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Abstract. The purpose of this article is to review non-impactor-based methods for measuring particle size
distributions of orally inhaled and nasal pharmaceutical aerosols. The assessment of the size distributions
of sprays and aerosols from orally inhaled and nasal drug products by methods not involving multi-stage
cascade impaction may offer significant potential advantages in terms of labor savings and reducing the
risk for operator-related errors associated with complex-to-undertake impactor-based methods. Indeed,
in the case of nasal spray products, cascade impaction is inappropriate and alternative, and preferably
non-invasive methods must be sought that minimize size-related bias associated with the measurement
process for these relatively large droplets. This review highlights the options that are available to those
involved with product quality assessments, providing guidance on relative strengths and weaknesses, as
well as highlighting precautions that should be observed to minimize bias. The advent of Raman chemical
imaging, which enables an estimate to be made of the proportion of each particle comprising active
pharmaceutical ingredient(s) (APIs), necessitates a re-think about the value of classical microscopy
image analysis as now being capable of providing API-relevant information from collected aerosols and
sprays.
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INTRODUCTION

The in vitro assessment of orally inhaled and nasal drug
products (OINDPs) has been traditionally undertaken by multi-
stage cascade impactors (CIs) ormulti-stage liquid impingers (in
Europe) because these types of equipment provide aerody-
namic particle size directly, together with the capability for
recovery and assay for active pharmaceutical ingredients (APIs)
in a traceable manner (1). In the context of this article, oral
inhaled products (OIPs), such as pressurized metered dose
inhalers (pMDIs), dry powder inhalers (DPIs), and nebulizing
systems, produce inhalable aerosols typically comprising

micron-sized particles that are capable of being transported via
the oropharynx to the airways of the lungs for subsequent
deposition and therapeutic action. In contrast, nasal products
(NPs), in general, release a spray containing droplets in the 10-
to >200-μm-size range that is intended for topical delivery to the
sites of action in the nasal cavity.

It is widely recognized that effective use of CIs is
demanding on those making the measurements (2), increas-
ing the risk of mistakes as well as slowing the process of
product development, even when precautions are taken to
identify and minimize causes of variability (3). Further-
more, such measurement method-related complexity does
not lend itself to applications related to quality-by-design
(QbD). QbD is a concept developed in 2005 under the
auspices of the International Conference on Harmonisation
of Technical Requirements for Registration of Pharmaceut-
icals for Human Use under Quality Guideline Q8: ‘Phar-
maceutical Development’ and later promulgated by the US
Food and Drug Administration (4). In a QbD environment,
multiple measurements may be needed at a variety of
conditions in order to define the response surface within
which the product is expected to meet specification.

An additional and important limitation of the cascade
impactor method is its unsuitability for making size-resolved
measurements with liquid droplet emitting nasal sprays that
are typically in the range from 20 to 200 μm volume
equivalent diameter (5). Cascade impactor systems typically
have a maximum size limit that is close to 20 μm aerodynamic
diameter because gravitational sedimentation dominates
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particle motion at larger sizes (6). In practice, therefore, the
technique is limited to size-characterizing the proportion of
the dose that is finer than about 10 μm aerodynamic diameter
that are deemed to be at risk of penetrating beyond the
nasopharyngeal region into the airways of the lungs (7).
Given these circumstances, there is currently an interest in
exploring the potential for non-cascade impactor-based
methods for determining aerosol size distribution data that
are sufficiently sensitive to be useful in guiding the process of
formulation development and the interface with the intended
delivery vehicle (pMDI, DPI, or liquid droplet delivery
system) (8). This review aims to summarize the current
state-of-the-art concerning alternatives to cascade impac-
tors. Much of the detailed information has already been
published in peer-reviewed journals, so the intention of
this article is to provide a more general overview of the
options that are available, highlighting the strengths and
weaknesses of each technique, with the purpose of guiding
the reader toward the process of implementing such
techniques.

PARTICLE SIZE DISTRIBUTION TECHNIQUE
ASSESSMENTS

Overview and Relative Cost

The basic techniques that are currently available to
assess particle or droplet size distribution data in the range
between about 0.5 and 10 μm (aerosols from orally inhaled

forms and nasal metered dose inhalers) and 20 to >200 μm
diameter (aqueous droplets from nasal spray products) are
summarized in Table I. These techniques are subdivided into
aerodynamic and non-aerodynamic classes.

In general, the cascade impactor or multi-stage liquid
impinger is the lowest cost equipment (US$), typically priced
at $5–10 k/unit, which, apart from regulatory preferences, has
likely been a significant factor in the almost universal
adoption of these methods for OIP characterization. Time-
of-flight (TOF)-based methods vary in cost from about $35 k
for an Aerodynamic Particle Size Analyzer (APS®) aerosol
spectrometer to more than $100 k for an E-SPART system.
Likewise, laser diffractometers can cost from about $40 k for
a basic system to more than $100 k for the state-of-the-art
Spraytec system. Single-particle counters can cost as little as
$20 k for a basic near-forward scattering system with 16 size
channels covering a decade and a half of size but become
more expensive with features such as validation for border-
zone error (particles grazing the measurement zone and
becoming partially illuminated), as well as enhanced size
resolution. Phase-Doppler systems are generally more than
$60 k, but the cost depends on the number of detector units,
as well as the sophistication of the data processing equipment.
Excepting laser diffractometers, all the other non-cascade
impactor particle size measurement techniques are research-
based instruments rather than validated systems for general
use across the spectrum of OINDPs. Apart from the micro-
scopy image analysis combined with Raman chemical imaging
(RCI), in which traceability to API mass is potentially

Table I. Classification of Size Analysis Methods for OINDPs

Aerodynamic methods Non-aerodynamic methods

Multi-stage cascade impactor and liquid impinger Laser diffractometry
Full resolution CIs provide complete APSDs but are slow
and labor-intensive

Rapid with high size resolution

Abbreviated impactor for simplified APSD metrics based on
large and small particles (product QC) or coarse, fine, and
extra-fine particles (human respiratory tract-relevant metrics)

Can be made non-invasive (no need to sample the aerosol)
No API specificity hence inapplicable to mixtures of APIs
or API+excipient(s)

The most useful technique for size analyzing the large
droplets from nasal sprays

Time-of-flight methods Laser (phase) Doppler particle size analysis
Provide APSD directly with high size resolution, but weighting
is count- rather than mass-based

Similar to LD in terms of resolution and rapidity
No API specificity hence may be inapplicable to mixtures
of APIs or API+excipient(s)Rapid compared with cascade impaction

Complex signal rejection criteria can make representative
sampling difficult

No API specificity—hence may be inapplicable to mixtures
of APIs or API+excipient(s)

Single-particle light scattering (optical particle counting)
Similar to LD in terms of resolution and rapidity
No API specificity hence may be inapplicable to mixtures
of APIs or API+excipient(s)

Sampling system is needed

Microscopy-automated image analysis
Requires careful sample capture and preparation
Moderately fast with automated image analysis
Care needed to define particle boundaries
When combined with Raman chemical imaging may provide
specificity to API content

API active pharmaceutical ingredient, CI cascade impactor, LD laser diffractometry, TOF time of flight

966 Mitchell et al.



feasible, and the size analysis of aerosols and sprays of
solution droplets by laser diffractometry, made possible
because the API is homogeneously distributed, their place is
therefore likely to remain in early phase product develop-
ment rather than as tools in support of later development and
the commercial phase.

The ability to determine aerodynamic particle size is of
particular importance for orally inhaled dosage forms because
of the possible association between aerodynamic diameter,
which includes the effect of both particle shape and density on
its motion in a gas flow (9) with the likely location in the
respiratory tract where API-containing particles of a given size
in the range from about 0.5 to 10 μmaerodynamic diameter may
deposit following inhalation (10). Once deposited, the API can
become available topically to drug receptors there or be
absorbed into the bloodstream for systemic delivery (11). Thus,
if the need for aerodynamic size information is the dominant
criterion for measurement system selection, the choice of
particle size analysis methodology other than cascade impactor
is currently limited to TOF-based systems.

However, in many instances, particularly with aerosols
from aqueous solutions, aerodynamic and physical size
determined by microscopy or from light scattering measure-
ments converge because the droplets are spherical and have
unit density (centimeter–gram–second system) (9). Under
these circumstances, non-aerodynamic methods, in particular
laser diffractometry (LD), offer alternative approaches that
can be even more effective than cascade impaction in terms of
rapidity per measurement and size-resolving capability (8).

Specificity for API is a further important criterion in the
selection of an appropriate measurement system and, com-
bined with the need to determine aerodynamic diameter-
related metrics, has historically limited the choice to multi-
stage cascade impaction for micron-sized particles emitted
from most OIPs (12), with laser diffraction reserved for the
larger droplets produced from aqueous nasal spray pumps
(13). The larger droplets emitted by NPs as sprays are
incapable of being size-classified by inertial size fractionation,
the underlying principle of the cascade impactor (1), so that
time-averaged LD droplet size distribution analysis, despite
its non-specificity for API, has become widely used for this
class of inhalers (5,7,8). Recently, however, with the advent of
RCI as an adjunct to microscopy-automated image analysis,
there is the prospect that microscopy combined with RCI may
have application with all OINDP forms (14,15).

Methods Yielding Particle Size Based on Aerodynamic
Diameter Scale

TOFAnalysis

The operating principle for TOF analysis is the accel-
eration of individual particles through the measurement zone
in a highly defined flow field in which the particles experience
ultra-Stokesian motion (16). In essence, the time of flight of
the particle between two well-defined locations in the
measurement zone is a monotonic function of aerodynamic
diameter, longer flight times being associated with larger-
sized particles due to enhanced drag in the accelerating flow
field. The application of this class of equipment to OINDP

performance testing was reviewed by Mitchell and Nagel in
1999 (17). Since that time, the Aerosizer® family of measure-
ment instruments has become obsolete after the manufacturer
(Amherst Process Instruments, Amherst, MA, USA) was
absorbed into TSI Corp. (St. Paul,MN,USA), themanufacturer
of the APS® aerosol spectrometer. The current APS, which is a
third-generation instrument, represents the state-of-the-art in
terms of minimizing bias caused by particle coincidence in the
measurement zone, so-called phantom particle events that were
created in earlier instruments and other software-related issues
described by Mitchell and Nagel (17).

The internal configuration of the APS is illustrated
schematically in Fig. 1. Aerosol is introduced into the instrument
at a flow rate of 5 L/min, a flow rate that is too low for direct
sampling frommost OINDPs. The APS derives its flow of clean
sheath air by removing 80% of the incoming aerosol stream,
filtering it, and returning it to the outer nozzle, which is co-axial
to the tapered focusing nozzle that carries the remaining aerosol
flow to the measurement zone. The combined sheath and
aerosol flows pass through a second tapered nozzle, where
particle acceleration takes place. The pressure drop below this
nozzle is subcritical (13 kPa) so that sonic velocity is not attained
(18). The flow rates of sheath air and total air are controlled by
needle valves and monitored with thermal mass flow meters. In
the APS-3320 and more recent instruments, flow control is
supervised by a dedicated microprocessor. When the incoming
aerosol concentration is sufficiently low, particles leaving the
distal end of the acceleration nozzle pass individually through
the laser beams, causing two pulses to be detected from which
the TOF for the particle is determined. Larger particles have
greater TOF values, as their inertia has prevented them being
accelerated to the velocity of the airstream as they leave the
nozzle. The interpretation of the detector signals as aerody-
namic diameter requires fast signal processing and a dedicated
microcomputer. The overall particle size range of the currently
available instrument (model 3321) is from 0.5 to 20 μm
aerodynamic diameter, in 52 size channels (32 channels per
decade of size). More detail for this particular instrument can be
found from the manufacturer at http://www.tsi.com/uploaded
Files/Product_Information/Literature/Spec_Sheets/3321.pdf
(visited 21 April 2011), noting that it has undergone significant
and progressive evolution since its initial launch as the model
3300 in 1981. The APS has been most frequently applied to
determine aerodynamic particle size distribution (APSD) from
pMDI products (19–21), and the manufacturer has developed a
single-stage impactor (SSI) with USP/Ph.Eur. induction port for
this purpose (19,22,23) (Fig. 2). This arrangement is an attempt
to overcome the limitation that TOF systems are non-specific
for API (Table II) by enabling an abbreviated impactor
measurement to be made for fine particle fraction <4.7 μm
aerodynamic diameter (other size limits are possible) simulta-
neously with the full APSD (24–27). It also overcomes the low
entry flow rate into theAPS, as the complete system operates at
28.3 L/min, similar to that for the Andersen eight-stage cascade
impactor when used to sample aerosols emitted by pMDIs (see
http://www.tsi.com/uploadedFiles/Product_Information/Litera
ture/Spec_Sheets/3306Phar.pdfvisited, April 21, 2011). In the
product development or quality control environments, the
handling of pMDI formulations containing ethanol as a low
volatile excipient poses the additional problem of ensuring full
evaporation before making these comparative measurements, a
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limitation that was overcome by the use of heated inlet tubing
(27). If full evaporation of low volatile species is not ensured, the
aerosol may be at different points in the evaporation process;
thus, SSI-determined fine particle fraction will likely be system-
atically higher than equivalent measurements by multi-stage
stage cascade impactor, due to the longer time needed to reach
the relevant stage having its cut-point closest to that of the SSI
(27).

Although much of the DPI-related work has been
reported with the Aerosizer TOF analyzer, most probably
on account of its versatile range of sample introduction
arrangements (17), the APS has also been used with this
class of inhalers, but mostly for the evaluation of dry powder
characteristics in pre-delivery device development (28). The
sampling arrangement for the powder can be problematic,
requiring some ingenuity to achieve consistent results. In the

Fig. 1. TSI APS® TOF-based aerosol spectrometer
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case of the study by Kuehl et al. (29), they adapted a bolus
dry powder delivery system developed at the Lovelace
Respiratory Research Institute (Albuquerque, NM, USA) to

deliver the aerosol via an insufflator operated under positive
pressure from a mechanical ventilator. Although not acknowl-
edged specifically as a source of bias in such investigations,

Fig. 2. APS® TOF-based aerosol spectrometer with single-stage impactor inlet
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TOF analyzers have been shown to significantly undersize
micron-sized non-spherical particles by as much as 25%, in
studies with calibration standard particles having a known
dynamic shape factor (χ) (Fig. 3a), defined as the ratio of the
resistance force to motion in the Stokesian flow regime for
the non-spherical particle compared with that for an ideal
spherical particle (30,31). This bias emanates from the way in
which non-spherical particles accelerate more efficiently in
ultra-Stokesian motion and is therefore an intrinsic error that
cannot be eliminated.

Very few studies have been undertaken using the APS
TOF analyzer with jet or ultrasonic nebulizers. This is largely
because LD or laser (phase) Doppler analysis are the
techniques of choice, both being non-invasive and not
involving acceleration of the aerosol stream to ultra-Stoke-
sian conditions as part of the measurement process. In
contrast, a sample of the aerosol produced by the nebulizer
has to be removed to be measured by the APS, introducing
the risk of changes to the measured size distribution brought
about by size-selective losses. Furthermore, deformation of
droplets larger than a few microns due to ultra-Stokesian
behavior in the measurement zone of either instrument may
result in a bias toward finer sizes (Fig. 3b) that is hard to
quantify, as factors such as surface tension and viscosity also
influence the magnitude of the effect (32,33). For these
reasons, TOF analysis is unlikely to be appealing for the
assessment of larger droplets emitted from nasal spray pumps
and nasal pressurized metered dose inhalers.

The development of a version of the TSI APS aerody-
namic particle size analyzer with capability for concurrent
fluorescence detection of particulates (34) marks a possible
way forward to provide the capability for selective detection
of certain API species capable of fluorescence, such as the
xinafoate radical by TOF-based technique; however, to the
authors’ knowledge, nothing is currently available in the
public domain concerning this potential application.

E-SPART Analysis

The electrical single-particle aerodynamic relaxation
time (E-SPART) analyzer is an alternative technique which
is based on the principle of laser Doppler velocimeter for
particle sizing but also has aerodynamic particle sizing

capability. The E-SPART is an alternative TOF-based system
based on the measurement of relaxation time in externally
imposed oscillating motion from an applied acoustic or
alternating current electric field (Fig. 4a). This instrument,
developed by Baron and co-workers (35) from the University
of Arkansas in the late 1980s and modified through several
generations since, as particle detection technology has
improved, has to date been mainly used as an aid in
formulation screening (36,37) rather than in routine product
performance characterization of OIPs. This is because it has
the capability to determine simultaneously the electrostatic
charge distribution as well as the APSD. For example, in one
study, Philip et al., used an acoustic E-SPART to examine
whether the surface charge of hydrophobic poly (D,L-lactide-
co-glycolide) microspheres treated with polyamino acids and
2-propanol for a slow-release DPI-delivered formulation can
be used as an indicator of their tendency to aggregate (37).

In this complex measurement system, particles are
introduced by the actuation of aerosol generating devices
into the aerosol settling chamber, which is followed by the
sampling of particles by the E-SPART analyzer at a certain
flow rate for detecting the oscillatory motion of particles.
Aerodynamic particle size and electrostatic charge are
calculated from the phase lag between the electric drive and
the particle velocity and the amplitude ratio of the particle
motion to that of the electric drive (Fig. 4b) (38).

The E-SPART system has a major advantage of offering
the independent measurement of APSDs classified in terms
of positive, negative, and neutral particles. Additionally, a
dynamic aerosol classification using a pharmaceutical impac-
tor is not required due to the unique detection mechanism of
the E-SPART, which is a single-particle-based measurement
instrument (39). It has been demonstrated that the E-SPART
measurement system has a capability to measure the charge
profile of aerosol particles at different particle size distribu-
tions without the need for particle impaction (38). From the
results, it was found that most OIP aerosols examined had a
bipolar charge distribution, and the individual charges
showed higher values, although net charge acquired by the
aerosol was small, indicating that it has advantages in
understanding the nature of materials used for formulation
design over other methods. In addition to investigations with
pMDI- and DPI-based aerosols, the E-SPART method has

Table II. Advantages and Limitations of TOF Analyzers

Advantage Importance Disadvantage Importance

Rapid—many hundred measurements/day possible High Lack of API specificitya High
High size resolution (>10 channels/decade) Moderate Particle coincidence possible at

high aerosol concentrations
Moderate

Well-characterized sampling system with aerosol
dilution possible

Moderate Count (number)-rather than
mass-weighted APSDs

High

Continuous tracking of particles through
measurement zone

High Particle density bias Moderate—mainly of concern
with DPIs

Particle shape bias Moderate—mainly of concern
with DPIs

No simulation of inhalation Low to moderate—needed to
test spacers

API active pharmaceutical ingredient, APSD aerodynamic particle size distribution, DPI dry powder inhaler, TOF time of flight
aWithout abbreviated impactor-inlet accessory
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been used in conjunction with aqueous droplets from jet
nebulizers (40). However, as a general caution, care must be
taken when this system is applied, since many factors may
influence the result. In particular, the way in which the
incoming aerosol is sampled representatively must be vali-
dated. Otherwise, it is difficult to know if a representative
sample of the aerosol has been taken, due to the severe signal
validation criteria that need to be met for an acceptable
measurement and which result in many particle transits,
particularly those that graze the measurement zone, being
rejected. In addition, the E-SPART systems derive number-
rather than mass-weighted APSDs, so that statistical noise at

the large-particle end of the distribution can be a problem in
the same way as is the case with APS-measured data.

Non-aerodynamic Diameter-Based Methods

Laser Diffractometry

The operating principle underlying LD is the low-angle
scattering of coherent light (so-called low-angle laser light
scattering) that is described comprehensively in a recently
updated ISO standard (41). In summary, LD is an ensemble
rather than a single-particle measurement method, enabling
volume (mass)-weighted PSD data to be obtained rapidly
(Table III) and without the need to transform number- to
mass-weighted data, as is the case with TOF analyzer-based
measurements (Table II). LD systems typically measure
particle sizes covering more than 2 orders of magnitude,
depending on optical configuration in size with as many as 15
channels per decade of size. The precise range limits depend
on the configuration of the optical bench of the instrument.
The overall capability is from 0.1 μm to several millimeters
depending upon instrument type.

The application of LD for the measurement of aerosols
and sprays from all OINDP forms has been reviewed by
Mitchell et al. (42), and the reader is referred to that article
for a description of the underlying theory, as well as specific
applications. A typical configuration of an LD measurement
sampling solid particles or droplets of the same size (mono-
disperse system) is illustrated in Fig. 5a. Note that such
particles or droplets always scatter light at the same angle to
the concentric ring-diode photodetector (upper illustration),
regardless of where they are in the measurement zone. More
typically, polydisperse particles or droplets scatter the incom-
ing light at fixed angles related to their size, the smallest
scattering at the widest angles (Fig. 5b). Once the light is
collected by the photodetector, typically in a sweep lasting
less than 1 ms for all the detecting components, the signals are
processed and a model applied (either the more comprehen-
sive Lorenz–Mie theory or the simpler Fraunhofer theory) to
enable the PSD to be calculated (Fig. 6a).

Two principal manufacturers of LD systems that are
suitable for aerosol or spray measurement are currently
Sympatec GmbH (Clausthal-Zellerfeld, Germany—see
http://www.sympatec.com/) and Malvern Instruments
(Great Malvern, Worcestershire, UK—see http://www.
malvern.com/). Sympatec HELOS systems generally make
use of Fraunhofer theory, a simplification that avoids the
need to specify refractive index data for the particle/
droplet and the support medium (air, Heliox, etc.).
However, this approach is unsuitable when particle sizes
are less than about 40 times the wavelength of the light
(41), which in practice, for helium–neon laser light
illumination at 0.693 μm, limits this approach for sizing
objects larger than ca. 25 μm. This restriction is not likely
to be important when assessing aqueous nasal sprays but
should be considered for all other inhaled products.
Sympatec offers the choice of Lorenz–Mie data interpre-
tation, which is mandatory with systems supplied by
Malvern Instruments, such as the older Mastersizer-S and
Mastersizer-X instruments, as well as the recently intro-
duced Spraytec instrument.

Fig. 3. Two source of bias in the APS® TOF analyzer. a Particle
shape-related bias (Daps)—true Dae values were measured by
Timbrell gravitational sedimentometer (from Marshall et al. (30)—
used by permission). b Droplet deformation based on measurements
with low-volatile liquid dioctyl phthalate—true Dae values are
calculated from theory (from Cheng et al. (33)—used by permission)
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The overall measurement process by LD is summarized
in Fig. 6b. It involves comparing the measured volume-
weighted particle size distribution (v-PSD) from deconvolu-
tion of the light scattering signals from the photodetector with
the corresponding calculated v-PSD applying either Lorenz–
Mie or Fraunhofer models in iterative cycles until the two
converge within an acceptable amount defined by the
manufacturer.

In recent years, LD has become the most important
alternative inhaler aerosol/spray sizing technique after multi-
stage cascade impaction, on account of its versatility, as well
as the potential to avoid having to invasively sample the
aerosol. Instead, LD systems can measure by means of a so-
called non-invasive approach, in which the droplets or
particles are blown across the measurement zone in a flow

of air or other support gas. In the case of pMDIs, expansion
of the propellant upon actuation will perform this operation
automatically. However, it is more usual to draw the sample
from these products, or from nebulizers through a measure-
ment cell using a vacuum pump, as greater control of the flow
of the aerosol through the measurement zone is possible (43).
There are several published studies in which various LD
systems have been compared with the multi-stage cascade
impactor, using the latter as a validation aid, since LD neither
determines API mass nor aerodynamic diameter directly
(43–46). An important finding from these investigations was
that virtually identical droplet size distributions are obtainable
with either technique when sampling aqueous-based solutions,
provided precautions are taken to minimize evaporation of the
aerosol during sampling (including heat transfer from the

Fig. 4. TOF analysis by E-SPART analyzer. a Schematic for the acoustic system. b Particle oscillatory motion in response to an alternative
electric drive for the E-SPART system (modified from Saini et al. (38)—used by permission)
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impactor to the droplet aerosol), as well as losses associatedwith
different sampling geometries for the CI and LD systems.

Some US and European regulatory guidance documents
relating to inhaler testing permit the use of LD in relation to
OIP performance assessment, but only if supported by
cascade impactor validation data (47,48). The inhalation cell
supplied by Malvern Instruments can be set up for simulta-
neous sampling by LD and multi-stage cascade impactor
(Fig. 7) to provide such method validation. In the case of
aqueous nasal sprays, however, where cascade impaction is
unsuitable because of the large size of the droplets, LD is the
preferred method by the US FDA for PSD assessment in at
least one guidance document (49).

Some general guidance on the suitability of the LD
technique across all classes of OINDPs has been provided by
Mitchell et al. (42) (Table IV). The general applicability of the
technique across the entire platform of delivery systems is
apparent (46,50–52), including the capability to subtract one
particle size distribution (lactose) from a binary mixture
containing drug particles to achieve a drug only particle size
distribution, in the context of DPI development (53). In
particular, its versatility in being able to be used non-
invasively in the open bench configuration (i.e., by blowing
the aerosol through the measurement zone) or in the more
traditional sampling mode using a so-called inhalation cell is a
distinct advantage compared with methods, such as the
cascade impactor, that can only sample invasively. Although
not cited specifically, LD can be used to size-examine the
relatively large carrier particles associated with some DPI
products, in which case either Fraunhofer or Lorenz–Mie
models are suitable. In Fig. 8, these considerations have been
taken a step further, with the development of a decision tree
to guide potential LD users to select the most appropriate
configuration for their application.

Although the manufacturers of LD equipment point out
the advantage of not requiring calibration because the techni-
que is absolute in nature, the accuracy of such measurements of
dry powder inhaler lactose carrier particles in the range 20 to
250 μm diameter has recently been investigated systematically
(54). Comparisons were made between sizes derived from
microscopy-automated image analysis, taking precautions to
control particle cohesion. This carefully undertaken study
concluded that deviations from non-sphericity resulted in
particle size distribution peak broadening while the volume-
weighted median diameter (VMD) is unchanged. Almost all
users of the LD technique assume that particle density is a
constant, independent of size, so that VMD becomes numeri-
cally equivalent to the mass median diameter. In the above
investigation, deviations from sphericity were estimated to over-
predict size distribution breadth (determined by comparing the
ratio: ([d90−d10]/VMD)) by as much as 50% with the non-
spherical particles having two-dimensional aspect ratios (Ar)
slightly greater than 2.0 (Ar=1.0 for a perfect sphere). A similar
bias was also observed in another similar study by Etzler and
Deanne (55). The underlying Lorenz–Mie- or Fraunhofer-
based models associated with commercially available LD both
assume that the particles are spherical (41). Although these
models can be modified to deal with non-spherical particles,
such a development would require defining the particle shape
rigorously that is a non-trivial task, requiring significant devel-
opment work to be done by the equipment manufacturers.
Given these findings, care should be taken when applying LD to
aerosols containing non-spherical particles.

Single-Particle Light Scattering

In contrast to LD, single-particle light scattering systems,
sometimes referred to as optical particle counters (OPCs),

Table III. Advantages and Limitations of LD Analyzers

Advantage Importance Disadvantage Importance

Ultra-rapid—few thousand measurements/
second—enables transient phenomena
to be observed—important
with nasal sprays

High Lack of API specificity High

High size resolution >10 channels/decade Moderate Requires the use of a light scattering
model (Lorenz–Mie or Fraunhofer
approximation)

High (especially for OIPs)

Wide dynamic size range: <1 μm
to >2 mm diameter

High Refractive index needed for
Lorenz–Mie model

Moderate (many values are
readily available)

Volume (mass) weighted PSDs directly Moderate Particles assumed to be spherical Moderate (important for DPIs)
Can be made non-invasive
(no sampling system)

High (especially
for nasal sprays)

“Vignetting” may cause truncation
of fine particles in PSD—newer
systems are less susceptible

Moderate for OIPs and nasal
pMDIs—low for nasal sprays

No calibration required (validation with a
reference standard recommended
as part of GXP)

High Beam steering by propellant if
concentrated

High for pMDIs products

Low intrinsic measurement variability
(coefficients of variation
typically <2% for size metrics)

High Multiple scattering at high aerosol
concentrations

High for some nebulizers,
otherwise low

Droplet evaporation in measurement
zone

High for some nebulizers

API active pharmaceutical ingredient, DPI dry powder inhaler, OIP orally inhaled product, pMDI pressurized metered dose inhaler, PSD
particle size distribution
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determine particle size on the basis of differences in scattered
light intensity within a well-defined angle in relation to the
illuminating light source, which may be polychromatic (white
light) or more commonly coherent, monochromatic laser-
emitted light (56). These instruments are widely used to
characterize aerosols in the environment as well as in
specialized applications, such as clean room monitoring,
where particle concentrations are low. However, their applic-
ability to study aerosols from medical inhalers is severely
limited by sampling problems, as many instruments require
focusing of individual particles in the light path as they are

measured, which restricts the flow rate that can be achieved
into the OPC. Hence, experience with these particle size
measurement systems has to date been very limited with
respect to the size characterization of aerosols from OINDPs.
The advantages and disadvantages of these systems in
connection with the measurement of aerosols from OIPs are
summarized in Table V.

The size measured by OPCs is a complex function of the
light scattering cross section of the particle and the angle
within which the scattered light is measured (9). Assuming
the light source is unpolarized and monochromatic, when its

Fig. 5. Simplified LD measurement configurations. a LD system sampling monodisperse particles or droplets. b LD system
sampling polydisperse particles or droplets
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wavelength (λ)≪dp, the particle size determined by micro-
scopy, the relation between light scattering intensity (Isca)
approximates to dp according to the relationship in accord-
ance with Lorenz–Mie theory:

Isca � dp
� �2

An exact solution of the relationship requires a knowl-
edge of the geometry of the optical system (i.e., near-forward
or right-angle detection of scattered light) and the complex
refractive indices (light refraction and absorption compo-
nents) of the particle and support medium (usually air). The
particle’s complex refractive index is often unknown, partic-
ularly for formulations that are mixtures of API and
excipients.

For spherical or near-to-spherical particles, Isca in the
near-forward direction (Fig. 9a) ≫Isca at right angles
(Fig. 9b), making near-forward systems more sensitive to
the detection of smaller particles. When λ≫dp, so-called
Rayleigh light scattering takes place, where:

Isca � dp
� �6

The transition zone between Lorenz–Mie and Rayleigh
scattering for widely used He–Ne laser light of λ=0.69 μm is
unfortunately located in the important size range from 1 to
5 μm diameter, where the relationship between Isca and dp
oscillates, resulting in multi-valued sizes for a given Isca
(Fig. 9c).

Fig. 6. Principles of LD. a Processing of light scattering signals into particle size distribution data. b Overall
measurement process
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Fortunately, although less sensitive in the Lorenz–Mie
region, the relationship between Isca and dp with right-angle
detection systems is monotonic throughout the transition
zone if the light source is polychromatic (i.e., from a halogen
lamp; Fig. 9b). Hence, this class of OPC has received
significant attention in the development of moderate reso-
lution systems which can typically exceed ten channels per
decade of size.

The size range of a single-particle light scattering system
is fundamentally constrained by the need to optimize
sensitivity in the Rayleigh range and at the same time to
have a measurement volume that is large enough to
accommodate the largest particles. The sixth power relation-
ship between Isca and dp defines the lower limit at about
0.1 μm for the milliwatt light sources that are used in these
instruments. At the large-particle end of the measurement

range, the size of the measurement volume determines the
probability for oversizing bias caused by the coincidence of
more than one particle during measurement at a given
particle concentration. Modern OPCs avoid undersizing bias
from so-called border-zone error, in which a particle passes
only partly illuminated through the edge of the measurement
volume (57), by the use of an inner fully illuminated
“validation” volume through which particles have to pass in
order to be sized (58). In practical terms, a state-of-the-art
instrument, such as the Inas® right-angle scattering system
with a polychromatic light source (Palas GmbH, Karlsruhe,
Germany, www.palas.de/Produktlinien/E_mfp.html), has an
upper size limit of 40 μm, with a lower size limit of 0.2 μm,
and can measure aerosols whose particle concentration is as
high as 107 particles cm−3 without significant coincidence bias.

Like TOF analyzers, single-particle light scattering
systems are most susceptible to particle coincidence when
concentrated aerosols are sampled (59,60), a situation that is
likely to occur with many inhalers. Similarly, OPCs also
measure particle number concentration by counting particles
as they pass through the measurement zone, resulting in the
potential for error associated with the transformation from
number- to mass-weighted PSD, caused by inadequate
sampling of the few largest particles present in almost any
given polydisperse distribution. Furthermore, they do not
determine the mass of API directly. However, in contrast to
TOF-based systems, there is a lack of a direct relationship
between OPC-measured particle size and aerodynamic diam-
eter. Mitchell et al. (61) overcame this limitation for aqueous
aerosols with similar PSDs to those produced by most
nebulizing systems. They developed a single-stage impactor
in which the cut-off size could be varied by altering the
incoming nozzle diameter. After calibration with various sizes
of monodisperse polystyrene latex microspheres of known
aerodynamic diameter, this impactor was located in front of
an OPC (based on right-angle scattering of light from a
polychromatic source) sampling aqueous droplets in the
range from about 1 to 20 μm aerodynamic diameter.
Confirmation that the calibration of the OPC had been
transferred from a size scale related to diameter based on

Fig. 7. Malvern Spraytec LD with inhalation cell, showing facility for
simultaneous sampling to multi-stage cascade impactor (in this
Instance the Andersen eight-stage apparatus)

Table IV. Considerations When Using LD with the Various OINDP Forms

Consideration

OINDP category

pMDI
Non-propellant liquid
inhalers Nebulizers DPIs Nasal sprays

Preferred configuration Enclosed system Open bench/enclosed
system

Open bench/enclosed
system

Enclosed
system

Open bench

Vignetting Yes Yes Yes Yes No
Beam steering Yes No No No No
Low obscuration Yes Yes Yes Yes Yes
High obscuration Yes No No Yes No
Particle refractive index Yes Yes Yes Yes Yes (Lorenz–Mie)

No (Fraunhofer)
Optical model Lorenz–Mie Lorenz–Mie Lorenz–Mie Lorenz–Mie Lorenz–Mie/

Fraunhofer
Evaporation Yes Yes Yes No Yes
Coordination of measurements

with inhaler operation
Yes Yes No Yes Yes

DPI dry powder inhaler, pMDI pressurized metered dose inhaler

976 Mitchell et al.

http://www.palas.de/Produktlinien/E_mfp.html


Isca to aerodynamic diameter was verified by comparing the
measured response with that predicted from application of
Lorenz–Mie theory for spherical light scatterers having the
refractive index for pure water (1.33+0i) (Fig. 10).

In addition to the above-mentioned well-defined sources
of bias, OPCs are susceptible to a variety of environmental
factors that alter either the light intensity of the illuminating
beam or the detected scattered light in an unpredictable
manner, in particular, optical window contamination if a
sampling cell is present, as is almost always the case (59).

In spite of these limitations, Loffert et al. used a high
volume light scattering single-particle spectrometer (model
CSASP-100, Particle Measuring Systems, Boulder, CO, USA)

to measure size distributions of a variety of jet nebulizers
delivering aqueous albuterol solution containing physiologi-
cally normal saline (62). Their estimates of volume median
diameter ranged from 3.77 to 7.20 μm, and they were able to
discriminate differences in droplet size distribution from one
nebulizer type to another. Unfortunately, that group did not
provide any comparative measurements utilizing other tech-
niques, in particular LD, so it is not possible to judge the
value of this approach by reference to the more commonly
encountered nebulizer droplet sizing methods. More recently,
Jaeger et al. (63), using a single-particle light scattering system
with correction for particle coincidence, were able to obtain
meaningful particle size distribution data for aerosols from

Fig. 8. Inhaler-specific considerations associated with the use of LD (from (42), used with permission)

Table V. Advantages and Limitations of Single-Particle Light Scattering Analysis

Advantage Importance Disadvantage Importance

Relatively rapid in comparison to CI High Lack of API specificity High
High size resolution (>10 channels/decade) Moderate Particles assumed to be spherical High for DPIs;

otherwise low
Moderate dynamic range (2 orders of magnitude) High Count- rather than mass-weighted data High
Low intrinsic measurement variability
(CofV typically <5% for size metrics)

High Invasive sampling of aerosol generally is required High

Calibration against droplets or spherical particles
of known size needed

High

Some designs have ambiguous region between
1 and 3 μm in region where Mie scattering
oscillations in Isca are important- can be improved
by use of white light with right-angle scattering

High

977Non-CI Methods for Particle Sizing OINDP Aerosols



Fig. 9. Single-particle light scattering (optical particle counters). a Near-forward light
scattering. b Right angle light scattering. c Non-monotonic light intensity as function of
particle size for near-forward light scattering in transition betweenRayleigh andMie regimes
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pMDI and nebulizer sources that correlated well with
corresponding APSDs determined by multi-stage cascade
impactor. Despite the apparent success of these studies, the
use of OPCs for OINDPs in vitro assessment will likely not
become widespread in the near future, nor will become
established in the compendial literature, given the currently
large number of potential sources of bias.

Phase-Doppler Particle Sizing

Another group of non-aerodynamic particle sizing instru-
ments is based on the laser Doppler effect. In its simplest form,
the scattered light from an individual particle transiting a series
of interference fringes set up by coherent, monochromatic light
from intersecting laser beams forming the measurement zone is
detected as a train of oscillating pulses (64) (Fig. 11a). This
technique was developed from laser Doppler anemometry, and
information about individual particle velocity (U) as well as size
can therefore be obtained simultaneously.

The two laser beams establish an interference pattern
with fringe spacing, λf:

lf ¼ A=2 sin gð Þ
where γ is the half angle between the two laser beams. The
general form of the scattered light signal from a particle
crossing the fringe pattern with velocity, U, takes the form:

Isca ¼ Aþ B cos 2pvbtð Þ
where νb=U/λf and t is the transit time (Fig. 11b).

It is possible to measure either the time-averaged
scattered intensity of the signal (A) or the signal visibility
(Vi). The latter is defined in terms of the amplitudes of the
oscillating signal, Imax and Imin:

Vi ¼ Imax � Iminð Þ= Imax ¼ Iminð Þ
where Vi is uniquely related to the size of the particle
producing the signal normalized to the fringe size, providing

that the scattering angle and collection aperture are carefully
chosen (65).

Despite its comparative simplicity, the visibility techni-
que is limited in dynamic size range and cannot be extended
to the study of particles much smaller than 20 μm. This
limitation has been overcome by making use of the phase
difference between light scattering signals at appropriate
angles, which was found in the mid-1980s to be a linear
function of particle size (66). Bachalo and Hauser (66) have
described the fundamentals of the so-called phase-Doppler
anemometry (PDA) technique in detail, and therefore, only a
simplified explanation is provided here. The equipment for
developing a series of interference fringes is basically the
same as that already described in connection with laser
interferometry. However, in addition, several detectors
arranged at different scattering angles are used to sample
slightly different spatial portions of the scattered light signal
per particle (Fig. 12). In a basic two-detector system, the
phase shift between detectors conveys information about
particle diameter, refractive index, and receiver geometry.

PDA has a wide dynamic size range, typically from about
0.3 μm to 8 mm with accuracy of 5% for a particular optical
configuration. Since the technique is an extension of laser
Doppler anemometry, particle velocity can also be measured
in the range from 1 to 200 ms−1 in two or three dimensions
with accuracy typically of 1% (65). However, care has to be
exercised in setting up the technique, especially to ensure that
the criteria used to validate particle transition correctly across
the measurement zone are appropriately chosen so as to
ensure representative measurement of the whole population
of the size distribution.

In terms of applications for OINDP aerosol measure-
ment, PDA has traditionally been applied to the study of
unconfined atomizer sprays and has thus far not widely been
used. Table VI lists advantages and disadvantages, based on
the limited knowledge currently available.

Two of the more important drawbacks are that this
technique provides number- rather than mass-weighted size
distribution data, and noAPI assay is undertaken. Furthermore,
the assumption of particle sphericity associated with the
Lorenz–Mie solution to predict the phase shift as a function of
particle size limits its application to droplet rather than dry
powder particle sizing. Thus, Stapleton et al. (67) successfully
used PDA to measure droplet size distributions produced by jet
nebulizers, as it was possible to make accurate and non-invasive
size measurements at the immediate exit of the devices before
the aqueous droplets were able to evaporate significantly in the
ambient environment. More recently, Dunbar et al. (68) were
able to obtain particle size distribution data from CFC-
propelled pMDI formulations, locating the measurement zone
as close as 25 mm from the actuator orifice in order to
investigate aerosol plume development under room ambient
conditions. However, measurements by that group were under-
taken as part of formulation development rather than as a
means of characterizing the likely behavior of the particles when
inhaled. The ability to acquire simultaneously particle velocity
and size information has been taken advantage of in the
development of novel pMDI actuators (69), as well as for the
determination of plume velocity/droplet size characteristics
(70). These research studies represent particularly useful
applications for this technology.

Fig. 10. Transfer calibration of right-angle polychromatic light OPC
in terms of aerodynamic diameter (from (61), used with permission)
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To the authors’ knowledge, Corcoran et al. have pro-
vided the only systematic comparison to date between PDA-
(Aerometrics, Sunnyvale, CA, USA), LD-, and TOF-meas-
ured size distribution data, based on aqueous and relatively
non-volatile propylene glycol droplets produced by two
commercially available jet nebulizers (71). In general, for
aqueous droplets, they found a good agreement in both
MMAD and size corresponding to the 90th volume-weighted
percentile of the size distribution (d90) estimated by PDA
with the LD techniques that utilize the Lorenz–Mie light
scattering model. Thus, their LD-reported values (Spraytec,
Malvern Instruments UK) of MMAD and d90 of 5.0 and
10.9 μm, respectively, for nebulizer 1, were compared with
corresponding PDA-measured values (Aerometrics Inc.,
Sunnyvale, CA, USA) of 4.9 and 10.5 μm. In the case of
their second nebulizer, the LD-determined values of MMAD
and d90 were 3.4 and 7.8 μm, respectively, with the corre-
sponding PDA-determined values being 3.7 and 8.1 μm.

However, such agreement might be anticipated considering
that a Lorenz–Mie solution was also applied in their PDA
system. They further observed that TOF analyzer measured
narrower volume-weighted size distributions compared with
the other techniques, so that MMAD and d90 values for
nebulizer 1 were 6.4 and 9.6 μm, respectively, and the
corresponding results for nebulizer 2 were 5.4 and 8.3 μm.
However, they were unable to assign a cause for this
behavior. Interestingly, they were able to detect a small
population of larger droplets (15–20 μm) by PDA with the
nebulizer-produced propylene glycol droplets (data not
shown here) that were not observed by the other techniques.

Currently, no systematic comparison between PDA- and
CI-measured size distributions of inhaler aerosols is available.
However, it is reasonable to anticipate fair agreement
between these techniques, at least for aqueous solution-based
aerosols that are homogeneous in their composition, on the
basis of the findings of Corcoran et al. (71), as well as the

Fig. 11. Laser interferometry. a Optical arrangement. b Ideal light scattering signal visibility profile
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similarity between LD- and CI-measured data already
discussed for nebulizer-produced droplets (when precautions
are taken to minimize evaporation).

Microscopy-Automated Image Analysis with RCI

Microscopy is a large and wide-ranging method of
particle size analysis for particles presented in all types of
format (liquid, gel, solid, etc.), and an in-depth description of
all the available techniques is outside the scope of this review.
Given that the focus of this article is on the in vitro particle
size characterization of aerosols from OINDPs, emphasis is
placed on the preparation and study of aerosol particles.
Although basic optical or electron microscopic techniques are
labor-intensive and do not directly relate size metrics to the
aerodynamic diameter scale without additional information
on particle density and shape, this mode of particle size
analysis should not be neglected, since it provides the only
direct method of viewing particles with sufficient resolution to
study shape and surface structure. For pMDIs and DPIs, the
US FDA recognizes the advantage of this technique because
it can provide information on the presence of large particles,
changes in morphology of the particles containing API,
presence of agglomerates, crystal growth, and presence of
foreign particulate matter (72).

Nowadays, microscopy is almost always combined with
automated image analysis in order to reduce the labor
content and minimize operator bias associated with manual
inspection methods. The basic guidelines for particle size

analysis by microscopy image analysis are given in ISO 13322-
Part 1:2004 (static image analysis methods) (73) and ISO
13322-Part 2:2006 (dynamic image analysis methods) (74). A
full description of optical microscopy for particle character-
ization is also given in part 1 of the Particle Atlas (75), and
basic measurement techniques are also described in Micro-
scopy Handbook 23 of the UK Royal Microscopy Society
(76). For solid particles, scanning/transmission electron
microscopy rather than optical microscopy is the more likely
method for acquisition of image-based data. However, the
processing of the images into a resulting number-weighted
PSD is similar, whichever acquisition technique is used.

Optical and electronmicroscopy are still probably the most
valuable techniques for general particle size distribution analysis
because these types of measurement relate directly to the
physical dimensions of the particles. Importantly, information
about surface texture and shape can also be deduced from a
careful study of good quality micrographs with sharply defined
particle boundaries capable of being produced by current state-
of-the-art microscopy image analysis systems. Optical techni-
ques are confined by the limit imposed on resolution due to the
finite wavelength of the interrogating light source, i.e., images of
particles ca. <2 μm diameter cannot be acquired with adequate
resolution. Smaller particles can be sized using electron micro-
scopic techniques, but such methods, in general, operate in
vacuo and are inappropriate for volatile particles without
specialized ancillary equipment such as a cryogenic stage.

The acquisition of a representative number of particles is
an important requirement for accurate determination of PSD

Fig. 12. Current three-detector PDA system
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by all microscopy-based sizing methods. Whichever method is
used to collect the particles (most commonly by sampling
onto a filter medium having a contrasting background image),
a key concern is to obtain representative numbers of particles
for the required size resolution. As a minimum, between 300
and 1,000 particles may need to be sized to obtain represen-
tative data, and this process may require the sizing of as many
as 100 images. If an automated image analyzer is used, care is
required to ensure that the particles are always in focus and
that the discrimination techniques used to define the edges of
each particle do not introduce systematic biases. As a general
rule, particles located on the boundary of the image should be
eliminated and most image analyzers are equipped with
software to perform this function automatically. Example
recommended magnifications based on the expression are as
follows for particle sizes in the range of interest in OINDP
aerosol size classification:

1. 0.25 μm particle size viewed at ×10,000 magnification
provides a field area of 1.0×10−6 cm2, representing
9.9×105 fields/cm2

2. 1.0 μm particle size viewed at ×2,500 magnification
provides a field area of 1.0×10−5 cm2, representing
6.2×104 fields/cm2

3. 4.0 μm particle size viewed at ×600 magnification
provides a field area of 2.8×10−4 cm2, representing
3.6×103 fields/cm2

These values are based on the general expression:

N ¼ 108 12mAfNm
� �

= m2
mLmWmnm

� �� �

where N is the total number of particles forming the size
distribution, Nm is the number of particles counted per micro-
graph,mm is the calibrated length of the micron-scale marker on
the micrograph (micrometers), 1m is the actual length of this
marker in centimeters, Lm and Wm are the length and width,
respectively, in centimeters of the micrograph, nm is the number
of micrographs examined, and Af is the collection area (square
centimeters) of the filter used to capture the aerosol particles. In
the examples given above, no particle image will appear smaller
than 2 mm in the micrograph.

A variety of automated image analysis equipment can be
used to process micrographs; examples are listed in the study
by Chambers et al. (77), in connection with a multi-center
precision and accuracy comparison for the assessment of
objects used to simulate exit profiles from cascade impactor

nozzles in the context of impactor qualification. Although the
objective of their study, being cascade impactor-focused, is
outside the scope of this review, the information obtained
about the size-resolving capability, measurement precision,
and accuracy of the various types of image analysis equip-
ment in use is pertinent. Furthermore, the nature of the
measurement process is equally pertinent to the process of
converting images of different sized particles into PSD data.

Combination particle sizing techniques, such as micro-
scopy image analysis for determining particle size and surface
topology and LD for rapid assessment of particle size
distribution after controlled dispersion in either a liquid or
gas, have been used to assess the effects of making changes to
particle surfaces, such as the addition of coatings (78). Here,
there is no need to relate the two measurements to a common
size scale, such as aerodynamic diameter; the shape-related
information from microscopy is correlated to the powder
dispersion behavior, based on the fineness of the LD-
determined size distributions. This combination of two sizing
techniques has obvious application in formulation develop-
ment, particularly for DPIs, where dispersibility is of critical
importance in relation to inhaler performance (79).

The recently introduced Morphologi® G3 dedicated
microscope-automated image analysis system (Fig. 13a) from
Malvern Instruments, Malvern, UK (see http://www.malvern.
com/common/downloads/MRK978.pdf, visited April 21, 2011)
represents the current state-of-the-art in dedicated micro-
scopy-automated image analysis systems for pharmaceutical
applications. This system has the built-in capability to
determine two-dimensional particle shape from thousands of
optical microscope-based image projections in near to real
time. Although an obvious use for this equipment is in the
size and shape examination of dry powders in early stage DPI
development, where it has been used with concurrent RCI
(see below) (80), another important application is the
characterization of particles in liquid suspensions rather than
collected as an aerosol. This method can detect particles
larger than 0.5 μm diameter with appropriate setup of the
microscope. This type of equipment may be applied widely in
the future to formulation development for OINDPs, rather
than in finished product QC.

Despite the improvement in automation of these systems,
until recently, a major drawback to the acceptance of micro-
scopy image analysis in the assessment of OINDPs was the lack
of a direct correlation between mass of API and PSD data
generated by these systems (8). However, the advent of RCI, in

Table VI. Advantages and Limitations of PDA Analysis

Advantage Importance Disadvantage Importance

Relatively rapid compared with CI, but care
needed with setup

High Lack of API specificity High

Wide dynamic size range similar to single-particle
light scattering systems

High Valid particle transition across measurement
zone selection criteria are severe and can
limit size of sample sized

High

Non-invasive High Expensive High
Count- rather than mass-weighted data Moderate
Particle sphericity assumed High for DPIs;

otherwise low

API active pharmaceutical ingredient, DPI dry powder inhaler
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which spatially resolved images of particles are assayed using
their Raman spectra to provide detailed mapping of different
chemical species (81–85), may change the picture substantially.
RCI functions by identifying API-specific chemical bonding
structures from Raman chemical shifts obtained by inelastic
scattering from a coherent light source in the near infrared,
visible, or near ultraviolet wavelength range. The image analysis
component enables the sources of these signals to be precisely
located in a two-dimensional image (map) that is based on
microscopic observation of a sample of the particles emitted from
the inhaler. An example of the visual information that can be
obtained is presented in Fig. 13b for Rhinocort® (AstraZeneca),
an aqueous suspension of budesonide for nasal delivery by spray
pump. Figure 14a illustrates the RCI data for this formulation
and the PSD for budesonide content is illustrated in Fig. 14b.

Since spectral shifts as small as 2 cm−1 can be detected, the
possibility exists to determine polymorphic and hydrated forms
of a given API (82). Although it is still early days for this
extension of the microscopy-based method for gaining particle
size distribution information, applications have been reported
for the assessment of combination APIs in both DPI
development (83,84) and pMDI development (85,86) and also
in the assessment of APIs for use in aqueous nasal spray
products (87). However, while it appears that microscopy–RCI
may be useful to detect changes inAPI, e.g., polymorph content,
it seems unlikely that it can be used to actually quantify the
amount of API in each discrete particle, thereby allowing for a
determination of mass as a function of particle size.

PATHWAY FOR COMPENDIAL ADOPTION
FOR ALTERNATIVE PARTICLE SIZING METHODS

Currently, only LD and microscopy are recognized as
alternative particle sizing methods to cascade impaction for
OINDP in the US Pharmacopeia. The guidance concerning
instrument setup and operation provided in the chapter 429
covering LD is based on that provided in ISO 13320-1:2009.
However, the text is largely non-specific to aerosol or spray
characterization and is instead mainly concerned with the
determination of particle size distributions of solid suspen-
sions in liquid media (88). There is therefore a need either to
make the information contained in this chapter more relevant
to OINDPs, and currently, there is a proposal under consid-
eration that Chapter 601, which covers the measurement of
APSD for OINDPs, should be revised to include a section
specifically concerned with LD (89). This requirement is
becoming increasingly urgent with the advent of new chapters
defining methods in relation to preparations for nebulization
that are currently in process of finalization for both the
European (90) and US (91) Pharmacopeias. While acknowl-
edging the fact that LD does not measure the mass of API
directly, this technique would be possible for homogeneous
solution aerosols and sprays and is therefore permitted to be
used if validated against a cascade impactor method.

Optical microscopy is covered in a normative chapter in the
US Pharmacopeia (92), but the information provided is general
in nature and related largely to the characterization of solid
particles having different crystal habits. It does, however,
provide definitions for particle diameter for non-circular (non-
spherical particle) as well as circular (spherical particle) profiles,

as well as guidance on specimen preparation. Scanning electron
microscopy also has its own chapter in the US Pharmacopeia
(93), but this is a general purpose informationmonograph on the
technique, with little guidance on its application in the context of
assessing particle size distributions from OINDPs. In any case,
this electron optical imaging technique is inapplicable for the
assessment of liquid droplets, making it useful only for the DPI
category. Importantly, there is no information currently included
in either chapter covering automated image analysis. This
accessory is a prerequisite for efficient assessment of a large
enough sample of particles or droplets to produce a statistically
meaningful size distribution from an OINDP aerosol or spray.
Furthermore, RCI is too new as an established API-specific
detection technique to have been incorporated into the com-
pendia, so that users of this potentially valuable extension to
microscopy image analysis are presently reliant on the manu-
facturers of the equipment for advice. The inclusion of both
improvements to the basic microscopic analysis into the
compendia, most likely as informational rather than normative
monographs, should therefore be a priority in the next few years,
although, given the general applicability of these techniques to
the analysis of samples from non-aerosol as well as aerosol-
based products, it is likely that information that eventually gets
into the compendia will be of general applicability rather than
tailored specifically to meet the needs of OINDPs.

The remaining particle sizing techniques that have been
reviewed are largely experimental in nature and are therefore
likely to remain outside the scope of the compendia, unless
there is significant need for their inclusion, supported by well-
characterized studies demonstrating their validation and
preferably also including information about their limitations
in respect to the different classes of OINDPs.

CONCLUSIONS

There are several viable options as alternatives to cascade
impaction for the determination of PSDs from all types of
OINDPs, and this article has attempted to highlight their
features, benefits, and drawbacks. Apart from LD, just about
all the techniques are likely to be confined to the character-
ization of the product in development because they are not
recognized by either the compendial or regulatory authorities as
having been sufficiently validated that they can be used in a
product QC environment. The development of systems that
provide chemical speciation directly traceable to the mass of
API constituent(s) in the formulation being aerosolized through
spectroscopic methods marks an important new capability that
is resulting in the availability of new image-analysis-based
techniques, either based on sample capture followed by micro-
scopy or more usefully on non-invasive imaging in real time.
Such techniques are in their infancy at the present time, so that
the prospect exists of their wider application within the scope of
OINDP aerosol characterization as experience is gained and the
techniques themselves are improved.
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