that AmBisome was more
effective than the maximum tolerated dose of conventional
amphotericin B in a prospective randomized comparative trial
against confirmed fungal infections.

3.10.4. Clinical Studies in the United States

The studies summarized thus far were conducted outside of
the United States. The clinical investigation of AmBisome in
the United States began with a prospective evaluation of its
safety, tolerance, and pharmacokinetics at doses of 1–
7.5mg=kg=day in febrile neutropenic patients (37). At each
dose level, 8–12 patients were enrolled. Infusion related side
effects (fever, chills, or rigors) were only associated with 5%
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of the 331 infusions that were assessed, although two patients
required premedication for infusion-related side effects. Look-
ing at longer-term safety, no significant changes in serum
creatinine, potassium, magnesium, or transaminase levels
were reported. However, these investigators did observe
increases in serum bilirubin and alkaline phosphatase that
did not require discontinuation of therapy. Pharmacokineti-
cally, both the peak plasma concentration (Cmax) and the area
under the curve (AUC) values for AmBisome followed a non-
linear dose relationship. Thus, as dosages increased, the
increases in these parameters were disproportionately greater
than the increase in dose, suggesting reticuloendothelial
saturation and redistribution. Also, clearance values tended
to decrease with increasing dose. Complete pharmacokinetic
parameters are presented in Table 3. Finally, while this
study was not powered to evaluate efficacy, it was noted
that no patient showed evidence of a breakthrough fungal
infection.

In a second study conducted in the United States (94),
AmBisome (3mg=kg) was compared to amphotericin B
(0.6mg=kg) in 687 febrile neutropenic patients. Results from
this study formed the basis for AmBisome’s approval in the
United States for use as empiric therapy for presumed fungal
infections. Composite efficacy success was defined as: (i)
survival for at least 7 days post-study, (ii) resolution of fever
during neutropenia, (iii) resolution of any confirmed fungal
infection at study entry, (iv) no new emerging fungal infec-
tions within 7 days after the last dose, and (v) no premature

Table 3 Mean Single Dose Pharmacokinetic Parameters in
Patients Following Intravenous AmBisome

Dose
(mg=Kg)

n
(group)

Cmax

(mg=mL)
AUC0-1
(mg.h=mL)

t1=2
(hr)

Cl
(mL=hr=Kg)

Vd

(L=Kg)

1.0 8 7.3 32 10.7 39 0.58
2.5 8 17.2 71 8.1 51 0.69
5.0 12 57.6 294 6.4 21 0.22
7.5 8 83.7 534 8.5 25 0.26
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discontinuation due to toxicity or lack of efficacy. The
composite success rates were equivalent for both arms of the
trial (50%, AmBisome vs. 49%, amphotericin B). Furthermore,
comparable responses were observed for survival, resolution
of fever, and total incidence of proven plus suspected fungal
infections. However, there were fewer proven emergent fun-
gal infections, as well as a lower overall mortality in the
AmBisome treatment arm. Finally, there were significantly
fewer infusion related events and lower nephrotoxicity in
the AmBisome group. Thus, it was concluded that AmBisome
was equivalent to amphotericin B for empiric antifungal ther-
apy in neutropenic patients, but superior in reducing proven
emergent fungal infections and in reducing acute and chronic
treatment related toxicities.

In another prospective, randomized, clinical trial for
empiric therapy of presumed fungal infections, AmBisome
was compared with voriconazole (95). In this study, 422 febrile
neutropenic patients were treated with AmBisome (3 mg=kg=
day) and 415 were treated with voriconazole (6mg=kg
every 12hr for 2 doses and then 200mg every 12hr). The com-
posite efficacy success was defined as described above for the
AmBisome vs. amphotericin B empiric clinical trial (95).
Although numerically fewer breakthrough fungal infections
were seen in the voriconazole group (8 patients vs. 21 patients
in the AmBisome group), voriconazole did not fulfill the criter-
ion for non-inferiority to AmBisome based on the composite
endpoint. Thus, the FDA advisory committee recommended
unanimously that voriconazole not be approved for empiric
therapy in febrile neutropenic patients (96).

The clinical safety of AmBisome (3 and 5mg=kg) was
compared directly with another lipid-based amphotericin B
product, Abelcet (5mg=kg) in a prospective, blinded trial (36).
A total of 244 neutropenic patients with fever unresponsive
to broad-spectrum antibacterial therapy were each randomly
assigned to one of the three treatment groups. Infusion-related
reactions such as chills, rigors, fever, and hypoxia on the first
day of treatment were all significantly higher (p< 0.01) in
the Abelcet group. Although a significantly greater number
of Abelcet patients (p< 0.003) received pre-medications after
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day 1 for side effects, chills and rigors continued to be
significantly (p< 0.001) more frequent in this group. Kidney
toxicity, defined as a doubling of serum creatinine level,
occurred in 42.3% of the Abelcet patients compared to 14.5%
of the total AmBisome patients in both arms of the trial
(p< 0.001). Finally, Abelcet was discontinued prematurely
due to toxicities in 32% of patients compared to 13% of the
AmBisome patients. Thus, in conclusion, Abelcet treatment
(5mg=kg) was associated with poorer drug tolerance, more
nephrotoxicity, and required the use of more pre-medications
than did AmBisome treatment at either 3 or 5mg=kg.

The existing body of clinical data shows conclusively that
AmBisome is safe and effective. The continued growth in
worldwide sales of AmBisome and on-going pharmacokinetic
and efficacy trials indicates that this drug has a unique and
expanding role in the treatment of serious life-threatening
fungal infections.

4. SUMMARY

In formulating the drug AmBisome, much new technology
needed to be developed to ensure the production of large scale,
reproducible, sterile, chemically stable, and biologically active
material. Therewas apaucity of informationavailable in the lit-
erature to help do this. The project required innovation, synth-
esis of information, varying expertise, anda lot of cooperation. It
was necessary to have a clear focus on the end-product to know
what kinds of physical, chemical, and biological assays had to be
developed. Since novel lipids were being used and formulated
into a unique carrier, special assays were required. Standards
of ruggedness had to be established and maintained for the
raw materials, as well as the final product. Since the active
agent, amphotericin B, had been an approved drug for over 30
years, it was also necessary to conduct comparative evaluation
of AmBisome with the conventional drug in both pre-clinical
andclinical testing.Asmorestudieswere conductedwithAmBi-
some, it became clear that this formulationhaduniquepharma-
cokinetics and an impressive safety profile. This made it
possible to consider novel ways of using this product which
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would not be feasible with the conventional drug. In the future,
these novel applications will be studied further. AmBisome is
the first liposomal anti-infective agent to be approved for
clinical use. Experience with AmBisome and its continued
clinical success has opened the way for the introduction of
other anti-infective drugs to be formulated as liposomes.
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1. INTRODUCTION

It is recognized that the development of injectable dispersed
systems requires the pharmaceutical scientist to have an
understanding of the physicochemical properties, biopharma-
ceutical properties, particle and rheological characterization,
and release properties of these formulations. These issues
are well discussed and outlined by other contributors to this
volume. However, a consideration in the development of an
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injectable dispersed system, that most often may be over-
looked, is the interaction of this formulation or components
with the tissues at the site of injection and the extent to which
a formulation may cause pain upon injection. Even the best
formulated products, with respect to the ideal physicochem-
ical, biopharmaceutical and release properties, could be
found to have limited application if shown in animal or clini-
cal studies to cause tissue damage and=or pain following
injection.

As such, it is critical in parenteral products, from
solutions to suspensions and other dispersed systems, to con-
sider the extent of tissue damage and=or pain upon injection
(that may be caused by the components or final formulations)
early in the product development process. This requires a sys-
tematic approach to optimize the final formulation with
respect to the desired therapeutic requirements, formulation

Tissue damage can be defined as a formulation-induced
reversible or irreversible change in the anatomy, biochemis-
try, or physiology at the injection site. Injection sites and tis-
sues where damage can occur include vascular epithelial
cells, red blood cells, or muscle tissue depending upon the
selected route of administration. An interesting observation
is that formulations are reported to cause subcutaneous irri-
tation upon injection. It should be remembered that the sub-
cutaneous space is located beneath the skin and above
skeletal muscle tissue so that there is no definable tissue that
can be studied in this case. As such, if a formulation is
thought to cause subcutaneous damage, it is recommended
to look at the adjacent tissues to quantify the extent of tissue
damage.

The extent of tissue damage is quantitated relatively
easily by comparison with control formulations. Furthermore,
the mechanism of this damage, like the extent of damage, can
be investigated using experimental methods ranging from
sub-cellular organelles to in vivo animal experiments to clin-
ical studies (1). Pain is defined as an unpleasant sensation
associated with the injection of the formulation. Pain can
occur immediately upon injection or may be delayed based
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upon the mechanism underlying the development of pain. In
contrast, quantification of pain upon injection and the
mechanism responsible for pain is more difficult to determine
experimentally with available methodologies (2). The deter-
mination of pain associated with injection will require close
collaboration between pharmaceutical scientists and neuros-
cientists in order to utilize appropriate models to understand
how formulations activate nociceptors, the cells responsible
for pain perception peripherally and centrally. The specific
topic of pain upon injection is not covered in the present
discussion.

The present case study will highlight a specific dispersed
system, namely a liposomal formulation of loxapine,with respect
to understanding and minimizing tissue damage upon injection

Figure 1 Optimization parameters of parenteral formulations.
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during the early development of a potential formulation (3). The
focus of this case study will be to investigate how to assess sys-
tematically for the extent of tissue damage in order to minimize
this in a dispersed system. Tissue damage will be defined as
the myotoxicity or damage caused to muscle tissue following an
intramuscular injection.

2. LIPOSOMAL FORMULATIONS
AND INTRAMUSCULAR INJECTIONS

Liposomes have been suggested to be a useful system for drug
administration since they can provide either immediate drug
release or sustaineddrugdelivery, and canreduce tissuemuscle
damage upon injection. As early as 1984, Arrowsmith et al. (4)
demonstrated that a liposomal formulation could provide sus-
tained release of cortisone hexadecanote. Furthermore, it has
been demonstrated by Kadir et al. (5,6) that liposomal formula-
tions canbeused to reduce the toxicity of certaindrugs following
intramuscular administration. While it had been suggested
that liposomes are a useful dispersed system for parenteral
administration with respect to decreasing tissue damage, it
has been unclear as to how specific liposomal characteristics
(e.g., liposome charge, fluidity, and size) impact on the extent
of tissue damage. Furthermore, it is always critical to ensure
that the selected formulation that provides minimal tissue
damage isalsoacceptablewithrespect to the stability of the lipo-
some, stability of the drug in the liposome, and the intended
release property of the drug from the liposomal formulation.

3. INTRAMUSCULAR LOXAPINE
FORMULATION

Loxapine is a dibenzoxazepine-based anti-psychotic drug that
is available in both an oral and a parenteral formulation

mulated using the hydrochloride salt at a concentration of 50
mg=mL, 5% polysorbate 80 NF, and 70% propylene glycol NF
(7). The compound is slightly soluble in water and moderately
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soluble in propylene glycol. This compound is an ideal candi-
date for a sustained intramuscular formulation due to its
short half-life (7), relatively low oral bioavailability (8), and
effective plasma levels in the ng=mL range (7). This delivery
approach could also avoid the potentially toxic effect of this
compound on liver cells (9).

However, the one adverse effect reported by Meltzer
et al. (10) following intramuscular injection of the current
parenteral formulation was an increase in serum creatine
kinase levels. This is an indication that the formulation
may be causing muscle damage at the injection site. This find-
ing was not unexpected based upon our earlier findings show-
ing that propylene glycol at a concentration range above 40%
was extremely myotoxic using the rodent isolated muscle
model and in vivo studies in rabbits (11–13). Furthermore,
the surfactant polysorbate 80 at low concentrations has been
shown to cause muscle damage, most likely as a function of
its detergent action on membranes, namely on membrane
phospholipids.

4. STUDY OBJECTIVES

Based upon this background literature data, the overall goal
of these studies was to develop a liposomal formulation for
loxapine that would show minimal toxicity to muscle tissue
following intramuscular injection in vitro and in vivo, while

Figure 2 Loxapine structure.
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at the same time providing a sustained released profile of the
drug. In vitro myotoxicity would be assessed using the pre-
viously established isolated rodent muscle model (11–13), in
which the cumulative release of the cytosolic enzyme creatine
kinase is measured over a 2-hr period into a bath. The in
vivo myotoxicity studies of the selected formulations were
conducted in a cannulated rodent model.

5. IN VITRO LIPOSOMAL MYOTOXICITY
STUDIES

The optimization process during formulation development
must include studies early on in the process that test the tis-
sue-damaging potential of the individual components in the
formulation. If this process is employed, the formulator is able
to select those excipients or formulation factors that will mini-
mize tissue damage in the final formulation. Prior to develop-
ing any liposomal drug formulations, it is essential to
determine the influence of the selected liposomal composition
and characteristics, in the absence of drug, on muscle damage
(14). Three specific factors were investigated in these studies:
liposome charge (positive or negative), size (large, ranging
from 1.5 to 2.0 mm and small, ranging from 0.2 to 0.5 mm) and
fluidity. The ratio of the lipid components of the various lipid
formulations is discussed below.

Liposomes were prepared using the standard thin film
hydration method (3,14). The two sizes of liposomes (1.5–2.0
and 0.2–0.5mm) were obtained using extrusion through poly-
carbonate membranes (3,14) followed by size determination
using laser light scattering. Negatively charged liposomes
were prepared using phosphatidylcholine and phosphatidyl-
glycerol (PC–PG) (7:3M). Positive liposomes were prepared
using phosphatidylcholine and stearylamine (PC–SA) (9:1).
The fluidity of the membranes was changed by adding choles-
terol to the liposomes. The ratio of phosphatidylcholine:
stearylamine:cholesterol (PC–SA–CH) was 7:1:2M for the
positively charged liposomes, while for the negatively charged
liposomes the ratio of phosphatidylcholine:phosphatidylgly-
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cerol:cholesterol (PC–PG–CH) was 4:3:3M. The total concen-
tration of lipids in these formulations was 25 mg=mL. Since
we injected 15 ml of each formulation, a total of 0.375 mg of lipid
was injected into each muscle in these in vitro studies.

Since it will often be necessary to conduct tissue damage
or pharmacokinetic studies in separate groups of animals
with a given formulation over a period of 1–2 weeks, the
investigator must ensure that the prepared liposomes do not
change their size with time. The size of all the tested formula-
tions was stable over 6–11 days, with the coefficient of varia-
tion of size as a function of time ranging from 3 to 10% (3).

The myotoxicities of these selected formulations are

saline and untreated muscles, and the two positive control
formulations, Phenytoin (Dilantin�, a commercially available
formulation at a concentration of 50 mg=mL with 40% propy-
lene glycol, 10% ethanol at pH 12) and a muscle sliced in half,
are provided as reference points. All of the eight liposomal for-
mulations were determined to be equal to the normal saline
negative control in creatine kinase released, but significantly
lower than the two positive controls. It could be concluded

Figure 3 In vitro myotoxicity of empty liposomal formulations.
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that these selected liposomal formulations did not result in
muscle damage following injection compared to normal saline.
Furthermore, the extent of muscle damage in these selected
formulations appeared to be independent of liposome size,
charge, or fluidity. These findings provided further evidence
to demonstrate the compatibility of these dispersed systems
containing phosphatidylcholine, phosphatidylglycerol steary-
lamine, and cholesterol with muscle tissue.

Another important consideration is the pH of the final
formulation. In separate studies using buffer solutions, it
was demonstrated that muscle myotoxicity was related to
pH with more acidic preparations causing more myotoxicity
relative to formulations with pH values near physiological
or muscle pH (6.0). Furthermore, myotoxicity was related to
proton concentration and buffer capacity. It was found that
myotoxicity was greater in those formulations at low pH with
higher buffer capacity compared to those with lower buffer
capacity (15).

6. LOXAPINE LIPOSOMAL FORMULATIONS
AND IN VITRO MYOTOXICITY STUDIES

Once the dispersed system without the drug has been shown
not to cause tissue damage, the investigator must formulate
the desired therapeutic agent in this system such that it
achieves the requisite concentration (or solubility) and stabi-
lity of the active ingredient. In addition, the final formulation
itself must be stable for storage during the study period. It
becomes critical to ensure that the active drug is stable in
the liposomal formulation both in vitro and in vivo. It also
becomes critical to have a sensitive and selective assay that
can differentiate between the active agent, metabolites and
components of the dispersed system.

Loxapine liposomes were formulated using phosphatidyl-
choline:phosphatidylglycerol (7:3M) at a drug to lipid ratio of
1:2M and a lipid concentration of 100 mg=mL. The aver
-age liposome diameter was 1.1 mm and the encapsulation
efficiency was 62� 11% (SD). The initial concentration of

534 Brazeau

© 2005 by Taylor & Francis Group, LLC



loxapine in the final formulation for all studies was between
12.2 and 12.4 mg=mL. This was the highest concentration
that could be achieved in this formulation; however, it was
considered that this would be suitable for future studies based
upon the loxapine serum levels and the available HPLC assay
methodology. In vitro release studies demonstrated that
71� 4.7% (SD) and 61% of the loxapine were released into iso-
tonic phosphate buffer 7.4 and a pH 6.0 muscle homogenate,
respectively (3).

It now becomes important to determine the myotoxicity of
the final formulation to determine if the liposome formulation
can reduce tissue damage. In the next study, the myotoxicity
of loxapine at a concentration of 12.2 mg=mL in phosphatidyl-
choline:phospatidylglycerol liposome was compared with: the
commercially available loxapine product (50mg=mL) with pro-
pylene glycol and polysorbate 80; the commercial formulation
diluted to the same concentration as the liposomal formula-
tion; and the drug free loxapine solvent system (70% propylene
glycol and 5% polysorbate 80). The last two treatments are
important because this will allow a direct comparison with
the liposomal formulation and will also indicate the extent to
which these two excipients in the commercial formulation con-
tribute to the myotoxicity of the final formulation, respec-
tively. In any myotoxicity study, it is always recommended
to include the solvent controls and to ensure that the concen-
trations of all ingredients are the same as myotoxicity is most
often concentration dependent. It would also be important to
include as a control the blank liposomal formulation, without
drug, as a comparison. In earlier studies and as shown in

7.3M phosphatidylcholine:phosphatidylglycerol and a size of
1.1 mm (classified as a large liposome) was no more myotoxic
than normal saline. As such, this liposomal formulation
appears to be non-myotoxic.

The results of the myotoxicity studies for these formula-

negative controls have been provided as reference points.
Interestingly, the myotoxicity of the undiluted commercially
available loxapine solution was markedly higher than the
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tions are shown in Fig. 4. Similar to Fig. 3, the positive and



two positive controls. This is not surprising as the phenytoin
formulation only contains 40% propylene glycol compared to
70% propylene glycol in the loxapine solution. Furthermore,
this formulation does not contain any surfactant. The solvent
system for the commercially available formulation appeared
to have contributed significantly to the myotoxicity of the
final formulation [84.1� 6.83 (SEM) compared to 150� 8.28
(SEM)]. It is often difficult to discriminate between the myo-
toxicity caused by the drug and that caused by the solvent sys-
tem because of the difficulty in determining the myotoxicity of
the drug alone due to limited aqueous solubility. In the present
studies, it was also impossible to determine whether loxapine
precipitation occurring at the site of injection caused the
myotoxicity.

Furthermore, when the original formulation was diluted
to the same concentration as the formulated liposomal

Figure 4 In vitro myotoxicity of liposomal loxapine (12.2 mg=mL),
the commercially available loxapine formulation at the same concen-
tration (12.2 mg=mL), the commercially available loxapine formula-
tion at 50 mg=mL, and the solvent system for the commercially
available loxapine formulation. Mean values are shown above each
bar graph.
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formulation (12.2 ng=mL), the extent of myotoxicity was not
remarkably reduced compared to the undiluted solution
[139� 8.4 (SEM) vs. 150� 8.28 (SEM)]. When the loxapine
solution is diluted, the myotoxicity could have been caused
by precipitation of the drug at the injection site as both the
drug and solvent system concentration in the formulation is
reduced. As such, the solvent system at this lower concentra-
tion does not have adequate solubilizing power to keep the
drug in solution. These findings suggest that simply diluting
the commercially available loxapine formulation does not
reduce the extent of myotoxicity.

In contrast, loxapine encapsulated in a liposomal formu-
lation significantly (p< 0.05) reduced muscle damage by 80%
compared to the commercially available formulation (includ-
ing drug and the solvent system) diluted to the same concen-
tration. However, the tissue damage was approximately
seven times higher compared to normal saline. It appeared
that this dispersed system formulation was able to signifi-
cantly reduce tissue damage associated with loxapine admin-
istration. This suggests that this formulation might be useful
for intramuscular administration from the perspective of
reducing tissue damage. However, it still needs to be deter-
mined if the same results are observed following intramuscu-
lar administration in an animal model.

7. IN VIVO MYOTOXICITY OF A LOXAPINE
LIPOSOMAL FORMULATION

The previous in vitro studies indicate the potential of this
liposomal formulation to reduce the degree of muscle damage
following intramuscular injection. However, this model only
looks at the acute short-time effects and specific interactions
of the formulation with the muscle tissue. It is therefore criti-
cal for the investigator to determine in animal experiments
whether the presence of an intact blood flow system and the
drug absorption process may alter the findings. It is possible
that the toxicity could be enhanced if the dispersed system
causes changes in the vascular permeability, thus allowing
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the potential for inflammatory mediators to reach the injec-
tion site. Alternatively, it is possible that blood flow causing
absorption from the site of injection could reduce the extent
of tissue damage as the formulation components could be
diluted at the injection site.

The rabbit and rodent have been the primary in vivomodels
used to assess tissue damage following injection. The markers
of tissue damage that have been used primarily are the release
of cytosolic enzymes such as creatine kinase or lactate dehydro-
genase and histological evaluation. The specific experimental
considerations, advantages, and disadvantages of using these
two animal models have been previously discussed (16).

The cannulated rodent model may be the preferred model
in the testing of dispersed systems for their in vivo myotoxicity
because of the ease in injection, handling, and blood sampling.

The volume of formulation needed for the injection proce-
dure is smaller than for other animals and myotoxicity can be
easily assessed over a relatively short period of time compared
to larger animals (usually no longer than 12–36hr). In these
studies, the carotid artery was cannulated for blood sample
determination and the test formulations (0.3mL) were injected
into the thigh muscle (musculus rectus femoris). Myotoxicity
was assessed by measuring plasma creatine kinase levels over
a 12hr period and calculating the area under the curve using
the trapezoidal rule. In preliminary work, we have found that
plasma creatine kinase levels peak at approximately 2hr post-
injection for all formulations and return to baseline serum
levels by 12–24hr.

The formulations investigated in this study were similar
to the in vitro studies: phenytoin; normal saline; loxapine
50mg=mL; loxapine 10.2mg=mL; and loxapine liposomes
10.2mg=mL. The hypothesis was to test whether a liposo-
mally encapsulated loxapine would be less myotoxic than
the commercial formulation or the commercial formulation
diluted to the same concentration as the liposomal formula-
tion. It was predicted that the liposomal formulation would
be less myotoxic because of the potential to limit the exposure
of the muscle tissue to the drug by slowing the release of the
drug over time at the site of injection and=or due to the
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absence of the solvent system. Furthermore, in the diluted
solution, there could be the potential for the loxapine to pre-
cipitate at the site of injection, which could contribute to the
myotoxicity. In this study, the concentration of the diluted
loxapine solution was matched to the concentration of the lox-
apine in the formulated liposomal treatment (10.2 mg=mL) in
order to compare the two formulations at the same drug con-
centration. The results of these studies are shown in Fig. 5. As
in the previous studies, the undiluted commercially available
loxapine formulation was more myotoxic, in this case six
times, than the positive control phenytoin. The higher myo-
toxicity associated with loxapine formulations compared to
phenytoin could be a function of differences in the solvent
vehicles. The phenytoin (Dilantin) formulation used in these
studies contained 40% propylene glycol and 10% ethanol at
a pH of 12. The phenytoin formulation has been shown to
have the potential to precipitate at the injection site (17). It

Figure 5 In vivo myotoxicity of liposomal loxapine (10.2 mg=mL),
the commercially available loxapine formulation diluted to the same
concentration, the commercially available loxapine formulation at
50 mg=mL, phenytoin (50 mg=mL), and normal saline. Mean values
are shown above each bar graph.
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is unknown as to whether the loxapine formulation precipi-
tated at the site of injection.

The diluted commercially available loxapine formulation
was similar in the extent of the myotoxicity to that of pheny-
toin. In contrast, there was only a two-fold difference between
the in vivo myotoxicity of the liposomal formulation of loxapine
compared to normal saline. These findings suggest that the
liposomal encapsulation of loxapine causes less myotoxicity
compared to the commercially available formulation associated
with injection. It is unclear as to the specific mechanism
responsible for this reduced myotoxicity. It could be associated
with the lack of a solvent system in this formulation. Organic
co-solvents have been shown to cause myotoxicity (11–13).
Alternatively, it could be due to the slow release of the loxapine
from the liposomes, thus minimizing the drug concentration
that muscle fibers are exposed to at the injection site and any
potential for precipitation.

In summary in vitro and in vivo studies indicated that
this liposomal formulation could reduce tissue damage at
the injection site. In subsequent pharmacokinetic intravenous
and intramuscular studies with this dispersed system, it was
suggested that this liposomal formulation could provide sus-
tained drug delivery compared to the loxapine solution follow-
ing an intramuscular injection (3). Possible mechanisms to
explain the reduced myotoxicity include the absence of the
co-solvent propylene glycol and the surfactant polysorbate
80 from the formulation and=or the slow release of loxapine
from the liposomal formulation, thus minimizing the concen-
tration of the drug at the injection site.

8. CONCLUDING REMARKS

In this case study, we have demonstrated the importance of
the formulator determining the extent of potential tissue
damage caused by the drug and=or other formulation
components early during the development process. The type
of tissue damage is certainly a function of whether the
drug will be administered intravenously, subcutaneously,
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intramuscularly, or via some other parenteral route. The
selected route of administration, in turn, will determine what
type of in vitro studies should be conducted during the formu-
lation development phase to determine the extent of tissue
damage caused by the drug and=or other formulation compo-
nents (1). The isolated rodent muscle model has been shown
to be a useful and rapid system to optimize a given formulation
with respect to minimizing tissue damage for numerous drugs
and routes of administration. These in vitro studies do not pre-
clude studies in animals to further test for tissue damage and
the relationship to the drug absorption and pharmacokinetics.
However, it should allow the formulator a rational means to
determine what would be the most appropriate formulation
to utilize in subsequent animal and clinical studies.
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1. INTRODUCTION

This case study describes in vitro and in vivo characteriza-
tion performed to support manufacturing scale-up, from
laboratory to pilot scale, of an experimental microsphere
formulation.

The experimental formulation consists of an active
pseudo-decapeptide encapsulated in a poly(lactide-co-glycolide)
matrix at a target loading of approximately 8% w=w. Micro-
spheres were manufactured in a continuous manner by a
proprietary process (1) involving the formation of an oil-in-water
emulsion, extraction of the organic phase, drying and collec-
tion of microspheres in the size range 25–125mm. Mannitol is
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added to the extraction phase to facilitate subsequent hand-
ling. Three formulation variants, based on polymers differing
in lactide:glycolide ratio and molecular weight distribution,
were investigated in pre-clinical studies and in vivo and in
vitro release characteristics were determined. A preliminary
in vitro–in vivo correlation was developed for using a rat
model, supporting the use of the in vitro release test to select
batches for pre-clinical use.

The formulation was designed for parenteral administra-
tion by the subcutaneous or intramuscular routes, and hence
was required to be sterile. The feasibility of terminal steriliza-
tion by g-irradiation using a 25 kGy cycle was investigated,
with reference to impurity levels, active agent concentration
and long-term stability.

Microspheres were filled into vials for long-term storage.
Immediately prior to use, each vial was shaken to break up
agglomerated material, an aliquot of suspending medium
added, and the vial shaken again to suspend the micro-
spheres. A unit dose was then drawn into a hypodermic syr-
inge and administered by the chosen route. The short-term
stability of the formulation in the sus-pending medium was
investigated, with particular emphasis on extraction of active
substance into the suspending medium.

2. IN VITRO STUDIES

2.1. Characterization Studies

The morphology and chemical homogeneity of active and pla-
cebo microspheres were investigated using scanning electron
microscopy (SEM), mercury intrusion porosimetry, infrared
spectroscopy (IR), and static secondary ion mass spectrome-
try (SSIMS). The changes that take place during in vitro
dissolution testing were studied using these techniques
and in addition nuclear magnetic resonance spectroscopy
(NMR) and gel permeation chromatography (GPC) were
used.

Freshly manufactured microspheres were all similar in
that they comprised spherical or near-spherical particles in
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SEM images at high magnification (Fig. 2) showed the
presence of a discontinuous surface coating of rod-like crys-
tals, determined by IR and SSIMS to be mannitol (containing
residual drug in the case of the active microspheres). Further-
more, the active microspheres, but not the placebo, exhibited
voids that were confined to the surface layer of the particles.
These were distributed randomly, in patches or in bands,

Figure 1 SEM image showing freshly manufactured active micro-
spheres (�100 magnification).

Figure 2 SEM images of placebo (left) and active (right) micro-
sphere sections (�5000 magnification).
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and were shown by mercury intrusion porosimetry to be non-
porous.

Cross-sections of active microspheres, embedded in epoxy
resin, were examined, in a north–south and east–west direc-
tion at 10 mm intervals to determine the distribution of drug
throughout the polymer matrix (Fig. 3). The data, expressed
as peak area for each absorption band examined, show a
homogeneous distribution of drug associated with polymer
throughout the sample.

Further SEM analysis was performed on cross-sections
of the agglomerated mass evident following 7 days exposure
to dissolution medium in a preliminary in vitro release test.
In this test, 10 mg of microspheres were placed in a
vial, 10 mL of pre-heated isotonic phosphate-buffered saline
(PBS, pH 7.4) was added, and the vial sealed and incubated
at 37�C without agitation. At pre-determined time-points
(typically 1,4,7,11,14,18,21 and 28 days), 5 mL samples of
supernatant liquid were withdrawn and the concentration of
dissolved drug measured by UV spectroscopy, and 5 mL of
pre-heated replacement buffer were added to the dissolution
vial to maintain constant volume. Sink conditions may be

Figure 3 IR imaging of a sectioned active microsphere, showing
chemical homogeneity for both north–south (left hand group,
1–20 mm) and east–west (right hand group, 22–41 mm) traverses,
as evidenced by constant active=PLGA ratio.
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assumed as the solubility of the active substance is greater
than 100 mg=mL in the dissolution medium.

Low magnification images (Fig. 4) reveal extensive agglo-
meration of microspheres; the image for the active sample
shows the presence of partially agglomerated microspheres
at the edge of the mass. Also apparent is the development of
porosity, extensive in the case of the placebo sample.

High magnification images (Fig. 5) show that extensive
porosity is also apparent in the active sample, pores generally
being small in comparison with those in the placebo sample.

SSIMS and IR spectroscopy showed that the drug was
still distributed throughout the bulk of these samples and
that the coating of mannitol was no longer present.

Figure 4 SEM images (�100 magnification) of placebo (left) and
active (right) microspheres after 7 days of the preliminary in vitro
release test (isotonic PBS, pH 7.4, 37�C).

Figure 5 SEM images as for Fig. 4, but �5000 magnification.
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Further investigations after 21 days of the preliminary in
vitro release test established that the remaining undissolved
material was semi-liquid and therefore not amenable to
SEM analysis. A combination of NMR, IR, SSIMS, and GPC
was used to investigate chemical changes in the polymer that
may have occurred during in vitro testing. GPC clearly shows
a reduction in its molecular weight after 7 days of in vitro test-
ing and this reduction was greater for the placebo than for the
samples containing the drug. After 21 days of the preliminary
in vitro release test, only low molecular weight oligomeric

NMR revealed that the lactide content had increased,
in comparison to glycolide, but no monomeric species was
detected. Furthermore SSIMS did not detect degradation pro-
ducts or additional contamination on the ‘‘day 7’’ samples.

IR spectroscopy showed that some of the peaks in the IR
spectra of the drug occurred at slightly different positions when
the drug was incorporated into the microspheres (specifically a
shift in the peptide backbone carbonyl signal from 1645 to 1670

Figure 6 GPC volume-elution curves for active microspheres ‘‘as
manufactured’’ and after 7 and 21 days of the preliminary in vitro
release test (isotonic PBS, pH 7.4, 37�C).
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cm�1). This indicates an interaction (possibly hydrogen bond-
ing) between the drug and the PLGA copolymer.

The glass transition temperature, Tg, of the active
microspheres was found to vary from 43.3 to 45.6�C for freshly
manufactured microspheres. After exposure to dissolution med-
ium for 24 h, the Tg was re-measured and values were found to
vary from 25.3 to 27.7�C, indicating extensive hydration.

In summary, it appears that active microspheres are che-
mically homogeneous save for a discontinuous surface coating
of mannitol enriched with drug. The loss of this coating is
rapid, and the surface drug is likely to contribute significantly
to the initial burst in the in vitro release profile. It is consid-
ered likely that the surface voids apparent in the SEM images
were formed in the later stages of the microsphere-hardening
process due to the loss of solvent from the globule surface, and
are absent from the placebo due to reduced viscosity. The
alternative hypothesis that voids are due to loss of active drug
into the aqueous phase during hardening is not supported, as
IR spectroscopy gave no indication of surface drug depletion.

Figure 7 GPC volume-elution curves for placebo microspheres ‘‘as
manufactured’’ and after 7 and 21 days of the preliminary in vitro
release test (isotonic PBS, pH 7.4, 37�C).
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Drug release in the preliminary in vitro release test
is characterized by agglomeration=amalgamation of micro-
spheres into a continuous mass with a network of voids.
Continuous release of drug occurs by a process involving
hydrolytic degradation, reduction in molecular weight, ero-
sion, channel formation and diffusion, as indicated in Fig. 8.

2.2. Stability Studies

Stability studies on active microspheres (pre- and post-
irradiated) were carried out and the results are summarized

2.2.1. Summary of Stability Results

A preliminary stability study encompassing light exposure
[>1.2 million lux-hours, alongside a light-protected (dark)
control to assess the effect of temperature variations within
the light cabinet], postulated long-term storage conditions
(4�C, 25�C=60% RH), accelerated conditions (30�C=60% RH)

Figure 8 Annotated in vitro release profile for the experimental
microspheres in the preliminary in vitro release test (isotonic PBS,
pH 7.4, 37�C), indicating the predominant factors for each phase of
drug release.
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Table 1 Stability Results for Non-Irradiated Active Microspheres (6 min Time-Point)

Parameter Initial 4�C Light Dark control
25�C=60
% RH

30�C=60
% RH 40�C 50�C

Appearance A homogeneous, white, free-flowing solid An off-white aggregate
Active agent 100.0 98.7 102.6 106.6 100.0 101.3 98.7 94.7
Total impurities, % 4.81 4.36 4.45 4.74 4.29 4.53 5.68 10.9
Water content, %w=w 0.7 0.6 1.0 1.0 0.7 0.9 0.5 0.4
Residual solvents, %w=w 1.9 2.0 1.8 1.7 1.5 0.3 1.5 1.6
Weight-average molecular

weight (Mw), kDa
N=T 10.0 N=T N=T 11.2 10.7 7.5 4.9

Burst, % N=T 0.9 N=T N=T 0.5 0.1 19.1 65.3

N=T: not tested.

Table 2 Stability Results for g-Irradiated Active Microspheres (6 min Time-Point)

Parameter Initial 4�C Light Dark control
25�C=60
% RH

30�C=60
% RH 40�C 50�C

Appearance A homogeneous, white, free-flowing solid An off-white aggregate
Active agent 96.1 97.4 90.8 98.7 96.1 94.7 92.1 84.2
Total impurities, % 6.80 6.53 6.84 6.25 6.72 9.43 8.05 13.8
Water content,

%w=w
0.8 0.7 1.0 0.8 0.8 1.0 0.7 0.4

Residual solvents,
%w=w

1.8 1.8 1.7 1.6 1.3 0.2 1.0 1.1

Weight-average molecular
weight (Mw), kDa

N=T 10.5 N=T N=T 9.4 9.1 6.7 4.4

Burst, % N=T 1.9 N=T N=T 0.5 3.2 27.5 78.4

N=T: not tested.
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and stress conditions (40�C, 50�C), was conducted over a per-
iod of 6 months. Samples were stored in unopened vials,
within a secondary aluminum container except for the light
exposure samples. All vials were stored inverted with the
exception of the control samples at 4 �C and 25�C=60% RH,
in order to assess the potential for interaction with the closure

microspheres). All active agent results are expressed as a
percentage of the initial assay for the non-irradiated micro-
sphere so that degradation due to g-irradiation and storage
can be assessed.

The results for active microspheres demonstrate that
terminal sterilization by g-irradiation at a standard dose of
25 kGy gives rise to immediate degradation leading to an
approximate 4% loss of active agent and a corresponding
approximate 2% increase in total impurities; the poor mass-
balance was not investigated but is assumed to be due to chro-
mophore degradation and=or the formation of drug-polymer
adducts not eluted by the chromatographic assay procedure.
Non-irradiated microspheres appear to be stable at conditions
up to and including 30�C=60% RH, and to be unaffected by
light exposure, whereas g-irradiated microspheres exhibit
some degradation in light and at 30�C=60% RH.

At higher temperatures, degradation is significant and
temperature related, and is more pronounced for g-irradiated
microspheres. Degradation is indicated by aggregation,
a reduction in active agent assay, a reduction in polymer mole-
cular weight, an increase in total impurities, and an increase,
very marked for the 40 �C and 50�C storage conditions, in the
in vitro burst. The subsequent release profile is much less

The increase in the in vitro burst correlates with the observed
decrease in weight average molecular weight, and is considered
to arise partly due to an increase in erosion (loss of polymer and
associated drug from the surface of the dissoluting material)
and partly due to an increase in drug mobility arising from
the reduction in polymer viscosity.
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affected by storage conditions, as shown in Figs. 9 and 10.

system. A summary of the results is presented in Table 1
(non-irradiated active microspheres) and Table 2 (g-irradiated



Figure 9 In vitro release profiles (isotonic PBS, pH 7.4, 37�C) for
the non-irradiated stability batch after 6 months storage at 4�C,
25�C=60% RH (‘25=60’), 30�C=60% RH (‘30=60’), 40�C=75% RH
(‘40=75’), and 50�C.

Figure 10 In vitro release profiles (isotonic PBS, pH 7.4, 37�C) for
the g-irradiated stability batch after 6 months storage at 4�C,
25�C=60% RH (‘25=60’), 30�C=60% RH (‘30=60’), 40�C=75% RH
(‘40=75’) and 50�C.
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The results of the exploratory stability study are consid-
ered to support a storage life, for g-irradiated microspheres, of
6 months when stored at 2–8�C in the dark.

2.3. Comparison of In Vitro Release Profiles

Microspheres manufactured at laboratory (F2) and pilot (F1)
scale were compared using the preliminary dissolution test

files could be made, as the available data were insufficient
to support the development of a mathematical model, and
the use of different test time-points prohibited the determina-
tion of similarity=difference factors. However, the correspon-
dence of the middle section (7–21 days) of the release
profiles for F1 and F2 was considered sufficient to support
the use of pilot scale material for in vivo studies.

2.4. Preliminary In Vitro–In Vivo Correlation

The preliminary in vitro release test described in Sec. 2.1 was
considered deficient in that microspheres are uncontained,

Figure 11 Comparison of in vitro release profiles in the prelimin-
ary in vitro release test (isotonic PBS, pH 7.4, 37�C) for laboratory
(F2) and pilot (F1) scale microsphere batches, showing correspon-
dence between 7 and 21 days.
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(see Sec. 2.1) (Fig. 11). No formal comparison of release pro-



leading to sampling difficulties and poor reproducibility at
early time-points; release after 28 days was low in comparison
with in vivo data, perhaps as a result of sample agglomeration
in the non-agitated dissolution vessel, and the test did not dis-
criminate between formulation variants expected to exhibit
different release profiles.

An improved in vitro release test was developed, using a
sequential factorial experimental design (FED) approach to
maximize discrimination between two batches known to differ
with regard to in vivo release profile.

The factors investigated in the FED studies are shown in
Table 3.

Temperature and pH of the dissolution medium were
identified as being the most important factors, followed by
the chemical composition and osmolarity of the buffer system,
sample size and mixing by agitation. Other factors were of
lesser importance.

The following test parameters were selected for further
investigation: 100 mg of microspheres were placed in a 4 cm
length of dialysis tubing and the ends clipped. The tubing
was placed in a 60 mL amber glass vial, 25 mL of pre-heated

Table 3 Variable Factors Investigated in FED Optimization
Studies for the In Vitro Release Method

Variable Range investigated Significance

Buffer system Acetate, phosphate,
citrate=phosphate=borate

Intermediate

Buffer pH 5–9.6 High
Buffer osmolarity 200–500 mOsmol=L Intermediate
Osmolarity adjuster NaCl, Na2SO4 Intermediate
Temperature 30–45�C High
Catalyst Piperidine 0–1.0% Low
Surfactant Polyethylene glycol,

0–0.5%
Low

Sample containment None, dialysis membrane
(8000 Da cut-off)

Low

Agitation Y=N Intermediate
(after day 12)

Sample size 10–100 mg Intermediate
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isotonic citrate-phosphate-borate buffer (pH 9.5) containing
0.5% surfactant added (this was done to aid wetting of the
sample, even though the FED study did not identify surfac-
tant as an important variable), the vial sealed, and incubated
at 37�C with continuous agitation. At pre-determined time-
points (typically 1,4,7,11,14,18,21 and 28 days), 5 mL samples
of supernatant liquid were withdrawn and the concentration
of the dissolved drug measured by UV spectroscopy, and
5 mL of pre-heated replacement buffer was added to the disso-
lution vial to maintain constant volume. Sink conditions may
be assumed, even within the dialysis tubing, as the solubility
of the active substance is greater than 100 mg=mL of dissolu-
tion medium.

This dialysis sac diffusion method was applied to three
active microsphere batches formulated to give low (appro-
ximately 1%), intermediate (approximately 10%), and high
(approximately 20%) burst in vivo using a rat model; in vivo

The purpose of the comparison was primarily to establish
whether the in vitro release method was capable of discrimi-

Figure 12 Comparison of in vivo and in vitro release for a low-
burst batch (dialysis sac diffusion method, citrate-phosphate-borate
buffer, pH 9.5, 37�C).
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and in vitro release profiles are compared in Figs. 12–14.



Figure 13 Comparison of in vivo and in vitro release for an
intermediate batch (dialysis sac diffusion method, citrate-
phosphate-borate buffer, pH 9.5, 37�C).

Figure 14 Comparison of in vivo and in vitro release for a high-
burst batch (dialysis sac diffusion method, citrate-phosphate-borate
buffer, pH 9.5, 37�C).
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nating between batches differing in initial burst, and there-
fore in vitro testing was not continued to 100% release. The
in vitro method places the batches in the correct rank order
with regard to in vivo release. Pooling data for the low-, inter-
mediate-, and high-burst batches and performing a regression
analysis resulted in a second-order polynomial fit with an R2

value of 0.88, as shown in Fig. 15.
The in vitro–in vivo correlation is considered preliminary

as the measurement of in vitro release was not continued
until 100% release; the in vivo and in vitro sampling regimes
differ and it is possible that the in vivo measurements do not
adequately model the initial burst release. For the correlation
to be useful in assuring the performance of a marketed pro-
duct, these issues would need to be addressed and studies
repeated in human subjects. However, the preliminary in
vitro=in vivo correlation was considered adequate to support
the use of the in vitro release method for the selection of
batches for toxicological and pharmacokinetic studies in
animal models.

Figure 15 Preliminary IVIVC for high-, intermediate-, and low-
burst batches (dialysis sac diffusion method, citrate-phosphate-borate
buffer, pH 9.5, 37�C).
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2.5. Suspending Medium

The experimental formulation is stored dry and is mixed with
an aliquot of suspending medium immediately prior to admin-
istration. The suspending medium is an isotonic solution of
sodium carboxymethylcellulose (viscosity improver), polysor-
bate 80 (surfactant), and sodium chloride (tonicity adjuster)
designed to hold microspheres in a homogeneous suspension
to allow withdrawal and administration of an accurate dose.

2.5.1. Investigation of Dose Homogeneity
for Repeat Dosing

Microspheres for administration in pre-clinical studies were
supplied in multi-dose vials and the viability of sequential
withdrawal of individual doses at 5 min intervals was investi-
gated. The results are presented in Table 4.

The results exhibit some variability but were considered to
support the use of this dosing regimen in pre-clinical studies.

2.5.2. Release of Drug into Suspending Medium

It was intended that repeat dosing would take place over a
period of about 30 min; a study to assess the extent of release
of drug into the suspending medium at room temperature,
prior to injection, was performed and the results are

Table 4 Homogeneity of Suspension

Dose number Nominal dose (%)

1 71.2
2 102.4
3 96.9
4 95.0
5 93.4
6 81.3
7 103.0
Average 91.9
RSD (%) 12.7
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presented in Table 5.



The extent of drug release into the suspending medium
under the conditions of the study was considered to be accep-
table for all dilutions, and this administration procedure was
applied in pre-clinical dosing.

2.5.3. Stability of Suspending Medium

While the suspending medium was shown to be stable under

high temperatures (40�C and above) and on exposure to
light. Degradation was characterized by a reduction in pH,
an increase in osmolality, and a reduction in viscosity. After
6 months at 50�C, slight turbidity was observed. These
changes are thought to be due to breakdown of sodium carbox-
ymethylcellulose and polysorbate 80 leading to the formation
of acidic contaminants.

The data are considered to support an interim storage
life of 12 months at 20–25�C in the designated container.

3. IN VIVO STUDY

This study was primarily performed to ensure that the larger
(pilot scale) batch and new suspending media produced a for-
mulation with a similar release profile in vivo to that pro-
duced by an earlier smaller (laboratory scale) batch and
using a different suspending medium. The effect of dose
volume (microsphere concentration) was also investigated.

Table 5 Drug Release from Microspheres into Suspending
Medium

Drug release (% nominal)

Months
1.0 g=2.5 mL
dilution

1.0 g=3.4 mL
dilution

1.0 g=4.5 mL
dilution

5 0.04 0.31 0.35
10 0.04 0.34 0.39
30 0.05 0.43 0.45
60 0.06 0.50 0.53
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normal conditions (Table 6), some degradation was evident at
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Table 6 Stability Results for Suspending Medium (6 m Time-Point)

Parameter Initial 4�C Light
Dark

control 25�C=60% RH 30�C=60% RH 40�C 50�C

Appearance Clear colorless solution free from extraneous matter Slightly opaque solution

pH 5.4 5.3 5.1 5.3 5.2 5.0 4.8 4.5

Volume average (mL) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0

Osmolality (mOsm=kg) 302 302 303 302 302 303 304 312

Viscosity (cP) 2.0 2.0 1.6 2.1 2.0 2.0 1.7 1.4
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3.1. Experimental Procedures

3.1.1. Formulations

Larger batch manufacture (F1) in suspending medium 1 (lower
viscosity):

Injection volume¼ 0.62 mL 32 mg mL�1 drug concentration
(40% w=v microspheres)

Injection volume¼ 0.83 mL 24 mg mL�1 drug concentration
(31% w=v microspheres)

Injection volume¼ 1.25 mL 16 mg mL�1 drug concentration
(21% w=v microspheres)

Smaller scale manufacture (F2) in suspending medium 2 (higher
viscosity):

Injection volume¼ 1.5 mL 13.3 mg mL�1 drug concentration
(19% w=v microspheres)

3.1.2. Study Design

Four dosing groups of 12 male Sprague–Dawley rats (48 in total,
390–453 g) received a single subcutaneous injection in the scruff
of the neck containing 20 mg of drug formulated as described in
Sec. 3.1.1. Each dosing group was sub-divided into four sam-
pling groups for removal of blood samples at various times up
to 42 days post-dose. On termination, a representative number
of injections sites were dissected and any formulation remaining
assayed for drug. Four sampling groups were employed to
ensure that sample volumes did not exceed accepted limits as

only mean data can be reported. Rats were chosen as the least
neurophysiological-sensitive animal suitable to meet the aims
of the study. The use of this rat data in an attempt to start to
establish IVIVCs suffers from the fact that mean data must be
used and the reference formulation must be dosed to a sepa-

tubes containing protease inhibitors that had previously been
stored in iced water; the plasma was then immediately sepa-
rated by centrifugation at 4�C and the plasma transferred to
tubes and frozen immediately.

Drug plasma concentrations were determined by high per-
formance liquid chromatography and electrospray ionization
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rate group of animals (see Chapter 5). Blood was collected into

discussed in Sec. 3.2.2 of Chapter 4. This approach means that



tandem mass spectroscopy after solid phase extraction of the
drug. The amount of drug remaining encapsulated at the injec-
tion site was determined by HPLC-UV after extraction. All
data manipulations were carried out using standard methods.
The concentrations were adjusted for drug dose and rat weight
as appropriate. When the drug concentration was below the
limit of quantification it was considered to be 0 ng mL�1 in ani-
mals which received a full dose and for animals that did not
receive the full dose, that data point was removed from the cal-
culation of mean concentration for that time-point. The area
under the plasma concentration (AUC) time curve was deter-
mined using the linear trapezoidal rule on mean data due to
sparse sampling points for individual animals. The burst,
defined as the release over 1.5 days as a proportion of the
release over 30 days, was approximated by comparing AUC
for these time intervals. The fraction absorbed vs. time was
also approximated by comparing the AUC for the time interval
to the AUC from 0 to 42 days for that formulation or to the
AUC from 0 to 42 days measured for the F1 injection volu-
me¼ 0.83 mLformulation. It shouldbenotedthatapproximating
the absorption rate using AUC, for these data, might underesti-
mate the rate of absorption at the earlier time-points (days 1–
3). As this was an early development study, sophisticated IVIVC
approaches (inclusion of reference formulation) were not
pursued. Later studies did incorporate these approaches.

3.2. Results and Discussion

Mean drug plasma concentration times curves after adminis-
tration of drug encapsulated in microspheres from the larger

Larger batch formulations produced a greater initial drug
plasma concentration than that from the smaller scale formu-
lation. The plasma concentration then declined to a nadir at
days 4–5 which was earlier and lower than for the smaller
scale batch. The plasma concentration rose to a ‘‘plateau’’
value at days 7–9 and then tracked the smaller scale formula-
tion. Comparison across the three F1 formulations suggests
that, as injection volume increased (from 0.62 to 1.25 mL) the

In Vitro=In Vivo Release from Injectable Microspheres 563

© 2005 by Taylor & Francis Group, LLC

and smaller batches are shown in Fig. 16. Pharmacokinetic
parameters for the data are given in Table 7.
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Figure 16 Mean drug plasma concentration time curves after administration of 20 mg of drug encapsulated
in microspheres manufactured on two different scales (n¼ 3, mean�SEM for each time-point, 12 animals in
total).
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Table 7 Mean PK Parameters after SC Administration of 20 mg of Drug Encapsulated in Microspheres

Pharmacokinetic
parameter

Formulation F1 Formulation F2
Inj. vol.¼ 0.627 mL Inj. vol.¼ 0.83 mL Inj. vol.¼ 1.25 mL Inj. vol.¼ 1.5 mL

AUC(0–1.5d) (ng mL�1 day)a 64.8 85.8 99.9 61.23
AUC(0–4d) (ng mL�1 day)a 74.2 98.4 113.7 78.9
AUC(0–28d) (ng mL�1 day)a 191.0 273.5 223.2 196.4
AUC(0–30d) (ng mL�1 day)a 213.6 288.5 234.0 212.1
AUC(0–42d) (ng mL�1 day)a 265.5 345.5 285.2 279.4
Cmax (ng mL�1)a 133.5 242.8 311.4 73.5
tmax (day) 0.25 0.25 0.25 0.5
Css,av 7–28 days (ng mL�1)a 5.56 7.60 4.83 5.11
Drug remaining at injection site (mg) 1.54b 0.38b n.d.c 0.34b

Burst (%) 30.3 29.7 42.7 28.9

aValues normalized for 272 g rat weight.
bMean n¼2.
cNot determined.
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That is, F1 injection volume 1.25 mL gave the greatest burst
and then the lowest plateau concentration (Css,av7–28 days)
suggesting that the rapid early release meant that there was
less drug for release later on The total amount
released was similar to that for the F1 injection volume
0.62 mL as AUCs(0–42d) were comparable for both formulations.
The F1 injection volume 0.83 mL gave the same percent burst
as the F1 injection volume 0.62 mL solids formulation; how-
ever, theCss,av 7–28 days was higher as was the AUC(0–42d) sug-

the apparently lower quantity of drug left at the injection site
for the F1 injection volume 0.83 mL formulation relative to
the F1 injection volume 0.62 mL formulation (Table 7),
although the small sample size should be noted. These observa-
tions are probably explained by the injection volume which led
to different extents of dispersion within the subcutaneous tis-

duced greater dispersion and therefore greater formulation
surface area, which might be expected to produce greater drug
release. The relative surface area differences due to dispersion
extent may have been accentuated by the agglomeration of

although the F2 injection volume 1.5 mL formulation was
dosed in a volume most similar to the F1 injection volume
1.25 mL formulation, the subcutaneous dispersion and phar-
macokinetic parameters were most similar to the F1 injection
volume 0.83 mL formulation. Possibly the greater viscosity of
the F2 media reduced dispersion in the subcutaneous tissue.

3.3. Injection Site

Injection of the formulation produced the expected tissue

0.62 mL formulation, the subcutaneous mass was well defined

body reaction. As the injection volume increased for the larger
batch microspheres, more, smaller masses were found dis-
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release rate (absorption rate) of the drug increased (Fig. 17).

microspheres, which was also seen in the in vitro tests (Fig.
4). The nature of the injection vehicle may be important as,

(Fig. 18), the formulation being encapsulated within a foreign

persed within the subcutaneous tissue (Figs. 19 and 20).

(Table 7).

gesting prolonged faster release (Table 7). This is supported by

sue (see Sec. 3.3). That is, the larger injection volumes pro-

reaction (see Sec. 3 of Chapter 4). For the F1 injection volume
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Figure 17 Fraction of drug absorbed relative to total absorbed at day 42 for the F1 injection volume
0.83 mL formulation, as approximated by AUC, after administration of 20 mg of drug encapsulated in micro-
spheres manufactured on two different scales.
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Figure 18 Subcutaneous masses removed from a rat on day 42
which had received the F1 injection volume 0.62 mL formulation.

Figure 19 Subcutaneous masses removed from a rat on day 42
which had received the F1 injection volume 0.83 mL formulation.
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Figure 20 Subcutaneous masses removed from a rat on day 42
which had received the F1 injection volume 1.25 mL formulation.

Figure 21 Subcutaneous masses removed from a rat on day 42
which had received the F2 injection volume 1.5 mL formulation.
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The F2 formulation produced masses similar to the F1

4. CONCLUSIONS

Based on the similarity of the in vitro and in vivo release profiles
for microspheres manufactured at pilot scale to those manufac-
tured at laboratory scale, alongside manufacturing perfor-
mance, the manufacture of active microspheres was
considered to have been successfully scaled up from laboratory-
to pilot-scale. Terminal sterilization by g-irradiation at a dose of
25 kGy is feasible, provided the product is stored under appro-
priate conditions. Particular care must be taken to avoid even
short-term temperature excursions, such as may be experienced
during transportation of material, as a significant increase in
burst release may be expected to arise. An in vitro release
method capable of discriminating between low-, intermediate-,
and high-burst batches has been developed, and the preliminary
in vitro=in vivo correlation for the rat model supports the use of
the in vitro release method for batch selection. The use of multi-
dose vials in which microspheres are suspended in an appropri-
ate medium, and repeat doses withdrawn for injection, is accep-
table for pre-clinical studies of these formulations.

pre-clinical species are likely to give similar release pharma-
cokinetics as those seen in the clinic for ‘‘preformed’’ con-
trolled release systems and should be sufficiently good for
formulation development work. However, this case study
has shown that, even within a species, differences can occur
depending on the dosing technique=dose volume. Therefore,
care should be taken when extrapolating to the clinical situa-
tion and development of the optimal or absolute pre-clinical
model will require some empirical development based on feed-
back from initial clinical studies.
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injection volume 0.83 mL formulation (Fig. 21).

It has been shown elsewhere (Sec. 3 of Chapter 4) that
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Case Study: Biodegradable
Microspheres for the Sustained

Release of Proteins

Guidelines for Formulating and Processing Dry
Powder Pharmaceutical Products

MARK A. TRACY

Formulation Development, Alkermes, Inc.,
Cambridge, Massachusetts, U.S.A.

1. INTRODUCTION

In developing dry powder pharmaceutical products, there are
important general principles that provide valuable guidance in
formulating and processing the product. This article will review
two important guidelines and provide examples using the devel-
opment of biodegradable microsphere products as a case study.
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The first guideline is to maximize product stability by
minimizing molecular mobility. Minimizing molecular mobi-
lity can be achieved by selecting formulation components
and processing unit operations and conditions that reduce
the probability that formulation components will interact
and change from the desired form. Examples include proces-
sing proteins at reduced temperature to prevent denaturation
and reducing solvent levels in the product to prevent drug
reactions or polymer relaxation.

The second guideline is to understand the role of particle
structure and morphology in product function and stability.
Particle properties can vary tremendously depending on vari-
ables such as size, porosity, and morphology. All too often the
performance of a pharmaceutical powder formulation
depends on the powder microstructure which can be con-
trolled by formulation and processing. Examples include the
effect of drug particle size on initial release frommicrospheres
and the effects of protein lyophilizate particle size and mor-
phology on protein stability.

Biodegradable microspheres for the controlled release of
drugs, including proteins, provide an excellent illustration of
the importance of understanding and utilizing these guide-
lines. Microspheres provide a means of delivering drugs for
periods of days, weeks, or months with a single injection.
They consist primarily of a biodegradable polymer, for exam-
ple poly(lactide-co-glycolide) (PLG), and the encapsulated
drug as well as appropriate stabilizers or release modifiers.

2. GUIDELINE #1: MINIMIZE MOLECULAR
MOBILITY TO MAXIMIZE STABILITY

An excellent example of this principle is provided by the
formulation and processing of biodegradable microspheres
containing proteins (1). Proteins are relatively fragile macro-
molecules whose tertiary structure is important for activity.
The free energy difference between the native and unfolded
state at room temperature is only of the order of the strength
of one hydrogen bond (a few kilocalories=mol) (2). Therefore, it

572 Tracy

© 2005 by Taylor & Francis Group, LLC



does not take much energy input at room temperature to
disrupt a protein’s native state. Thus, to produce pharmaceu-
tical products for these drugs, formulation and processing
approaches are required which minimize the molecular mobi-
lity during processing, after administration, and during sto-
rage.

A process has been developed and commercialized to
make a long-acting form of the protein human growth
hormone (hGH) in which the protein is encapsulated in biode-
gradable polymeric microspheres (Fig. 1) (1,3,4). The process
first involves preparing solid particles of the protein, for exam-
ple, by lyophilization. The particles are encapsulated by sus-
pending them in a polymer solution containing an organic
solvent, spray-freezing the suspension into liquid nitrogen to
form nascent microspheres, extracting the polymer solvent
in a polymer non-solvent at sub-zero temperatures, and
finally drying the product under vacuum to minimize residual
solvents.

The solid state form of the protein can be created by
spray freeze-drying (SFD). The resulting intermediate is a
dry powder itself in which protein mobility is reduced by
the removal of water. This powder is exposed to organic

Figure 1 ProLease� encapsulation process steps.
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solvents during the encapsulation process. Protein native
structure is not thermodynamically favored in organic sol-
vents. Protein stability is maintained in organic solvents
because the solid state provides a kinetic trap that maintains
the stability (5,6). Key process factors that secure the kinetic
trap are the low processing temperature and an anhydrous
environment.

The encapsulation process keeps protein mobility mini-
mized by encapsulating the protein in the solid state at low
temperatures in the absence of water. Furthermore, the low
processing temperature, well below the glass transition tem-
perature of the polymer, minimizes polymer relaxation as
well after the microspheres are formed.

Maintaining drug stability and activity after administra-
tion is another challenge since the drug has to remain intact
for the duration of release (days to months) at physiological
conditions (37�C, pH 7). Maintaining protein stability over
prolonged time periods has been achieved again using the
principle of minimizing mobility. One approach for some pro-
teins, including hGH and others, is to complex them with
metal ions such as zinc (3,4,6,7). Zinc-protein complexes are

chromatograms for hGH released from microspheres. The
integrity of the protein released from microspheres containing
zinc-hGH was similar to unencapsulated hGH and better
than hGH released from microspheres without zinc (3,4). In
essence the zinc binds to the protein forming a solid precipi-
tate which provides the protein in a more rigid, longer lasting
form. Another approach is to use salting out additives like
ammonium sulfate (6).

Pharmaceutical products are typically required to have a
shelf life of 2 years at the target storage temperature. For
most products this is either 2–8�C or room temperature. In
order to maximize storage stability, it is important to mini-
mize molecular mobility. This can be accomplished by storing
the product sufficiently below its glass transition temperature
(Tg) to prevent interactions that can adversely affect the pro-
duct stability over short time periods such as days or weeks to
longer periods of months or years. The rule of thumb is to
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store the product at least 30–50�C below its Tg (8,9). For
microsphere products, the polymer, poly(lactide-co-glycolide),
is the major component and has a Tg about 40

�C. In manufac-
turing, residual solvents in sufficient amounts can act as
plasticizers and reduce the Tg promoting mobility. A reduction
in Tg can impact the product stability during storage. It is thus
important to minimize residual organic solvents in micro-
sphere products to minimize mobility and maximize the pro-
duct shelf life. This can be accomplished by developing a
suitable process for drying microspheres. Protein and peptide
microsphere products have been developed with shelf lives of
at least 2 years.

Figure 2 Effect of zinc complexation on hGH stability during
release from microspheres in vitro. The top chromatogram repre-
sents unencapsulated hGH, the middle hGH released from micro-
spheres with the stabilizer zinc added to form a zinc–hGH
complex, and the bottom hGH released without complexing with
zinc. The largest peak represents hGH monomer. Peaks to the left
of it represent hGH dimers and oligomers. The buffer contained
50mM HEPES and 10mM KCl, pH 7.2. Release was carried out at
37�C. (Adapted from Ref. 3.)
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2.1. Summary

For protein microsphere products, stability is maximized by
formulating the protein in the solid state, encapsulating under
a low temperature, anhydrous environment, and minimizing
residual solvents. All of these steps have the goal of minimiz-
ing the mobility of the protein or polymer during preparation,
administration, and storage.

3. GUIDELINE #2: UNDERSTAND THE ROLE
OF PARTICLE STRUCTURE AND
MORPHOLOGY IN PRODUCT FUNCTION
AND STABILITY

The size and microstructure of a dry powder formulation can
make the difference between an effective and ineffective pro-
duct. Particle size or porosity for example can affect dissolution
properties of the powder or, as for inhalation powders, their
ability to deposit in the appropriate part of the lung for
absorption (10). Similarly in biodegradable microspheres, the
ability to control size and morphology is critical in obtaining
desirable release characteristics and optimal stability.

As noted above, microspheres produced by the process
described contain protein particles encapsulated in a polymer
matrix. The mechanism of protein release involves first the
hydration of the microspheres, followed initially by dissolu-
tion and diffusion of protein at or with access via pores to
the surface (burst), and finally by release through additional
pores and channels created by polymer degradation (11–13).
The relative size of the protein particles to the microsphere
is an important parameter in controlling the initial release
or burst. The particle size of the protein powder can be con-
trolled by varying SFD process parameters (14). Protein
particles with sizes from several microns down to less than
1mm are produced by sonicating particles made by SFD with
different mass flow ratios (ratio of atomization air=liquid

cron protein particles results in a substantially lower initial
release than particles much larger than 1 micron (14).
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mass flow rates). Figure 3 shows that encapsulating submi-



It is interesting to note how these small protein particles
are formed. Spray-freeze drying alone produced particles
with a characteristic size of about 10–50mm, too large to be
adequately encapsulated in microspheres whose size is about
50–100mm. Under sonication or homogenization, these parti-
cles break down further into the 0.1–5mm range suitable for
encapsulation. Interestingly, the particles that break down
smaller are smaller to start and are characterized by a finer,

more friable microstructure is created during the spray-freez-
ing step as smaller particles freeze faster creating smaller ice
crystals. Upon drying, the smaller ice crystals are sublimated
leaving behind the finer microstructure. In fact these powders
have been shown to have a higher specific surface area indica-
tive of the finer structure (14).

One possible disadvantage of the finer structure is the
potential to affect the stability of the protein. Proteins can
denature at the hydrophobic ice interface. We have observed

Figure 3 Effects of protein particle size on initial release in vitro.
The particle size represents the median protein particle size mea-
sured after sonication in a PLG-methylene chloride solution using
a Coulter counter. The initial release represents the percentage of
protein released from microspheres within the first 24 hr after incu-
bation in a physiological buffer at 37�C.
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more friable microstructure (Fig. 4). We hypothesize that the



Figure 4 The morphology of SFD protein powders prepared using
different SFD processing parameters. The microstructure of the
smaller-sized powder on the left is finer than that on the right. As
a result, under sonication, it breaks down into a proportionally smal-
ler particle as indicated by the unsonicated=sonicated particle size
ratios given. (The scanning electron micrographs are from Ref. 14.)

Figure 5 Improving integrity of SFD protein powders. The effect
of zinc on the percentage of monomer loss is shown vs. median pro-
tein particle size. (Adapted from Ref. 14.)
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a correlation between monomer loss, particle size, and specific
surface area for BSA in the absence of any stabilizers. However,
using the principle of minimizing mobility, proteins like BSA
can be stabilized to prevent denaturation. For example, com-
plexing BSA with zinc resulted in a significant enhancement

by adding zinc to BSA the monomer loss was greatly reduced
in preparing protein particles for encapsulation by SFD. The
effect was especially marked for the submicron protein parti-
cles. Formulating with sugars also stabilized the protein in
the small particles (15).

3.1. Summary

The protein particle size and morphology impacts the release
from microspheres and protein stability. Process and formula-
tion variables must both be balanced to optimize particle size,
morphology, and stability to produce a microsphere product
with optimal release characteristics.

4. CONCLUSIONS

Two key themes have emerged from the development of biode-
gradable microsphere products for proteins. These themes
apply in general to dry powder pharmaceutical products.

1. Maximize powder and drug stability by mini-
mizing molecular mobility through formulation and
processing.

2. Understand the effects of particle size and morphol-
ogy on product function. Identify key process and
formulation variables that affect product character-
istics and control them.
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1. INTRODUCTION AND SCOPE

The aim of this chapter is to provide the reader with an
appreciation of the principles and requirements for register-
ing and marketing injectable drug products as dispersed
systems. These dosage forms offer unique characteristics
having certain distinct advantages over more conventional
solid and liquid sterile products. Such unique characteristics
also present special challenges in the manufacturing and
control of these dosage forms.

SECTION IV: QUALITY ASSURANCE AND REGULATION

583

© 2005 by Taylor & Francis Group, LLC



2. REGULATORY REQUIREMENTS

2.1. Drug/Device Development and Application
for Approval

Whether a manufacturer intends to market products world-
wide or only within the United States, numerous regulations
must be satisfied before market entry is permitted. These
regulations have been established to protect the public safety.
Generally, these regulations focus on assuring that the inten-
ded drug or device has the safety, identity, strength, quality,
and purity (drugs) it purports to have and that devices are
safe and effective for their intended use. Requirements for
the applications of new drugs and devices can be voluminous
and complicated. Regulatory requirements vary depending
on the clinical indication and mode of use. To improve the
timeliness of the product development and regulatory
approval processes, a basic understanding of regulatory
requirements is recommended.

2.2. International Considerations

Major new products are being considered for global markets
as well as US domestic markets. To sell products abroad,
there is usually a product approval or registration process
for market entry. Understanding international quality and
regulatory standards and requirements can improve speed-
to-market and reduce frustration among the professionals
responsible for new product approval. These requirements
usually come from the country’s regulatory body responsible
for assuring the safety of the product. A few of these key regu-

Unfortunately, there is little standardization of product
approval requirements by the major regulatory bodies of the
world. There are, however, harmonization efforts underway
with most major regulatory bodies participating. The Interna-
tional Conference on Harmonization (ICH) has made signifi-
cant progress in setting global specifications. The intent
of these global specifications is that eventually all re-
gulatory bodies, worldwide, will recognize and apply these
specifications consistently. The ICH has published guidelines
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latory bodies are noted in Table 1.



These guidelines provide an excellent reference for any indivi-
dual or organization involved in pharmaceutical product
development. The hoped for advantage of regulatory harmoni-
zation will be the development of mutual agreements between
and among regulatory bodies. These agreements will allow
one country to accept the drug and device application already
approved by other countries.

2.3. Current Good Manufacturing Practices

In the United States, the Food and Drug Administration
(FDA) has been given significant regulatory power under
the Food, Drug and Cosmetic Act. This Act is enforceable,
under Federal power, and contains key terms such as adul-
teration and misbranding. Good Manufacturing Practices
were developed to establish FDA’s expectations on how drug
and device manufacturers should comply with the Food, Drug
and Cosmetic Act. These regulations can be found in the Code
of Federal Regulations as follows:

Title 21 Code of Federal Regulations Part 211 (Drugs)
Title 21 Code of Federal Regulations Part 820 (Devices)

These regulations provide the minimum acceptable
requirements for manufacturing drug and device products.

Table 1 Regulatory Agencies by Country

Country Regulatory agency

United States Food and Drug Administration
United Kingdom Medicines and Healthcare products

Regulatory Agency (MHRA)
Japan Koseishio
Canada Health Protections Branch
France Agence du médicament
Germany Bundesinstitut für Arzneimittel

und Medizinprodukte (BfArM)
and the Paul Ehrlich Institut

Italy Istituto Superiore di Sanità
Spain Ministerio de Sanidad y Consumo
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Failure to comply with these regulations constitutes adultera-
tion under the Food Drug and Cosmetic Act. Once a product is
deemed adulterated the product or products involved may be
recalled or seized. Manufacturers can be enjoined and long
court battles can result. While the movement towards regula-
tory harmonization advances, the FDA continues to operate
under its own set of rules. Exemplified by the sheer number
of detailed regulations coupled with the frequency and inten-
sity of regulatory actions, the FDA is considered the world’s
premier regulatory body. The FDA has published many useful
guidance documents� on the development and manufacturing
of drug and device products. FDA guidance documents repre-
sent this Agency’s current thinking on a particular subject.
According to the FDA they do not create or confer any rights
for or on any person and do not operate to bind the FDA or
the public. The FDA will accept alternative approaches, if
such approaches satisfy the requirements of the applicable
statute, regulations, or both. These guidelines are particu-
larly useful since they elaborate FDA expectations and direct
enforcement activity. Additionally, they have been found use-
ful in the development community when scientists are
actively involved in the development or modification of drug
and device products.

Guidance documents cover key topics such as

� advertising,
� biopharmaceutics,
� chemistry guidances,
� clinical guidances,
� compliance guidances,
� generic drug guidances,
� information technology guidances, and
� labeling guidances.

Other guidance documents come in the form of FDA
investigator inspectional guides. These guides provide the

*FDA guidance documents can take the form of guidelines to industry,
letters, inspection guides, etc.
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industry with insight into the areas of training and special
interest FDA investigators and scientists may have for a par-
ticular subject. All of these documents, guidelines, and inspec-
tional references are available in the public domain via the

2.4. Pre-Approval Inspections

In the United States, most drug and certain diagnostic device
products require pre-approval inspections (PAIs) before the
FDA will grant product approval. Exceptions to this include
minor supplements to existing new drug applications (NDAs)
or abbreviated new drug applications (ANDAs) where the
manufacturer has had recent inspections and=or a good regu-
latory history. Major delays in product approval can be
encountered when these PAIs do not meet FDA expectations.
Additionally, weaknesses found during a PAI can direct FDA
investigators into other areas within the firm’s quality sys-
tems or development activities not originally within the scope
of the PAI. For example, a poorly designed new product stabi-
lity protocol can lead FDA investigators into the firm’s entire
marketed product stability program. In another example,
problems discovered on review of high performance liquid
chromatograms can lead into an investigation of a firm’s
entire analytical chemistry quality (QC) procedures. Adverse
findings from a new product pre-approval have led to
recalls and other serious regulatory actions for products
already in the marketplace.

The PAI process was reinforced in 1988 after several
firms were found to be providing false and misleading infor-
mation to the FDA. This was known in the industry as the
‘‘Generic Drug Scandal,’’ where applications were filed frau-
dulently, although manufacturing capability did not exist
for the drug products submitted for market approval, and sta-
bility data were falsified. Even though the problems were
generated by a small number of companies, the entire phar-
maceutical industry and the FDA were shaken by the
incidents. Many individuals involved were found guilty
of criminal activity and punished. Some individuals were
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banned from the US drug industry. The FDA maintains a
black list of individuals who have been banned from develop-
ing or manufacturing drugs for US consumption.

As a result of these tumultuous findings new require-
ments for PAIs were developed. In the United States, product
applications sent to Agency centers may be in perfect order
but if significant issues arise at the factory or in the develop-
ment laboratories during the PAI, the entire approval process
can be delayed months or even years. It is, therefore, essential
that all branches of manufacturing, including research and
development departments prepare carefully for the PAI to
assure a timely and successful outcome.

Even the best drug and device firms have demonstrated
weaknesses in PAIs. The FDA records objectionable findings
on a form known as the FDA-483 Notice of Inspectional Find-
ings. Typical manufacturing and quality system weaknesses
encountered during PAIs of the 1990s include:

Validation: Weak, faulty, or non-existent validations
supporting the following:

� Processes such as mixing, sterilization, potency adjust-
ments.

� Equipment such as fillers, sealers, processing and
packaging equipment.

� Utilities: Medical grade product contact gases such as
nitrogen, carbon dioxide, and oil free compressed air.

� Software: Processes controlled by computer; software
used in QC calculations.

� Facilities: Floors, wall, and ceilings properly designed
and constructed.

Aseptic processing:
� Media runs.
� Training of personnel in aseptic techniques.
� Environmental monitoring program weaknesses.

Specifications:
� Not adequate or present.

Sterility assurance:
� Problems with sterility testing.
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� Sterilization process validation weaknesses.
� Closure system integrity.

Training (lack of adequate personnel training or docu-
mentation thereof).

GMP violation of bulk drug manufacturing processes
including:

� Poor or lacking validation.
� Cleaning processes not validated.
� Impurity profile not understood.
� Deviations from established procedures.
� Sterility assurance and testing.
� Stability (pre-market, post-market, and packaging

changes).

The FDA is very serious about enforcement and protec-
tion of the public health. FDA investigators who perform PAIs
are well armed with Agency-developed guidance documents
and training. Some investigators have even received criminal
investigator training. In most cases, however, the FDA inves-
tigator tries to determine

� that the data filed in the application were gathered
under good laboratory and good manufacturing
practices;

� if the manufacturing specifications developed thus far
are appropriate to control the manufacturing process;

� if the firm is in substantial compliance to current good
manufacturing practices;

� if the firm actually can adequately produce the
material they have filed for.

2.5. Regulatory Enforcement

The FDA can muster many levels of enforcement activity on the
firm under review. In order of severity they can do the following:

� Issue an FDA-483 report, generally considered to be
items the FDA investigator feels require attention
by the firm. Sometimes these 483s are early warning
signs to warrant additional regulatory action.
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� Recommend withholding the application approval.
This is very painful news to any firm trying to get a
new product approved. Usually these recommenda-
tions follow a PAI, or result from concerns at FDA
Centers reviewing the application, or may be a result
of continued unrelated GMP problems at a firm.

� Issue a Warning Letter. This is bad news. A Warning
Letter tells the firm’s senior management they must
develop and provide a responsive plan to the FDA’s
concerns or further regulatory action may ensue. Boi-
lerplate verbiage in warning letters may say ‘‘These
deviations cause drug products manufactured by your
firm to be adulterated within the meaning of Section
50 l(a)(2)(B) of the Federal Food, Drug, and Cosmetic
Act (the Act)’’ and ‘‘You should take prompt action to
correct these deviations. Failure to promptly correct
these deviations may result in regulatory action with-
out further notice. These actions include, but are not
limited to, seizure and injunction.’’ These actions can
be serious indeed.

Warning Letters have cited problems on master batch
records, including poor identification of significant steps and
failure to comply with the firm’s own requirements. Deficien-
cies in identity testing, labeling violations, complaint hand-
ling, stability testing inadequacies, and poor documentation
have also been associated with Warning Letters.

FDA-483 observations can also cast doubt on a firm’s
overall quality programs and the ability to get new products
approved quickly. Examples of 483 observations involving
injectable products include:

� failure to investigate failures thoroughly, such as
exceeding action levels on ingredient water samples,
sterility test failures, and stability failures;

� not challenging product stability at upper limits of USP
(United States Pharmacopeia) room temperature;

� lack of cleaning validation;
� lack of appropriate change control programs and poor

execution of change control;
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� reworking, re-inspecting or reprocessing drug sub-
stances or products without adequate validation or
supporting information;

� testing and reworking materials, ad infinitum, in
order to meet a certain specification.

� failure to establish and implement sufficient controls
to ensure processes are properly validated prior to
drug products being released for sale.

� failure to perform periodic quality evaluations
(audits).

3. QUALITY DURING THE PRODUCT
DEVELOPMENT PHASE

Many quality professionals in drug and device manufacturing
define quality as conformance to specifications. Accordingly,
appropriately set specifications are imperative to assure pro-
duct quality. Researchers and quality professionals alike
must assure that the product development process develops
specifications that result in effectively monitored processes
and process output. Numerous and repetitive objections from
industry regulators have focused on inadequacies in specifica-
tion quality. Regulatory actions have occurred because key
quality attributes� are not addressed in specifications or they
have been inappropriately set. For the medical device indus-
try the FDA has issued new regulations that give detailed
requirements for specification development. Known as the
Quality System Regulations,y these new regulations focus
on the importance of pre-production quality and the specifica-
tion setting process.

The traditional role of the QC department has been to
assure conformance to specifications. If the specifications
are set improperly, the QC department will likely not be able
to detect a problem, prospectively. The QC department is

� The characteristics that impart safety and efficacy to the product.
y QSRs, previously known as the Device GMPs, Ref. 21CFR820.
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usually not involved in the development or setting of specifi-
cations. Instead, the QC department’s role is to assure that
there is a sound process for specification setting and that pro-
duct specifications are complied with. Researchers developing
and setting specifications should not, therefore, consider the
QC department a safety net for bad design or its conse-
quences. Signs of improperly set specifications are high man-
ufacturing loss or scrap rates, excessive laboratory retest
rates, stability failures, and customer complaints. Since the
design requirements for products typically come from clinical
or customer requirements and expectations, the collection of
this information is essential in the specification development
and setting process. The timing of when specifications should
be established and other key activities such as validation and

The impact of measurement, raw materials, and proces-
sing variation on clinical effectiveness must be addressed.
Due to the sheer number of variables involved, statistical
tools are commonly used to delineate variables that do or do
not impact product performance. The results of these experi-
ments dictate what specifications should be routinely mea-

For example, the of
product components with the resultant quality attribute.
Other experimentation would be required to understand the
relationship between product quality and processing vari-
ables in the factory. These relationships should be established
and well understood prior to setting final product and process
specifications.

3.1. Metrology

For departments generating process and product specifica-
tions, it is important not to overlook or underestimate the
importance of manufacturing process capability and test
method adequacy. Those individuals setting specifications
must be aware of manufacturing capability (i.e., the assur-
ance of reliably and consistently operating within developed
specifications). Also, as process and product specifications
are being established, there must be an assessment on
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regulatory filing is shown in Fig. 1.



Figure 1 Chronological milestones in injectable product
development.

Table 2 Examples of Variation and Effect

Variation in Will have an impact on

Types and concentrations of oils Drug solubility and dose
Types and concentrations of
phospholipids

Flocculation and coalescence

Types and concentrations
of auxiliary emulsifiers

Flocculation and coalescence

Types and concentrations
of solubilizers

Solubility and crystal growth

pH and buffering agents Zeta potential, chemical stability
Types and concentrations
of antioxidants

Chemical stability

Type and concentrations
of preservatives

Preservative effectiveness
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metrology adequacy. Researchers and developers should ask:
‘‘Are the test methods that measure compliance to these
materials and process specifications adequate to provide con-
fidence levels required?’’ For example, is the inherent mea-
surement error of the test method understood in relationship
to the specification range for the quality attribute being
measured? If the test method has a measurement error of
� 1% and the specification for the quality attribute is
100� 1%, the test method cannot adequately discriminate
whether a measurement is or is not in conformance to the spe-
cification. Similarly, if researchers set processing specifica-
tions tighter than the factory can control or measure, trouble
will soon follow.

3.2. Product Quality and Processing

For injectable dispersed drugs, there are numerous routine
specifications to be assured prior to batch release or sale

batch was properly formulated, processed, and packaged.
While there are many routine tests required for product

batch release in manufacturing, additional tests are required
to establish objective evidence that the product works and
performs as intended. These tests may be addressed in either
the research and development stage or in the marketed
product stage, or both, for injectable dispersed products.

3.3. Process Analytical Technology

Due to the advent of new measurement technologies, such as
near infrared, Raman, and other spectroscopic techniques and
sensor technologies, the pharmaceutical industry and the
FDA are moving toward increased in-process and final pro-
duct control measurements of product quality. Process Analy-
tical Technology (PAT) allows manufacturers the potential to
quickly and non-destructively analyze each unit of finished
product for certain product parameters such as particulate
size, moisture content, oxygen content, content uniformity,
and other critical quality features.
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3.4. Batch Testing

Specifications call for routine QC testing of each batch of
finished product. These specifications are intended to
demonstrate process control and product fitness for use.

pH: The pH test confirms proper processing. In-process
pH measurements may also be required to assure proper ionic
conditions for component processing.

Particulate matter: The USP defines acceptable limits for
particulate matter in injectables. For products that are essen-
tially particulate in nature, the particulate specifications are
intended to control or eliminate unintended foreign particu-
late matter from the product. Again, special test methods
must be developed to distinguish between the product and
unintended particulate matter.

Dispersion properties (particle size and size distribution):
Size and distribution of drug particles define the dispersed
product’s clinical effectiveness. Understanding the relation-
ship between these attributes and medical effectiveness
should be confirmed in clinical studies. Test methods for

Table 3 Typical Marketed Product Batch Release Testing

Physical Chemical Microbiological

pH Active ingredient
identification

Sterility

Particulate matter Active ingredient
assay

Endotoxin

Dispersion properties
(fat globule size=distribution
for emulsions and particle
size=distribution for suspensions)

Key component
assay (include
wetting agents for
suspensions)

Packaging related specifications
such as fill volume, labeling,
closure system, etc.

Key component
identification

Heavy metals
Single related
substances

Total related
substances
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sizing can be technically challenging and should be designed
to be robust and rugged for use in the QC testing laboratory.

Active ingredient identification: This ID test assures that
the proper material was added during manufacturing.

Active ingredient assay: This test assures the correct
concentration of the active ingredient.

Key component assay: This test, or series of tests, assures
the correct concentrations of other batch ingredients such as
excipients.

Sterility test: The product must be sterile when dis-
pensed and must stay sterile upon repeated use, if packaged
as a multi-dose formulation. Terminal sterilization using heat
is not always possible and aseptic manufacturing must be
stringently controlled. Validation of the sterility test method
is required. Emulsions and suspensions can provide special
challenges due to the techniques used, such as filtration and
direct inoculation. See Special Considerations.

Endotoxin test: Injectables must meet USP requirements
for pyrogens or bacterial endotoxin. Dispersed products
provide special challenges in pyrogen control since these pro-
ducts cannot be depyrogenated using typical methods.�

Instead, manufacturers of these products must focus on the
prevention of pyrogen introduction into the formulation or
from development of pyrogens during manufacturing. Testing
for pyrogens is also problematic with these formulations. Due
to the physical nature of many suspensions and emulsions,
the USP Pyrogen Test (using rabbits) is not always possible.
Instead the USP Bacterial Endotoxin Test has to be the
logical alternative. Whatever test is selected the absence of
potential interference of test sensitivity by the dispersed
phase of the product should be addressed in the pyrogen or
endotoxin test method validation.

Fill weight=volume: These tests confirm gravimetrically
that the individual containers contain the stated mass of
material.

*Typical methods include rinsing, dilution, distillation, ultrafiltration,
reverse osmosis, activated carbon, affinity chromatography, or dry heat.
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Package integrity: A representative number of units from
the batch are checked to assure proper closure system integ-
rity. This can include destructive testing such as pressure
tests (charge container with pressure and look for bubbles
underwater) or non-destructive testing such as visual checks,
sonic, electrical, or other tests designed to confirm the drug
container=closure system has no leaks and will withstand
normal handling without breaches in integrity.

3.5. Required Additional Testing

Several other tests are important to the quality of injectable
dispersed products. While these tests are not performed on
each batch of injectable product, they are conducted during
pre-market activities such as clinical material manufacturing
and validation studies:

Physical stability testing: The effects of time, storage
conditions, packaging, and transportation must be established.
Stability programs are designed to gain this understanding.
Stability programs should assure a productmeets its label claim
throughout the stated shelf life (expiration date). There typi-
cally are two stages in stability testing; R&D stability and mar-
keted product stability. In the R&D stages material may be
stressed to predict real life performance over intended dating.
At this stage special storage and handling considerations are
confirmed. Once a product is approved and in production a
select number of batches per year are placed on stability to
monitor product performance in its current configuration.
These marketed product stability lots are typically monitored
at the storage requirements stated on the label. Each product
on the marketed product stability program should have a
protocol that dictates storage conditions, test intervals,
sampling, and test requirements.

Syringeability and injectability testing: The ease of with-
drawal of a product from the container (syringeability) and its
subsequent ejection into the desirable site of administration
(injectability) must be determined for the final formulation.
Syringeability can be affected by the diameter, length, shape
of the opening, and surface finish of the syringe needed and,
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therefore, should be characterized in specification and pro-
duct labeling development. Injectability denotes the ease
with which a dose can be injected. The injection medium
must be understood and also characterized during product
development.

Preservative effectiveness testing: Multiple-dose inject-
ables contain preservatives to safeguard the product against
in-use microbial contamination. The USP preservative effec-
tiveness test method is typically used. The water-insoluble
dispersed phase may present special problems in development
of a good preservative system. These same product related
issues impact the development and qualification of sterility
test methods as well. The problems occur because the parti-
cles of the product interfere with microbial test methods that
rely on turbidity as indicators of microbial growth.

4. RAW MATERIALS

Consistent product performance and manufacturing require
quality ingredients. Many key ingredients of dispersed pro-
ducts are biologically provided, meaning variation will be
higher than chemically synthesized materials. The natural
variation of biologically derived raw materials can cause pro-
blems. The quality of complex fats and lipids can vary as well
as the composition of ingredients such as soy and safflower

Raw materials have stability profiles as do final pro-
duct formulations. What is the effect of the supplier’s man-
ufacturing date, the drug firm’s purchase date, and
ultimate product performance? The drug development plan
should include stability analyses of key component raw
materials. Typically, retest or expiration dates are set for
raw materials. Retest dates require the raw material be
retested against the material specification. Acceptable results
allow formaterial approval status to be extended to the next ret-
est date. Expiration dates are just that (e.g., material has
expired). Retesting expired material is not considered an accep-
table GMP practice.
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4.1. Variation in Raw Materials

Some suspension and emulsion stability problems have been
traced to seasonal variation in raw materials. Small shifts
in complex, multi-constituent raw material components such
as oils have caused unexpected changes in marketed product
stability. A good technical relationship with key material sup-
pliers is important to set sound material specifications and to
troubleshoot when necessary.

Many fats and oils used in the manufacture of dispersed
products come from natural sources. Accordingly, raw mate-
rial quality is influenced by mother nature. In one example,
shifts in oil fraction components (fatty acids) were detected
in high grade soybean oil. The fraction ratio did not meet
expectations. Investigation indicated that unseasonably
cool and damp conditions in the Western Hemisphere shifted
the soy plants production profile of fatty acids. Immediate
corrective action was not possible. The manufacturer had to
contact the appropriate regulatory body to decide on an accep-
table course of action. The regulatory body had to make a
quick decision to accept an amendment to the firm’s NDA.
Working together the FDA and the pharmaceutical firm were
able to assure that product quality and clinical efficacy would
not be impacted by the shift in the soy oil fatty acid profile.

4.1.1. Raw Material Specifications

Specification quality is key at all stages of manufacturing.
Raw material specifications are no exception. The process

Table 4 Some Specific Raw Material Quality Control Issues for
Formulation Components of Dispersed Systems

Trace quantities of gossypol in oils like cottonseed
Limits on hydrogenated oils, other saturated fatty materials
Limits on unsaponifiable materials such as waxes, steroidal
components

Contamination with herbicides and pesticides
Vasopressor contaminants in soybean phosphatides
Specifications on lecithin minor components such as cholesterol,
sphingomyclin, phosphatidic acid, and derivatives
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for establishing specifications is essential to assuring product
performance, good supplier relations, and cost.

Raw material specifications should address the following
elements:

� List of approved suppliers, by location of manufacturer.
� Key elements of the formula.
� Chemical name and molecular weight.
� Sampling requirements including:

� special handling considerations (safety, humidity,
etc.);

� sampling plan (quantities, number of samples
per container);

� approved sampling containers=materials;
� file or reserve sample requirements.

� Specifications for acceptance of material for further
processing including but not limited to:

� receipt quality (any damage during shipment);
� proper container type and label on receipt;
� identity;
� solubility;
� purity, such as related substances, impurities,

degradation products;
� quality, such as particle size, crystallinity,

polymorphic form, etc.;
� microbial and=or pyrogen quality.

� Testing procedures:

� compendial;
� non-compendial, or as required by NDA.

4.1.2. Specific Raw Material Concerns

Research and field experience have provided some insight
on potential problems with components of dispersed sys-
tems. Impurities and traces of gossypol, an antispermato-
genic pigment extracted from cottonseed oil, must be
controlled.
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Hydrogenated oils and other saturated fatty materials
vary seasonally and geographically. Unsaponifiable materi-
als, such as waxes, are also highly variable and should be
monitored closely. Volatile organic residues, herbicides, and
pesticides are toxic at extremely low levels and difficult to
detect. Refined chromatographic and spectrographic proce-
dures are required to achieve low detection levels.

Minor components in lecithin such as cholesterol, sphin-
gomyclin, and phosphatides also must be controlled to below
detectable limits.

Microbial, endotoxin, and non-viable particulates are
quality attributes that require specifications for injectable
products. Assigning specifications for these factors at the
raw material stage is important to assure proper QC through-
out the manufacturing life cycle.

4.1.3. Toxicological Concerns

Dispersed injectable products provide unique dosage forms
for life-saving therapeutic and diagnostic purposes. There
are, however, some toxicological considerations. Emulsifiers
have been shown to produce hemolytic effects. Lecithin may
carry toxic impurities and nearly all emulsifiers possess
potential toxic properties. Shifts in free fatty acid content
can impact toxicity, stability and clinical effectiveness. Poor
control of oil droplet size and size distribution can have unto-
ward clinical implications plus there are clinical hazards asso-
ciated with injecting these dispersed agents. Hazards include
phlebitis, precipitation in the veins, extravasation, emboli,
pain and irritation, and interactions with blood cells and
plasma proteins.

4.2. Packaging Materials

Selection and qualification of packaging materials are essen-
tial to long-lasting quality products. Due to the hydrophobic,
non-polar nature of these formulations, there are fewer
options for stopper compounds, tubing, and gaskets for man-
ufacturing purposes, and primary containers such as vials,
IV bags, or syringes. Packaging Research and Development
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departments should develop or identify test protocols that will
assure that packaging materials are inert and non-reactive
for the required period of product contact. Product contact
packaging materials such as vials, stoppers, syringe plungers
and barrels, and administration tubing must be pyrogen-free
whenmanufactured or rendered pyrogen -free via depyrogena-
tion. In the final product configuration, the ‘‘integrity’’ of the
drug delivery system must remain intact from manufacturing
assembly to the time of use. Studies should be conducted to
assure package integrity remains throughout the product’s
intended life. Torture tests and challenging the closure system
with microbes and=or endotoxin are common when validating
the integrity of the container and closure system.

5. SCALE UP AND UNIT PROCESSING

Laboratory batches do not normally translate directly to
industrial scale. Well-characterized raw materials, identifica-
tion of critical process parameters, properly set process and
product specifications, and suitable test methods are prerequi-
sites for successful quality scale up operations. When scaling
dispersed products, it is important to know where the sources
of variability are and to reduce them wherever practical. High
degrees of variation in materials, processes, or test methods
can mislead researchers, especially when only a limited num-
ber of batches or samples can be tested. Bioequivalence and
stability should also be considered when significant batch size
changes are made. Other in-process manufacturing controls

6. FINISHED PRODUCT CONSIDERATIONS

6.1. Filtration

The physical nature of dispersed products makes submicron
filtration a difficult challenge. Globule size is usually greater
than the retention requirements for microbes and the par-
ticle size of particulates as specified in the USP (10 and
25mm). Options to the filtration dilemma include filtration
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of components prior to final formulation and=or highly specia-
lized terminal filtration systems. Manufacturers usually rely
on component filtration (e.g., oils) prior to homogenization
although flow rates can be problematic at the 0.45mm levels.
QC for non-viable and viable particulates may have to be
assured at the raw material supplier since submicron filtra-
tion may be problematic in many cases. Prefiltration or
redundant final filtration methods may be required to achieve
acceptable flow rates.

When filtering oily materials hydrophobic filters must be
used. The relationship between pore size and oily droplet size
must be understood. Special care is required when using
microporous filters because dispersed system properties may
be disrupted or changed. Oily materials can depress the pub-
lished bubble point values of the sterilizing filter. Proper filter
sizing to assure adequate soil load removal while retaining
suitable flow rates can be problematic. Unless significant
filtration expertise is available internally, the use of filter
vendor services is recommended in these special applications.
Bioburden levels should be specified at all stages of manufac-
turing. Criteria for forward processing should be established
for each unit operation.

6.2. Depyrogenation

Pyrogens can be present in the raw materials, as a result of
excessive bioburden, or be present on packaging components.
Since current approaches to depyrogenation rely primarily on
dry heat at temperatures above 250�C, finished dosage forms

Table 5 Typical In-Process Manufacturing Controls to be
Addressed During Scale-Up

Agitation (rate, intensity, and duration)
Mixing steps that impact heat gain or loss
Temperature of phases
Rate and order of ingredient additions
Particle size reduction
Emulsification conditions (time, rate, temperature)
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of injectable dispersed products cannot be depyrogenated.
Other techniques such as rinsing or dilution, distillation,
ultra-filtration, activated carbon, and chromatographic proce-
dures may be qualified for depyrogenation but all have limita-
tions and may not be suitable for dispersed systems.
Accordingly, special care to prevent the introduction of pyro-
gens should be taken at all stages of manufacturing. Specifi-
cations for the absence of pyrogens should be established at
applicable stages of manufacturing to assure the finished pro-
duct meets injectable quality standards. Currently available
test methods for emulsions and suspensions include the
USP Pyrogen and USP Endotoxin tests. Neither method,
however, may work as intended with dispersed products.
Limulus amebocyte lysate (LAL) testing is preferred over
USP Rabbit Pyrogen testing, but both have limitations. Inter-
ferences have been encountered with the LAL test that
resulted in potentially suppressed results. Injecting rabbits
with certain oily components can result in false positive
results.

Packaging materials such as stoppers, plastic containers,
vials, bottles, and manufacturing materials such as tubing
should be qualified for the absence of pyrogens. The key to
pyrogen control is keeping these materials clean and dry at
all times. Injection molded materials, blown plastics, molded
and extruded vials and medical grade tubing are clean and
non-pyrogenic coming off the press or extruders. The chall-
enge is to keep items in dust free environments and
especially dry. Many of these materials are shipped
in corrugate containers. Wet corrugate containers are an
excellent breeding ground for microbes and their resultant
pyrogens.

Other considerations in pyrogen control focus on water
quality. Any water used to process commodities such as pack-
aging materials (stopper rinsers, bottle washers, etc.) or used
as formulation ingredient water must be qualified as non-
pyrogenic. Most manufacturers use USP grade Water for
Injection for processing materials considered likely for pro-
duct contact. Wet storage of any in-process materials should
be avoided. If, however, there is a need to do so, such as sup-
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ply moist or siliconized stoppers to a filling line, hold times
should be established and validated to assure microbial and
pyrogen control.

6.3. Sterility Testing

Sterility testing is typically conducted using the membrane
filtration technique. Due to the challenges in filtering suspen-
sions and emulsions, the direct inoculation technique may be
required. If the product is aseptically processed, any failures
in sterility tests will likely result in rejection of the batch,
regardless of whether the positive tubes were determined to
be false positives introduced during sterility testing. Isolation
technology is now available for sterility testing, greatly redu-

such as dimethylsulfoxide (DMSO) that do not affect the
growth promotion characteristics of the media nor damage
any microbes in the product may allow the membrane filtra-
tion technique to be used for dispersed products. Sterility test
methods must be qualified for microbial recovery and growth
promotion characteristics.

Sterility testing alone does little to assure sterility of the
processed batch. Validation of all sterilization procedures,
environmental monitoring and control, and container closure
integrity are major components of sterility assurance. Closure
system qualification and validation occurs before market
entry of a product. Once in routine production, closure system
integrity is assured through supplier quality, processing con-
trols, and finished product testing.

6.4. Validation

Validation is required when the results of a process cannot be
fully verified by subsequent inspection and testing. Sterility
assurance is an excellent example. Testing 20 containers from
a batch of aseptically processed material gives little assurance
about the sterility of the other 20,000 containers. While US
regulators have broadened the scope of expectation to nearly
every key process in a manufacturing operation, validation
can still result in a business advantage. For injectable dis-
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persed products the following manufacturing systems should
be considered for validation:

� facilities, including construction, floors, walls, ceilings,
and lighting;

� barrier isolation systems;
� product contact utilities such as HVAC, water,

compressed gases, etc.;
� key component manufacturing equipment such as

injection-molding machines;
� in-process and finished product equipment such as fil-

tration equipment, fillers, stoppering=closure mach-
ines, lyophilizers, sterilizers, etc.;

� cleaning equipment such as clean-in-place (CIP) or
clean-out-of-place (COP) systems;

� test methods for assay, sterility, pyrogen testing,
package integrity;

Figure 2 Sterility test isolator. (Courtesy of Baxter Pharmaceuti-
cal Solutions.)
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� label verification systems;
� aseptic processing;
� computer systems that are involved in the disposition

of materials such as laboratory information manage-
ment systems (LIMS), test method data handling,
algorithms and systems, electronic batch record
systems.

Validation must demonstrate that the process in
question consistently and reliably produces output meeting
pre-determined specifications. Each firm must use validation
definitions consistent with current regulatory jargon. Poor or
internally developed definitions can cause confusion and even
delays in product approval.

While validation protocols may vary due to the subject
being covered (i.e., installation qualification of equipment or
facilities, operational qualification, performance qualification,
or test method validation) validation protocols should be as
simple to follow as possible and include, generally, the follow-
ing elements:

� table of contents;
� purpose and overview;
� description of the product or process;
� listing of test methods used;
� instrument calibration information;
� specifications, acceptance criteria including number

or runs=batches and sampling, plans=instructions;
� key document references such as the edition or revi-

sion number of operational procedures used.

Documentation must be clear and concise. Many times
validation packages do not receive great scrutiny for months
to years after they are completed. The protocol initiators such
as key scientists or engineers may no longer be available to
defend the validation. Therefore, the package must be clear,
concise, readily retrievable, and easy to understand years
after its completion. Once a process has been validated it
has to stay that way. Revalidation must occur when there
are changes to the process that could affect its validated sta-
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tus. New product additions, changes to specifications, audits,
or relocation of equipment are examples that will trigger a
revalidation exercise.

6.5. Cleaning Validation

The processing of formulations containing fats and oils should
include a plan for cleaning. Injectables containing fats and or
proteins can pose special problems for cleaning. Oily compo-
nents create slippery conditions, and once dried or denatured
by heat, can be extremely difficult to clean. Processing equip-
ment and filling=packaging lines should be designed with spe-
cial cleaning considerations, especially if the manufacturing
equipment is considered ‘‘multi-use,’’ meaning more than one
product is manufactured using the same equipment. Help in
equipment=facility designand cleaningagent selection is avail-
able from most major suppliers of cleaning chemical supplies.
The pharmaceutical industry can also find assistance� from
the dairy industrywhich is keenly familiar with the equipment
and techniques for addressing tough cleaning challenges.

Cleaning validation programs for drugs generally
include the following components:

� rationale for selection of cleaning materials;
� listing of materials and surfaces to be cleaned includ-

ing surface finishes (degree of roughness);
� criteria for ‘‘clean.’’

There are several schools of thought on what constitutes
clean. Most regulatory bodies will ask for justification of the
approach being used and limits established. Cleanliness must
be defined by the user with cleaning limits typically estab-
lished for:

1. Microbial load after cleaning.
2. Particulates in rinse samples.
3. Post-cleaning residual cleaning compounds or che-

micals.

* 3A Dairy Standards.
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4. Post-cleaning residual product active ingredient(s).
5. Visual determinations for cleanliness.

Sampling methods must be qualified for the recovery of
analytes from surfaces or from cleaning rinse water. Special
swabs have been developed for different surfaces and analyte
types to improve recovery. The approach for analyte recovery
from a liquid is similar as for typical assays of drugs in
solution formulations.

Some firms use a limit of detection approach for the
active ingredient(s). In other words, surfaces or rinse water
will be submitted to an assay to detect residual amounts of
the product’s active ingredient. This approach is frequently
used when the manufacturing line or facility is used for
multiple products and cross contamination is a concern.
Another approach uses toxicological considerations based
on the residual active ingredient(s) being no more than a
fraction (usually 1=1000) of the therapeutic dose. Some
firms use a combination of criteria. In any case, the power
of visual inspection cannot be underestimated. While it is
not quantitative or qualitative, if it does not look clean, it
is not.

The application of total organic carbon (TOC) test meth-
odology is gaining favor in cleaning validation circles. The
relationship between carbon-containing analytes of interest,
detection limits, and analyte carryover significance must still
be established.

6.6. Sterilization and Sterility Assurance

Terminal sterilization using steam heat provides the high-
est degree of sterility assurance of technologies currently
available. Terminal sterilization is also easier to control
than aseptic processes. Many dispersed injectables are not
stable at the temperatures required for achieving a sterility
assurance level of greater that 10�6 (probability of non-
sterility) and, therefore, aseptic processing provides the only
alternative.
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6.6.1. Methods

Moist heat sterilization remains the method of choice for
sterilization of rubber closures, manufacturing hardware
such as filter assemblies, process tubing, tanks, and, if at all
possible, the final product. Batch autoclaves remain versatile
in achieving steam or dry heat sterilization. Sterilization is
achieved by exposing material to high temperatures for various
periods of time validated to achieve a sterility assurance level of
at least 10�6 at the slowest-to-heat location in the batch.

Dry heat sterilization is used for sterilizing items such as
glass vials and stainless steel equipment. Temperatures and
time cycles are typically higher than those required for steam
sterilization due to the kinetics for heat transfer without
moisture. Dry heat also is the most effective method of depyr-
ogenation. Since the glass container offers the most surface
area for potential contamination, it is fortuitous that glass
can be effectively sterilized as well as depyrogenated by dry
heat.

Radiation sterilization has gained in popularity and uti-
lity. Plastics, paper, clean room gowns, and other non-dense
items may be suitable for gamma sterilization. Sterilization
is achieved by exposing material either to gamma rays from
a radioactive source such as cobalt 60 or accelerated electron
beam particles.

Gaseous sterilization due to its handling hazards and
human toxicity, is falling from favor as an industrially accep-
table method of sterilization. Ethylene oxide has been used to
sterilize plastic materials, paper, gowns and medical devices.
For barrier isolation systems, internal surfaces are effectively
sterilized by gaseous agents such as peracetic acid or vapor-
phase hydrogen peroxide.

Aseptic processing: Sterilization using microbially reten-
tive filters (aseptic filtration) is basically the only method of
choice for heat labile pharmaceutical products. Most small
volume injectable dispersed products are sterilized by aseptic
processing. Aseptic processing requires high levels of per-
sonnel training and discipline. Sterility assurance levels are
lower than what can be achieved with moist heat sterilization.
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Filtration becomes an issue again as final filter pore size and
physical-chemical properties of the product create technical
challenges.

Sterility assurance using aseptic techniques rely on:

� validated sterilization procedures for all manufactur-
ing materials;

� microbiological and particulate control of the facil-
ities;

� certification of air handling systems;
� proper facility design;
� enviromental monitoring program with alert and

action limits plus trend analyses;
� training in aseptic technique;
� media fills and operator broth tests;
� control ofmanufacturing deviations and interventions;
� sterility testing.

6.7. Manufacturing Deviations

Deviation is an alarming word in a regulated industry. Devia-
tions are actions outside of planned or prescribed procedures.
Sometimes they are planned in advance, but, in most cases,
they occur outside of plan and must be dealt with. In a perfect
research and manufacturing environment everything should
go according to plan. There should be approved procedures
and specifications, and they should be followed without error
by trained individuals. Unfortunately, even the best managed
operations encounter deviations. They can occur from human
failure, poorly written instructions, poor training, mechanical
failures, lab errors, and undetected shifts in raw materials or
processes. Whenever deviations are encountered they must
be documented, explained, and, if necessary, justified.
Depending on the nature of the deviation, there could be an
impact on validation, material stability, or regulatory compli-
ance. Examples of manufacturing deviations include not tak-
ing samples as prescribed, not following procedures exactly,
performing steps out of order, failing pumps, and tubing
breaks.

Quality and Regulatory Considerations 611

© 2005 by Taylor & Francis Group, LLC



6.8. Non-conformances

A non-conformance event is failure to meet specification. Non-
conformances are typically associated with the product, but
non-conformances can be encountered with processes as well.
A manufacturing deviation can cause a non-conformance.
Failing to meet specifications is a serious issue. Huge finan-
cial losses can be realized, and regulators usually investigate
non-conformances of interest. It is sometimes helpful to
anticipate the types of non-conformances that may be encoun-
tered during the product development stages. Once a product
is approved and in the manufacturing environment there are
limited options with non-conforming material. A product can
be reprocessed, but, in most cases, must be discarded. In the
United States, drug products usually cannot be reprocessed
unless the reprocessing procedure has been approved by the
FDA. In most cases, a product will expire before a reproces-
sing procedure could be developed and subsequently approved
by the FDA. It is therefore prudent to anticipate the likely
reprocessing needs of a product and include the procedure
and supporting data in the drug regulatory filing.

6.9. Stability

Particle size and size distribution of the dispersed phase are
among the key factors controlling the physical stability of a
dispersion. A change in these parameters can be indicative
of the physical instability of a dispersion. These two para-
meters also influence therapeutic performance as well as
the safety of the product. While many methods are commer-
cially available to measure particle size and distributions many
other physical and chemical stability indicating methods
are not readily available and must be developed with the par-
ticular product. In many cases, the best indicators of product
stability are visual with a trained eye. These methods are
subjective, due to the human element, but globule size distri-
butions and other physical characteristic methods generally
have not proven to be stability-indicating. Accordingly, the
quality of the pre-market and after market stability programs
are essential in establishing and monitoring the stability of
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these types of products. Due to the hydrophobic nature of
dispersed injectables, thematerials used for IV administration
should also be considered in product stability programs.

Coalescence and phase separation are the terminal phy-
sical instabilities. Coalescence takes place when oil droplets
unite to make larger ones. When coalescence progresses, lar-
ger and larger droplets are formed, eventually merging and
resulting in a separate layer of the dispersed phase. This
process is irreversible and renders the product unusable.
Sedimentation, caking, creaming, and crystallization are also
unwanted outcomes of poor product stability and should be
addressed as part of product development and marketed
product stability programs.

Peroxidation of unsaturated fatty acids can result in
product destabilization resulting in pH decreases. The catalysts
for peroxidation can be transition metal ions, oxygen, and light.
Peroxidation can produce peroxides that can become a health
hazard. From a chemical stability standpoint, measuring
known degradants is typically preferred over measuring the
potency of the active ingredient although both assays are
normally performed in a stability program.

6.10. Facility

A great deal of literature is available on the engineering stan-
dards for drug processing facilities and aseptic processing.
For the manufacture of injectable dispersed agents special
consideration should be given to:

1. Floors, walls, and ceilings are to be readily clean-
able. Generally, this means smooth surfaces, but
with fats and oils involved, completely smooth floors
can become treacherous. Consider cleanable textured
floors in areas where there is a possibility of spillage.

2. Make sure there are floor drains in the processing
areas and that the floors are adequately sloped to
these drains. Engineers have been known to place
the drain at the highest part of a floor if not clearly
specified.
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3. Room air, in areas where product and components
are exposed, should be filtered and supplied under
positive pressure. Room particle classifications vary
depending on the nature of the manufacturing pro-
cess. Due to the filtration challenges with dispersed
products, high air quality (10–10,000 PPCF) is
usually required. Humidity and temperature are
also a room design requirement that may vary with
product design requirements.

Traditional injectable manufacturing clean room facil-
ities will typically have a drug processing area where com-
pounding takes place and a filling and packaging line
located separately. These facilities are typically large when
one considers the amount of square footage invested per
unit of product. Additionally, these traditional designs
must be under constant management discipline and monitor-
ing due to the high microbial and particulate standards of
injectables.

New technology is becoming available that can reduce
manufacturing cost and investment, while increasing the
quality assurance of the resulting product(s). Considering
that today’s marketplace is global and cost control is a major
factor, this new technology is a wonderful prospect in today’s
health care environment. This technology is suitable for
working with the components and finished product aspects
of injectable dispersed products. Known as isolation technol-

greatest potential source of contamination (humans and the
factory environment).

While these systems look technologically intimidating, in
many respects they are simpler to operate and maintain
than traditional clean rooms. Especially noteworthy are the
sterility assurance levels that this technology is providing
for aseptically manufactured products. The impact of the bio-
logically unclean human is essentially removed from exposure
to the product. If isolation technology is chosen for processing
or filling suspensions or emulsions, cleanability is of utmost
importance. The fats and oils in these formulations can be
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challenging from a cleaning standpoint. Clean-in-place
=sterilization-in-place (CIP=SIP) systems are recommended
and help to qualify the design of the isolator to assure all areas
can be adequately reached during clean-up and maintenance.

6.11. Manufacturing Materials

Non-aqueous or non-polar formulations require special pre-
cautions in the selection of manufacturing materials such as
piping, tubing, gaskets or any plastics that may come into
contact with the product. The interaction of the product with

Figure 3 Courtesy of la Calhene, Inc.
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these materials should be evaluated. Typical concerns are
extractables or the adsorption of the drug product on these
plastics and rubbers. Many manufacturers have found the
USP reference on Class IV and V biologicals useful in qualify-
ing classes of materials such as nylons, BUNA N, Viton,
EPDM, and silastic.

When filters are used in manufacturing, they must also
be qualified for their intended use. The concerns of extracta-
bles, filter wetting agents, product adsorption, and proper siz-
ing require consideration as well.

7. SUMMARY

In this chapter, we have introduced key regulatory and qual-
ity considerations for development and introduction of inject-
able dispersed agents. Regulatory requirements are stringent
and varied amongst the developed countries of the world.
Compliance to good manufacturing practices and local regula-
tions are essential to assure timely new product approvals.
Product quality is assured through design, not by testing.
Raw materials influence product stability and clinical utility.
Dispersed products pose special challenges to aseptic proces-
sing due to their chemical and physical nature. Special man-
ufacturing and product handling considerations are required
in areas such as sub-micron filtration, cleaning, facility
design, and final product packaging.
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Tests for Pharmaceuticals; Availability; Notice, April 24, 1996.

Guideline on Detection of Toxicity to Reproduction for
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Draft Guideline on Detection of Toxicity to Reproduction;
Addendum on Toxicity to Male Fertility, August 21, 1995.
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Assess Clinical Safety for Drugs, March 1, 1995.

Guideline on the Assessment of Systemic Exposure in
Toxicity Studies, March 1, 1995.
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Regulatory Considerations for
Controlled Release Parenteral Drug

Products: Liposomes and
Microspheres

MEI-LING CHEN

Office of Pharmaceutical Science, Center for
Drug Evaluation and Research, Food and Drug

Administration, Rockville, Maryland, U.S.A.

1. INTRODUCTION

Recent advances in controlled release parenteral drug pro-
ducts have drawn considerable interest and attention from
pharmaceutical scientists. These drug products constitute a
distinct class of formulations that are designed for sustained

The opinions expressed in this chapter are those of the author and do not
necessarily reflect the views or policies of the FDA.
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release and=or targeted delivery of drugs. The complexity of the
delivery systems for these products, in particular, liposomes
and microspheres, has presented many unique challenges to
scientists in industry, academia, and regulatory agencies.
Apart from the multitudes of issues in chemistry, manufactur-
ing, and controls, several questions have arisen in the areas
of biopharmaceutics as related to product quality and
performance.

This chapter provides an overview of the science- and
risk-based regulatory approaches for liposome and micro-
sphere drug products in the field of biopharmaceutics. For a
more detailed discussion on the design, formulation, and
manufacturing technologies for liposomes and microspheres,

2. LIPOSOMES

For decades, liposomes have been under extensive investiga-
tion as a drug delivery system (1–4). However, pharmaceuti-
cal preparations did not become commercially available in
the United States until 1995 when the Food and Drug Admin-
istration (FDA) approved the first liposome drug product,
Doxil�, a doxorubicin HCl liposome injection. In the regula-
tory environment, nomenclature is an important aspect and,
in some cases, can be critical to the registry and approval of
a new drug application. In view of the importance of nomen-
clature, the FDA has proposed the following definitions for
liposomes and liposome drug products (5):

� Liposomes are microvesicles composed of one or more
bilayers of amphipathic lipid molecules enclosing one
or more aqueous compartments.

� Liposome drug products refer to the drug products
containing drug substances encapsulated or interca-
lated in the liposomes.

It is to be noted that based on these definitions, drug-
lipid complexes are distinguished from true liposome drug
products by the Agency. These complexes are made in such
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a way that the final product formed does not contain an
internal aqueous compartment and thus are not considered
as ‘‘true’’ liposomes. Table 1 lists some examples of
liposome-associated drug products currently in the US mar-
ketplace (6). Doxil provides an example where the drug sub-
stance, doxorubicin, is encapsulated in the aqueous space of
the liposome. By contrast, AmBisome� is a liposome product
with the drug substance amphotericin B intercalated within

From a regulatory perspective, a liposome drug product
consists of the drug substance, lipid(s), and other inactive
ingredients. All liposome drug products approved to date
are formulated using phospholipids. The lipids in a liposomal
formulation are considered ‘‘functional’’ excipients. The phar-
macological and toxicological properties, as well as the quality
of a liposome drug product, can vary significantly with
changes in the formulation, including the lipid composition.
Unlike conventional dosage forms, the physicochemical
characteristics of a liposome drug product are critical to
establishing the identity of the product. These properties
are also important for setting specifications and evaluation

Table 1 Examples of Approved Liposome-Associated Drug
Products

Trade Name Generic Name
Year of Approval
in U.S.

Doxil� Doxorubicin HCl
Liposome Injection

1995

DaunoXome� Daunorubicin Citrate
Liposome Injection

1996

AmBisome� Amphotericin B
Liposome for Injection

1997

Depocyt� Cytarabin Liposome Injection 1999
Abelcet� Amphotericin B

Lipid Complex Injection
1995

Amphotec� Amphotericin B
Cholesteryl Sulfate
Complex for Injection

1997
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of manufacturing changes. Liposome dosage forms are extre-
mely sensitive to changes in manufacturing conditions,
including changes in scale. As such, the FDA currently
recommends complete characterization of the liposome drug
product should any changes occur to the critical manufactur-
ing parameters (5). To reduce the industry and regulatory
burden, there is a need for better understanding of the formu-
lation and manufacturing variables for liposome products.

Liposome drug products can be broadly categorized into
different types in many ways (1). For example, they may be
classified based on liposome size or lamellarity, such as multi-
lamellar large vesicles (MLVs), small unilamellar vesicles
(SUVs), and large unilamellar vesicles (LUVs). They may also
be distinguished based on coatings on the liposome surface,
such as stealth liposomes vs. conventional liposomes. Of par-
ticular relevance to in vivo performance and clinical outcome
may be the classification on the basis of pharmacological
behavior of liposomes towards the reticuloendothelial system
(RES) in the body. The RES, also often referred to as mono-
nuclear phagocyte system (MPS), can be found in the liver,
spleen, and bone marrow. Most conventional liposomes are
easily taken up by the RES macrophages and thus have a
relatively short residence time in the bloodstream. In con-
trast, with the advent of modern technology, liposomes can
be designed to shy away from uptake by RES, and circulate
in the blood for a long period of time. In addition, these
liposomes can be made small enough that they eventually
extravasate into the tissues through the ‘‘leaky’’ vascular
membranes where the permeability has been compromised
due to the underlying disease (7).

2.1. Pharmacokinetic Studies

The regulatory requirement to provide human pharmacoki-
netic data for submission of a new drug application can
be found in a series of FDA regulations (8). Most drug
applications submitted for liposomes have been based on an
approved drug product in the conventional dosage form given
by the same route of administration. Liposomes are generally
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used to improve the therapeutic index of drugs by increasing
efficacy and=or reducing toxicity. Since liposome and non-
liposome preparations have the same active moiety, it is
vital to compare the product performance in terms of their
pharmacokinetic profiles. In such circumstances, the FDA
has suggested (5) that the following studies be conducted:

1. A comparative single-dose, pharmacokinetic study to
evaluate the absorption, distribution, metabolism
and excretion (ADME) of the drug between the lipo-
some and non-liposome drug product.

2. A comparative mass-balance study to assess the
differences in systemic exposure, excretion, and
elimination of the drug between the liposome and
non-liposome drug product.

The pharmacokinetic information will be useful in deter-
mining the dose–(concentration–) response relationship and
establishing dosage=dosing regimen for the liposome drug
product. Table 2 illustrates a side-by-side comparison of
pharmacokinetic characteristics between Doxil (doxorubicin
HCl liposome injection) and Adriamycin (doxorubicin HCl
injection) (6). As expected, there are distinct differences in
the pharmacokinetic parameters between a liposome product
and a non-liposome product. Doxil has a much smaller
volume of distribution at steady state compared to Adriamycin

Table 2 Pharmacokinetics of Doxil vs. Adriamycin HCl injection

Pharmacokinetic parametera Unit

Drug product

Doxil Adriamycin

Vd,ss L=m2 2.7–2.8 700–1100
CLp L=h=m2 0.04–0.06 24–35
t1=2 (1st phase) hr 4.7–5.2 0.08
t1=2;(2nd phase) hr 52–55 20–48

The plasma pharmacokinetics of Doxil was evaluated in 42 patients with AIDS-
related Kaposi’s sarcoma who received single doses of 10 or 20 mg=m2 administered
by a 30-min infusion. The pharmacokinetics of Adriamycin was determined in
patients with various types of tumors at similar doses.
aVd,ss, volume of distribution at steady state; CLp, plasma clearance; t1=2, half-life.
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injection. The liposome injection is mostly confined in the vas-
cular fluid volumewhile Adriamycin injection has an extensive
tissue uptake. The plasma clearance for Doxil is also much
slower than for Adriamycin injection. As a result, Doxil circu-
lates in the bloodstream longer than the Adriamycin injection.

In addition to the pharmacokinetic studies mentioned
above, the FDA recommends (5) that a new drug application
for a liposome product include a multiple-dose study, and a
dose-proportionality study for the product under investiga-
tion. Pending the results of these studies, additional studies
such as drug–drug interaction studies or studies in special
populations may be needed to refine the dose or dosage regi-
men under different conditions.

Liposomes can be destabilized by interacting with
lipoproteins and=or other proteins in the blood (9). Therefore,
the possible effect of protein binding should be taken into
consideration when evaluating the pharmacokinetics of a
liposomal formulation. If a protein-binding effect is confirmed,
determination of the protein binding of both drug substance
and drug product is recommended over the expected thera-
peutic concentration range.

2.2. Analytical Methods

To evaluate the pharmacokinetics of a liposomal formulation,
it is pertinent to develop a sensitive and selective analytical
method that can differentiate the encapsulated drug from
unencapsulated drug. The development of such an analytical
method may not be an easy task, but is not impossible given
the current science and technology. Sponsors of new drug
applications on liposomes are always encouraged by the
FDA to develop an analytical method with accuracy, specifi-
city, sensitivity, precision, and reproducibility.

The choice of moieties to be measured in a pharmacoki-
netic study will depend on the integrity of the liposome
product in vivo. The in vivo integrity can be evaluated by con-
ducting a single-dose study and determining the ratio of
unencapsulated to encapsulated drug. Presumably, the
liposome product can be considered stable in vivo if the drug
substance remains in the circulation substantially in the
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encapsulated form and the ratio of unencapsulated to
encapsulated drug is constant over the time course of the
study. In such circumstances, measurement of total drug con-
centration would be adequate. Conversely, if the product is
unstable in vivo, separate measurement of encapsulated and
unencapsulated drug is necessary to allow for proper inter-
pretation of the pharmacokinetic data.

2.3. Assessment of Bioavailability and
Bioequivalence

Establishment of bioavailability and=or bioequivalence consti-
tutes an integral part in the development of new drugs and
their generic equivalents. For both, bioavailability and bioe-
quivalence studies are also vital in the presence ofmanufactur-
ing changes during the post-approval period. The assessment
of bioavailability and=or bioequivalence can generally be
achieved by considering the following three questions (10,11):

1. What is the primary question of the study?
2. What are the tests that can be used to address the

question?
3. What degree of confidence is needed for the test

outcome?

The primary question in bioavailability and bioequiva-
lence studies can be considered in the context of regulatory
definitions for these terms. In the Federal Food, Drug and
Cosmetic Act, bioavailability is defined as (12):

The rate and extent to which the active ingredient or
active moiety is absorbed from a drug product and becomes
available at the site of action. For drug products that are
not intended to be absorbed into the bloodstream, bioavailabil-
ity may be assessed by measurements intended to reflect the
rate and extent to which the active ingredient or active moiety
becomes available at the site of action.

Similarly, bioequivalence is defined as (12):

The absence of a significant difference in the rate and
extent to which the active ingredient or active moiety in
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pharmaceutical equivalents or pharmaceutical alternatives
becomes available at the site of drug action when adminis-
tered at the same molar dose under similar conditions in an
appropriately designed study.

Based on these definitions, therefore, it is essential to
consider two key factors when assessing bioavailability and
bioequivalence. The first factor to be considered is the release
of the drug substance from the drug product and the second
factor is the availability of the drug at the site of action.

The second question focuses on the test procedures that
are deemed adequate to address the primary question of bioa-
vailability and bioequivalence. An important principle that
prevails in the US regulations is the reliance on the most
accurate, sensitive, and reproducible method to measure
bioavailability and demonstrate bioequivalence. In this
regard, the US regulations (13) include the following meth-
ods, in descending order of preference, for purposes of
establishing bioavailability and bioequivalence:

1. Comparative pharmacokinetic studies.
2. Comparative pharmacodynamic studies.
3. Comparative clinical trials.
4. Comparative in vitro tests.
5. Other approaches deemed adequate by the FDA.

As can be seen, from the regulatory standpoint, a phar-
macokinetic approach is the preferred method for assessment
of bioavailability and bioequivalence, whenever feasible. In
the case of liposome drug products, however, it is unknown
at this time if the measurement of drug concentration in
the blood=plasma=serum can be used to determine bioavail-
ability or bioequivalence. Each liposomal formulation has
its own unique characteristics and currently there is a lack
of a clear understanding of the disposition of a liposome pro-
duct in the body. Since uncertainty exists with regard to
when and where the drug is released from liposomes, it
remains an open question as to whether the drug concentra-
tion in the blood will reflect the drug concentration at the site
of action.
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Retrospectively, the issue of whether a pharmacokinetic
approach is appropriate for determination of bioavailability or
bioequivalence of liposome products has been discussed on
several occasions (14,15). A proposal was once made to use
this approach in conjunction with the classification scheme
of liposomes based on uptake by the RES. It was theorized
that the feasibility of using a pharmacokinetic approach
for these products might rely on the type of liposomes as
follows.

For liposome drug products designed to target the RES,
the liposomes would be taken up by the RES macrophages
immediately after administration in vivo. Following uptake,
the RES could act as a depot and drug could be released
slowly back to the systemic circulation. Under such condi-
tions, the drug concentrations in the blood might be used to
estimate the bioavailability of the liposome drug product. This
theory, however, has been challenged on two accounts: (a) the
accumulation of drug in RES may not be an instantaneous
process, and (b) all of the drug may not be released from lipo-
somes following RES uptake.

Conversely, for liposome drug products designed to avoid
uptake by the RES, the liposome-encapsulated drug would be
circulating in the blood for a long time, and thus it was specu-
lated that measurement of drug levels in the blood might
provide a tool for determination of bioavailability and bioequi-
valence. This theory may hold on the grounds that the lipo-
somes are fairly stable in the blood and all drugs eventually
become available at the site of action. In reality, however,
the assumptions may not be true for the liposome products
currently available. Moreover, even if all drugs are eventually
released to the tissues, it is still uncertain if they will be direc-
ted to the specific site of action.

Finally, the two classes of liposomes in terms of RES
uptake described above may only represent the extreme sce-
narios whereas most liposome drug products fall in between
the two categories.

Based on the above considerations, it appears that the
conventional pharmacokinetic approach may not be suitable
for assessment of bioavailability or bioequivalence. It has been
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suggested that radiolabeled studies be used for these purposes.
However, further research is needed to explore this possibility.

2.4. In Vitro Release Tests

In vitro dissolution testing is widely used for solid oral dosage
forms in drug development and during the regulatory app-
roval process (16,17). It is commonly employed to guide drug
development and select the appropriate formulations for
further in vivo studies. It is also used to ensure batch-to-batch
consistency in product quality and performance. In the regu-
latory setting, in vitro dissolution testing may be suitable for
assessing bioavailability and bioequivalence when a minor
change occurs in formulation or manufacturing (18–21).
When an in vitro–in vivo correlation or association is avail-
able, the in vitro test can serve not only as a quality control
check for the manufacturing process, but also as an indi-
cator of product performance in vivo (22). Under such circum-
stances, bioequivalence can be documented using in vitro
dissolution alone (16).

Just as for in vitro dissolution testing of solid oral dosage
forms, development of an in vitro release test is essential for
controlled release parenteral products such as liposomes.
For liposome products, currently the in vitro release test is
mainly used for assurance of product quality and process con-
trols. In rare situations, the in vitro release test can be used
as a substitute for in vivo testing. This is primarily attributed
to the difficulty in developing an appropriate in vitro release
test that is correlated to in vivo performance of a liposome
product. Ideally, an in vitro release test may be developed
depending on the mechanism of drug release from the lipo-
some product under investigation. For example, if a liposome
product is intended for systemic drug delivery, the conven-
tional dissolution method may be adequate for in vitro release
testing. However, if a liposome product is designed for tar-
geted delivery, it may be more appropriate to use a cell-based
model for in vitro release. The ultimate goal is to link in vitro
and in vivo performance such that the in vitro release test can
be used as a tool to monitor liposome stability in vivo and
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further serve as a surrogate for in vivo studies in the presence
of changes in formulation or manufacturing.

3. MICROSPHERES

Microspheres are solid, spherical drug carrier systems usually
prepared from polymeric materials with particle sizes in the

spheres can be classified into two types, microcapsules and
micromatrices (23). Microcapsules have a distinct capsule wall
with the drug substance entrapped in the polymer matrix
within the wall. Micromatrices have no walls and drug is just
dispersed throughout the carrier. Table 3 provides some exam-
ples of controlled release microsphere products marketed in
the United States for parenteral use (6). All of these drugs
are either proteins or peptides. They were all developed using
the biodegradable polymer poly-lactic-co-glycolic acid (PLGA)
based on an approved conventional dosage form.

Microsphere technology has been widely used for con-
trolled and prolonged release of drugs (23–31). The micro-
sphere product incorporates the drug in a polymer matrix
that subsequently hydrolyzes in vivo, releasing the drug in
the body at a constant rate. The polymer matrices can be
formulated for drug release up to several weeks or months,
depending on the physicochemical properties of the specific
drug to be encapsulated and the specific polymer that will

Table 3 Examples of Approved Microsphere Products

Trade name Generic name
Year of approval
in US

Leupron Depot� Leuprolide acetate for
depot suspension

1989

Sandostatin
LAR� Depot

Octreotide acetate for
injectable suspension

1998

Nutropin Depot� Somatropin (rDNA origin)
for injectable suspension

1999

Trelstar Depot� Triptorelin pamoate for
depot suspension

2000
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be used. For PLGA, the polymer degrades in the body through
non-enzymatic hydrolysis, resulting in lactic acid and glycolic
acid that are further broken down into carbon dioxide and
water (32). The release mechanism of drugs from most PLGA
microspheres is through polymer erosion, and perhaps accom-
panied by drug diffusion (32).

As with the liposome dosage form, there are several reg-
ulatory concerns about the chemistry, manufacturing and
controls (CMC) for microsphere drug products, which are
beyond the scope of this chapter. Among others, in addition
to the general CMC requirements for conventional dosage
forms, special attention should be given to the safety of poly-
mer materials used for manufacture of microsphere products.
Demonstration of biocompatibility is necessary for these
products. Also, CMC specifications must be established for
both the drug substance and the drug product.

3.1. Microspheres vs. Conventional Dosage
Forms

In general, the application of microsphere technology pro-
longs the retention time of the drug in the body and reduces
the frequency of drug administration required for achieving
clinical efficacy. The availability of these formulations offers
the opportunity for greater patient convenience and compli-
ance as compared to conventional dosage forms. For illustra-
tion purposes, provided below are some examples of
microsphere products that are available in the United States.

Leuprolide Acetate. Leuprolide acetate, an agonist
of luteinizing hormone-releasing hormone (LH-RH), acts as
a potent inhibitor of gonadotropin secretion when given
continuously and in therapeutic doses (33). The original
non-microsphere formulation of leuprolide acetate (Lupron�

Injection) is administered daily by subcutaneous injection.
As with other drugs given chronically by this route, the
injection site has to be varied periodically. In contrast, with
appropriate doses, the microsphere products (Leupron
Depot �) can be administered once every month, 3 months or
4 months, yielding similar therapeutic outcomes as the
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original, non-microsphere, daily dosage form (6). For both
microsphere and non-microsphere formulations, the steady-
state concentrations of leuprolide are maintained over the
intended therapeutic dosing interval.

Somatropin. Somatropin (rDNA origin) for injection is
a human growth hormone (hGH) produced by recombinant
DNA technology (6). Somatropin has 191 amino acid residues
and a molecular weight of 22,125 Da. The amino acid sequence
of the product is identical to that of pituitary-derived hGH.
The original formulation, Nutropin�, is required for daily
subcutaneous injection whereas Nutropin Depot� is adminis-
tered once or twice monthly. Nutropin Depot consists of micro-
nized particles of recombinant human growth hormone
(rhGH) embedded in biocompatible and biodegradable PLGA
microspheres.

In a clinical study (34), 56 pre-pubertal children were
treated with Nutropin Depot at 1.5mg=kg once monthly
(1�=mon) or 0.75mg=kg twice monthly (2�=mon) for 24
months. The mean pre-study growth rate was 5.0� 2.4 cm=yr.
The 0–12month growth rate was 8.3� 1.5 cm=yr in the
1�=mon group and 8.2� 2.0 cm=yr in the 2�=mon group.
The corresponding 12–24month growth rate was 7.2� 2.0
and 6.9� 1.5 cm=yr, respectively. Although the microsphere
product (Nutropin Depot) has been shown to be effective in
the clinical trials, it is noteworthy that experience is limited
in patients who were treated with daily growth hormone
and switched to Nutropin Depot (6).

Octreotide Acetate. Octreotide acetate is a synthetic
cyclic peptide that exerts pharmacologic actions similar to
the natural hormone, somatostatin (33). Compared with soma-
tostatin, octreotide is highly resistant to enzymatic degrada-
tion and has a prolonged plasma half-life of about 100min in
humans, allowing its use in the long-term treatment of various
pathological conditions (35).

The original formulation of octreotide acetate, Sandos-
tatin�, is prepared as a clear sterile solution for administration
by deep subcutaneous or intravenous injection (6). Octreotide
is indicated in the treatment of patients with acromegaly, an
adjunct to surgery and radiotherapy. The goal is to achieve
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normalized levels of growth hormone and insulin-like growth
factor-1 (IGF-I), also known as somatomedin C. In patients
with acromegaly, Sandostatin (octreotide acetate) reduces
growth hormone to within normal ranges in 50% of patients
and reduces IGF-I to within normal ranges in 50–60% of
patients (6). Octreotide has also been used to treat the symp-
toms associated with metastatic carcinoid tumors (flushing
and diarrhea), and Vasoactive Intestinal Peptide (VIP)
secreting adenomas (watery diarrhea). Subcutaneous injec-
tion is the usual route of administration of Sandostatin for
control of symptoms. As with most drugs given chronically,
frequent injections of the non-microsphere formulation at
the same site within short periods of time cause pain and
thus injection sites must be rotated in a systematic manner.

On the contrary, the microsphere product Sandostatin
LAR� Depot is a long-acting injectable suspension to be given
intramuscularly (intragluteally) once every 4 weeks. It main-
tains the clinical characteristics of the immediate-release
dosage form Sandostatin Injection with the added feature of
slow release of the drug from the injection site while
reducing the need for frequent administration.

3.2. Pharmacokinetics of Microsphere Drug
Products

In general, themagnitude and duration of drug concentrations
in the plasma after a subcutaneous or intramuscular injection
of a long-acting microsphere formulation reflect the release of
drug from the microsphere polymer matrix. Drug release is
governed by slow degradation of the microspheres at the injec-
tion site, but once present in the systemic circulation, the drug
will be distributed and eliminated in a manner
similar to that from the immediate-release formulation.

Most plasma profiles of microsphere products can be
characterized by an initial burst of drug followed by the onset
of steady state levels within days or weeks, and then the drug
levels decline gradually throughout several weeks. Encapsu-
lated drugs are released over an extended period of time,
depending on several factors associated with the drug and
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microspheres. The extent of the initial burst also depends on
the type of microsphere drug products. The initial burst may
be a result of release of microsphere-surface associated drug.
However, it is unclear if a high level of drug shortly after
administration contributes to therapeutic effects or adverse
reactions. This question may have to be addressed on a
case-by-case basis.

In a study (6) of pediatric patients with growth hormone
deficiency (GHD), Nutropin Depot exhibited an appreciable
burst of drug immediately after injection, with AUC0–2 days

constituting 50–60% of total AUC0–28 days following
0.75–1.5mg=kg doses. The serum hGH concentrations were
found to decrease thereafter, but persisted at a concentration

summarizes the pharmacokinetics of somatropin (rDNA
origin) between Nutropin and Nutropin Depot through differ-
ent routes of administration or in different populations (6).

As expected, a great deal of fluctuation was also observed
in the serum profiles produced by Sandostatin LAR Depot.
After a single intramuscular injection of Sandostatin LAR
Depot in healthy subjects, the serum octreotide concentration
reached a transient initial peak of about 0.03ng=mL=mg dose
within 1h. However, the drug level progressively declined
over the following 3–5days to a nadir of < 0.01ng=mL=mg
dose, then slowly increased to reach a plateau of
0.07ng=mL=mg dose at 2–3weeks post-administration. After
about 6weeks post-injection, octreotide levels further
decreased to < 0.01ng=mL=mg dose by weeks 12–13, which
was concomitant with the terminal degradation phase of the
polymer matrix of the dosage form (6).

3.3. Bioavailability and Bioequivalence

Since the drug is readily available once the microspheres
degrade in the body, measurement of drug concentrations in
the blood has been commonly used for the assessment of
bioavailability and bioequivalence. In general, the drug
encapsulated in a microsphere formulation is less bioavailable
than that from an immediate release dosage form. For
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Table 4 Mean Pharmacokinetic Parameters (Standard Deviation) of Somatropina

Pharmacokinetic
parametera Unit

Nutropin Nutropin Depot

0.02mg=kg,
IV (n¼ 19)

0.1mg=kg,
SC (n¼ 36)

0.75mg=kg,
SC (n¼ 12)

1.5mg=kg,
SC (n¼ 8)

Cmax mcg=L — 67 (19) 48 (26) 90 (23)
Tmax hr — 6 (2) 12–13 12–13
CL=F mL=hr. kg 116–174 158 (19) — —
t1=2 min 20 (3) 126 (26) — —
AUC0–inf mcg. hr=L — 643 (77) — —
AUC0–28 days mcg. day=L — — 83 (49) 140 (34)
AUC0–2 days=
AUC0–28 days

% — — 52 (16) 61 (10)

aGrowth hormone data for Nutropin were obtained from healthy adult males, while those for Nutropin Depot were from pediatric
patients with GHD; IV: intravenous; SC: subcutaneous.

aCmax: maximum concentration; Tmax: peak time; CL=F, systemic clearance; F, bioavailability (not determined); t1=2, half life; AUC0-inf,
area under the curve to time infinity.
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example, it has been reported (6) that after a single dose, the
relative bioavailability of Nutropin Depot in GHD children
was about 33–38% when compared to Nutropin AQ� in
healthy adults, and 48–55% when compared to Protropin�

in GHD children. Similarly, the relative bioavailability of
Sandostatin LAR Depot was 60–63% relative to the immedi-
ate-release Sandostatin injection given subcutaneously (6).

As noted, the plasma profiles generated by microspheres
such as PLGA consist of an initial burst followed by a rela-
tively slow and prolonged release of the drug. Because of
these unique characteristics, questions have been raised as
to what would be the optimal measures for evaluation of bioa-
vailability or bioequivalence in these drug products. Tradi-
tionally, the maximum concentration (Cmax) and peak time
(Tmax) obtained from the plasma=serum=blood curves are
employed as measures for rate of absorption in an orally
administered product. However, these measures may not be
a sensible index for a microsphere dosage form in view of
its peculiar plasma profiles. Several proposals have been
suggested for a better characterization of these profiles, such
as plateau height, plateau duration, and exposure measures.

Among others, the exposure measures have been pro-
posed in an FDA guidance document for orally administered
drug products (16). The FDA recommends a change in focus
from the measures of rate and extent of absorption to mea-
sures of systemic exposure based on the rationale that ‘‘rate’’
is a continuous and varying function, and cannot be denoted
by a single number (36). In contrast, systemic exposure is well
known to often correlate with the efficacy and=or safety of a
drug. Accordingly, to achieve the regulatory goal, it is pro-
posed that a plasma concentration–time profile be categorized
in terms of three fundamental exposure attributes, namely,
total exposure, peak exposure, and early exposure. Systemic
exposure can then be estimated by the plasma concentra-
tion–time profile, which in turn will reflect the rate and
extent of drug absorption. Presumably, these measures can
be extended to controlled release parenteral dosage forms
such as microspheres.
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3.4. In Vitro Release Testing

From a regulatory perspective, an appropriate in vitro release
test method should be capable of discriminating between
‘‘acceptable’’ and ‘‘unacceptable’’ batches so that it can be used
for batch release and quality control. As a further step, if an
in vitro–in vivo correlation or association is available, the in
vitro test can serve not only as a quality control for manufac-
turing process, but also as an indicator of product perfor-
mance in vivo. Therefore, the in vitro release method is
best developed to simulate the physiological conditions. As
described (16), under specified conditions, the in vitro release
test data may also be utilized to support waiver of bioavail-
ability and=or bioequivalence studies.

Since microsphere products are designed to release drug
over a long period of time, it is essential to have both long-
and short-term in vitro release tests in place for quality con-
trol. The long-term release test, sometimes referred to as a
real-time test, can be employed to monitor product release
over the dosing interval. This test is preferably developed dur-
ing the early stage of drug development. The short-term
release test, also called an accelerated test, can be used for
setting specifications for batch release after manufacturing.
A logical approach to devising in vitro release testing for
microsphere dosage forms is to first develop a real-time test
using experimental conditions that simulate the in vivo envir-
onment, and then develop a short-term release test based on
its relevance to the real-time test.

When developing a bio-relevant accelerated release test
method for a microsphere drug product, it is particularly
important to maintain the release mechanism designed for
the product. A number of means have been employed to accel-
erate drug release for short-term in vitro testing, including
the use of organic solvents, pH change, temperature adjust-
ment, and agitation, etc. Ideally, to develop an appropriate
test, investigation should be conducted to determine if these
various factors alter the release mechanism of the formula-
tion under study. It is suspected that organic solvents and
alkaline pH may solubilize PLGA instead of speeding up its
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breakdown. Also, high temperature and rapid agitation may
cause microsphere agglomeration (37).

Another point to consider is the possibility of drug
degradation when conducting in vitro release testing. This
is particularly important for proteins and peptides during
long-term release testing or under certain conditions of accel-
erated testing. In addition, the acid release upon breakdown
of PLGA may also cause drug degradation.

One of the concerns about conducting a pharmacokinetic
or bioavailability=bioequivalence study for microsphere pro-
ducts is that it usually takes a long time to complete in view
of the prolonged release of the drug from the dosage form. In
this regard, it is particularly advantageous if the in vitro
release test can be correlated with the in vivo performance
of the drug product. Admittedly, a meaningful in vitro–in vivo
correlation or association could be difficult to obtain for micro-
sphere formulations because of the unique characteristics
inherent in this dosage form. To facilitate the development
of such relationships, the in vivo measurement may not be
limited to the plasma concentration of the drug, a conven-
tional compartment for obtaining in vivo data. Alternative
measurements may be made through tissue concentrations,
biomarkers, surrogate endpoints, or clinical endpoints for
safety=efficacy. In the case of microsphere products that are
designed for systemic delivery, it may be appropriate to
measure drug concentrations in the blood or plasma.
However, tissue concentrations may be more relevant for local
or targeted delivery.

Animal models are currently not used for the purposes of
regulatory approval of drug products in the United States.
Nonetheless, they can be employed to assess if an in vitro
release method is discriminating. Animal models can also
serve as a valuable tool in initial research for development
of a possible in vitro–in vivo correlation or association. This
is especially useful for controlled release dosage forms since
in vivo human studies can be difficult and are generally time
consuming for these products. To understand the general
principles of in vitro=in vivo correlation, readers are strongly
encouraged to review the FDA guidance for industry on
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‘‘Extended Release Oral Dosage Forms: Development, Eva-
luation and Application of In vitro=In vivo Correlation’’ (22).
Although the guidance was developed mainly for extended
release oral dosage forms, the same principles apply to
controlled release parenteral drug products. For further infor-
mation on in vitro=in vivo correlation of controlled release
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