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Abstract. This review covers recent developments in the area of particle engineering via spray drying.
The last decade has seen a shift from empirical formulation efforts to an engineering approach based on a
better understanding of particle formation in the spray drying process. Microparticles with nanoscale
substructures can now be designed and their functionality has contributed significantly to stability and
efficacy of the particulate dosage form. The review provides concepts and a theoretical framework for
particle design calculations. It reviews experimental research into parameters that influence particle
formation. A classification based on dimensionless numbers is presented that can be used to estimate
how excipient properties in combination with process parameters influence the morphology of the
engineered particles. A wide range of pharmaceutical application examples—low density particles,
composite particles, microencapsulation, and glass stabilization—is discussed, with specific emphasis on
the underlying particle formation mechanisms and design concepts.
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INTRODUCTION

Many solid dosage forms in the pharmaceutical and
biotech industries are based on microparticles. Dry powders
are inhaled as aerosols into the lung, delivered to the nose,
filled into capsules, or pressed into tablets for oral applica-
tions, or even delivered transdermally. In the past, micro-
particles were often viewed simply as carriers, usually
micronized dry material, without sophisticated attributes.
The primary functions of the micronization and drying
processes were to achieve a suitable particle size and remove
most of the solvent. This perspective has changed as novel
drug delivery strategies were developed. More advanced
therapeutic approaches have created complex requirements
for dosage forms that can only be met by particles that are
designed for a range of functions such as stabilization of the
active, transport and targeting of the dose, or release
modulation. The particle is no longer seen as a passive carrier,
but rather as an essential part of the drug delivery system.

Particle Engineering is a young discipline that combines
elements of microbiology, chemistry, formulation science,
colloid and interface science, heat and mass transfer, solid
state physics, aerosol and powder science, and nanotechnol-
ogy. It provides the theoretical framework for a rational
design of structured microparticles. Particle engineering
requires a deeper understanding of particle formation pro-
cesses. Complex structured microparticles are difficult to

design using an empirical approach alone because of the
many process and formulation variables that need to be tuned
correctly to achieve the desired result.

Efforts to understand and control particle formation
processes were intensified in the last decade, coinciding with
the development of pulmonary therapeutics that were tradi-
tionally given by injection (1–3). The pulmonary route was
found to be viable for systemic delivery of proteins and
peptides (4–6), in particular insulin (7–18), triggering the
development of diverse administration systems and particle
engineering strategies (19–28).

Microparticles can be manufactured by many different
processing methods. This review focuses exclusively on spray
drying (29–35), with an emphasis on the literature of the last
five years. Wet chemistry and phase separation processes and
alternative drying processes such as spray freeze drying, or
supercritical fluid technologies, have also been used widely
for particle engineering purposes and have been reviewed
elsewhere (36–41).

DEFINITIONS AND THEORY

The purpose of this section is to clarify the terminology
needed for a discussion of particle engineering. It will also
provide equations that can be used to describe particle
properties and the particle formation process. A rigorous
treatment of the physics and chemistry that form the
foundation of particle engineering is beyond the scope of this
review and the reader is referred to several textbooks (29,42–
45) that cover this material in more detail. Rather, this section
will focus on working equations that can be used to link
material properties and process parameters to particle,
aerosol, or powder properties and the resultant product
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