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Abstract. Physicochemical and biopharmaceutical properties of drug substances and dosage forms can

be highly affected by the particle size, a critical process parameter in pharmaceutical production. The

fundamental issue with particle size analysis is the variety of equivalent particle diameters generated by

different methods, which is largely ascribable to the particle shape and particle dispersion mechanism

involved. Thus, to enable selection of the most appropriate or optimal sizing technique, cross-correlation

between different techniques may be required. This review offers an in-depth discussion on particle size

analysis pertaining to specific pharmaceutical applications and regulatory aspects, fundamental

principles and terminology, instrumentation types, data presentation and interpretation, in-line and

process analytical technology. For illustration purposes, special consideration is given to the analysis of

aerosols using time-of-flight and cascade impactor measurements, which is supported by a computational

analysis conducted for this review.

KEY WORDS: aerodynamic diameter; aerosols; agglomeration; dispersion; micro and nanosuspensions;
impactor; inhaler; PAT; particle size distribution; powders; respiratory drug delivery; shape; tablets.

INTRODUCTION

Particles of active and nonactive pharmaceutical ingre-
dients exist in the majority of pharmaceutical products as dry
powders, liquid and semisolid dispersions ranging from
nanocolloids to millimeter-size granules, depending on the
dosage form and route of administration (Fig. 1). The particle
size and shape can influence a large variety of important
physical properties, manufacturing processability and quality
attributes, including:

& Dissolution rate and bioavailability of active phar-
maceutical ingredients.

& Drug release rate for sustained and controlled
release formulations.

& In vivo particle distribution and deposition, absorp-
tion rate and clearance time, especially for aerosols and
different colloid systems designed for targeted drug delivery.

& Content and dose uniformity and other properties
related to the physicochemical stability.

& Aerosolization behaviour and performance of respi-
ratory formulations.

& Flow and packing properties, mixing and segregation
of powders, rheological characteristics of liquid and semisolid
formulations.

& BGrittiness^ of solid particles in chewable tablets,
dermal ointments, creams, and irritability of ophthalmic
preparations.

These properties ultimately affect the safety and efficacy
of drugs. The emergence of a range of novel particle
engineering technologies and the availability of new sophis-
ticated characterization methods allow one to consider the
Bdesign by first intent^ of particles with tailored physico-
chemical character and functionality. There is also recogni-
tion of the importance of the quality control, process
consistency and economics even in more traditional manu-
facturing processes (2). The purpose of particle size analysis
is to obtain quantitative data on the mean size, particle size
distribution (PSD) and shape of the compounds to be used in
pharmaceutical formulation. The particle size analysis is also
required to assure the quality of the final dosage forms and
drug delivery systems. In addition, there has been an
increased interest in incorporating particle size instrumenta-
tion into the process monitoring and control including
automated production units. However, the data inconsistency
between different methods, or even between similar instru-
ments of different manufacturer brands, make validation for
the GLP and cGMP very difficult (2Y5). In the AAPS
workshop report on particle size analysis (2), it is emphasized
that the diversity of particle treatments, methods of particle
size analysis, expression and interpretation of data, and
process applications results in complicated and sometimes
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confused criteria for selection, adoption, or relevance of the
available techniques. There are fundamental methodological
issues related to Bwhat is being measured^ but also challenges
specific to the pharmaceutical analysis, as listed below:

& Requirements for a new method development based
on specific drug physical form and intended drug delivery
application.

& Limited sample quantities, especially in the early
drug development stage.

& Highly nonspherical shape of many pharmaceuticals
leading to complex data interpretation.

& Agglomeration, instability and other physical changes
occurring during measurements.

& Necessity of developing specialized methods for
quality control, for example, in the areas of inhalable and
parenteral products.

& Challenges of online analysis as a part of the system
for designing, analyzing, and controlling manufacturing
processes (Process Analytical Technology, PAT).

& Regulatory requirements.

The objectives of the present review are twofold. First,
the methodologies of particle size analysis are discussed
around the fundamental concept of equivalent particle

diameter, taking into account the influence of particle shape
and particle dispersion. The key questions here are common
to a range of pharmaceuticals including dry powders,
suspensions, aerosols, emulsions and nanoparticles. In paral-
lel, the methodologies are reviewed for specific pharmaceu-
tical applications. Illustrated by relevant examples from other
fields, the emphasis is placed on dry powder inhalation
formulations. This is one of the most difficult and controver-
sial area of particle characterization which has a direct and
obvious implication in the dosage form performance. It also

serves well to illustrate the general methodological issues
with particle size analysis.

PARTICLE SIZE AND PRODUCT PERFORMANCE

Respiratory Drug Delivery

The performance of inhalation devices mainly depends
on the geometric and aerodynamic PSD, particle shape and
powder dispersion characteristics (4,6Y10). There are three
main aerosol deposition mechanisms for pulmonary delivery
of drugs: inertial impaction, sedimentation and Brownian dif-
fusion (11). In general, particles with massYmedian aerody-
namic diameter (MMAD) ranging from 1Y5 mm, are
deposited in the bronchial and alveolar regions predominant-
ly by sedimentation, and have the best pulmonary penetra-
tion (4), and are within the optimum size range for most oral
inhalation products (12). Yet, better understanding of the
underlying pathophysiology in disease states can allow
further fine-tuning of particle size for more efficient pulmo-
nary drug delivery. For illustration purposes, let us consider
the case of asthma, a common disease treated with two types
of inhalational pharmacotherapeutic agents, i.e., brondilators
(short-acting b agonists) and anti-inflammatory agents (ste-
roidal compounds). In bronchodilatation therapy, it has been
found that regional targeting of inhaled b2-agonist to the
proximal airways is more important than distal alveolar
deposition (13). It has been shown with micron particles of
different sizes (1.5, 3 and 6 mm) that, although smaller
particles have greater total lung deposition, farther distal
airways penetration, and more peripheral deposition, larger
particles are more efficacious and afford greater bronchodi-
latation (13), indicating that particles within the upper range
of 1Y5 mm are more desirable for bronchodilators. In
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Fig. 1. Particle size range for different dosage forms and routes of administration.
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contrast, distal lung diseases appear to increase the risk of
recurrent asthma exacerbation, and inflammatory response in
the distal lung can exceed that in the large airways (14).
Extra-fine aerosols (MMAD: 1.1Y2.1 mm) have better access
to distal lung, with less oropharyngeal deposition, and most
importantly, produce beneficial changes in distal lung func-
tion (14). The aforementioned findings suggest that inhala-
tion steroidal compounds should be targeted on this distal
airway region, and particles within the lower range of 1Y5 mm
are more desirable for anti-inflammation control. It should
also be noted that while there are currently no DPI
formulations with MMAD in the submicron range, almost
all formulations have a submicron-size particle fraction. Such
particles (<0.5 mm) are likely to be exhaled and this may
represent a dosing problem.

The recent trend of systemic pulmonary drug delivery
makes it very important to understand the correlation between
the aerodynamic diameter, determined by in vitro measure-
ments or in vivo lung deposition studies, and different
geometric diameters measured by a variety of nonaerody-
namic techniques. Advanced respiratory formulations may
consist of porous or highly nonspherical microparticles or
nanoparticles. The particle deposition, expressed in terms of
the fine particle fraction (FPF), mainly depends on the
aerodynamic PSD and MMAD, whereas the geometric
(volume or surface-to-volume) PSD determine the interpar-
ticle interactions, emitted dose and dose uniformity, dissolu-
tion rate and particle uptake. For example, large porous
particles containing therapeutic proteins have typical MMAD
within 1.5Y4.0 mm size range, with corresponding volume
mean diameter, VMD, between 3Y12 mm (15,16). These
particles may show very high FPF reaching 65Y95% and
increased bioavailability due to increased dissolution rate and
delayed natural phagocytic clearance (17). Similarly, porous
PLGA particles loaded with a nonapeptide deslorelin were
prepared with VMD about 13.8 mm and the bulk density <0.1
g/cm3 (18). Such large particles afforded sustained peptide
release in rat lungs for over 7 days because of their reduced
uptake into the respiratory epithelial cells when compared to
solid PLGA particles with the same MMAD. Particle shape is
also extremely important. For example, elongated crystals of
cromoglycic acid and nedocromil sodium (19) or very thin
plates of salmeterol xinafoate (7) had geometric dimensions
between 2Y5 mm but a significantly smaller MMAD (0.7Y2
mm). The particle clearance rate is also shape-dependent, with
elongated particles such as fibers being more difficult to
remove from the lungs (20).

Nanoparticles hold promise in pulmonary delivery due
to the homogeneity and increased efficiency of nanosuspen-
sions. For example, nanosuspensions of budesonide (mean
size 500 nm) showed a significant increase in FPF by 53Y88%
compared to microsuspensions (mean size 4 mm) (21). Nano-
particles of poorly water-soluble drugs have a higher overall
dissolution rate and may have a very specific interaction
route with both the trachea-bronchial and alveolar epitheli-
um. Ultrafine nanoparticles (<150 nm) showed delayed lung
clearance, increased interaction/binding with certain proteins
and enhanced translocation from the epithelium into circu-
lation and subsequent target organs (22).

A specific reference should be made to drugYlactose
blend which is currently the most common type of dry

powder inhalation (DPI) formulation. A small amount of
lactose fine (<5Y10 mm) particles is often incorporated to
promote deaggregation in the turbulence created by inhala-
tion. Increasing the amount of fine carrier particles in ternary
interactive mixtures, up to a certain weight proportion, can
improve the aerosol performance of dry powder inhalation
formulations (23Y26). Addition of fine particles to spray-
dried or crystalline lactose 63Y90 mm can also decrease
specific charges (27), and the adhesion of lactose particle
(4Y15 mm) to gelatin capsules appears to be proportional to
the particle size for homogeneous surfaces (28). Removal of
such fine particles by wet decantation abolishes the depen-
dence of particle dispersion on the volume mean diameter of
the carriers (29). Thus it appears that the aerosol perfor-
mance is associated with the presence of fine adhered
particles among the carriers, but not the inherent particle
size of carriers (29). The presence of fine lactose particles
(VMD = 5.8 mm) can also facilitate physical disruption of the
strong cohesive interaction between drug particles, such as
nedocromil sodium trihydrate, by decreasing the number of
drugYdrug contacts and increasing the separation distance
between the neighboring drug particles (30). Given the
strong influence of lactose fines on the overall performance
of dry powder inhalation formulations, it is suggested that
during particle size analysis of carrier, the weight percentage
of lactose fine (<10 mm) as well as common statistic
parameters (e.g., d10, d50, d90, and etc.) should be monitored
in the whole system.

The particle size requirements for nasal sprays are less
stringent and less well established than those for pulmonary
delivery (12). Classic literature suggests that the optimum
particle size for deposition in the nasal cavity is 10 mm
MMAD (31). The more acceptable particle size range is
4.8Y23 mm (32). Nevertheless, a wide range of particle size
distribution is possible for nasal delivery of pharmaceuticals
documented in contemporary literature, ranging from nano-
size (33) to 45 mm (34), or even up to 125 mm (35).

Oral Dosage Forms

Besides the pulmonary and nasal spray formulations,
another well-documented example is the tablet dosage form.
The particle size range for direct-compression tablets tends
to be within the 100Y200 mm range, mostly because of their
required compaction behaviour and powder flow properties.
However, smaller particle sizes of about 20Y50 mm are likely
to be optimal for chewable (taste-masked) and fast-disinte-
grating tablets, where the controlled dissolution and grinding-
attrition characteristics become more important. The particle
size has a profound influence on almost every step in tablet
manufacturing, including mixing (36), granulation (37), com-
pression (38), and coating (39). Particle shape has also been
reported to affect mixing (36) and tabletting processes (40).
Besides the manufacturability of tablets, the dissolution rate,
which is proportional to surface area of drugs, is largely
dependent on particle size distribution of drug particles (41).
This is particularly important for drugs in Biopharmaceutical
Classification System Class II (low solubility; high perme-
ability) as the bioavailability is typically governed by drug
dissolution in this category (42). To account for the effect of
particle shape on dissolution rate, correctional factors may be
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introduced to consider the geometric and material influences
(43). By manipulating particle size of both actives and/or
excipients, dissolution rate can be enhanced via micron-
ization and nano-sizing (44), or reduced via formulation into
a controlled release preparation by direct compression with
polymers, such as hydroxypropyl methylcellulose (45). How-
ever, care should be taken to ensure the increase of effective
surface area in comminuted samples, as aggregate formation
may negate the beneficial effects of micronized or nano-sized
materials.

In addition to the standard tablets, the dissolution
performance of matrix-type controlled release tablets is
highly influenced by drug_s and/or excipient_s particle size.
Drug percolation threshold, the critical porosity where the
pore network just begins to span the whole matrix, is linearly
correlated with drug particle size in matrix tablets (46).
Dissolution data, such as critical time of kinetic change, are
related to drug particle size (47), and excipient/drug particle
size ratio (48). Extent of burst release can be modulated by
controlling the particle size of sodium alginate via formation
of an initial alginic acid gel barrier (49). Lag time in matrix
tablet designed for colonic delivery can increase with
decreasing the particle size of channeling agent (e.g., NaCl,
Emdex\), as a consequence of the smaller pores formed by
its dissolution (50). In addition to the dissolution profiles,
crushing strengths of matrix tablets can also be affected by
particle size (51).

Bioavailability enhancement for water-insoluble drugs in
oral dosage forms may be achieved for drug nanoparticles,
through their enhanced suspension homogeneity and delivery
efficiency as well as increased residence time (reduced clear-
ance). For oral bioavailability, a typical increase of AUC by a
factor 2.5 was observed with reduction of particle size from
1,000 to 400 nm (52,53). The same study also reported a
reduction of feeding/fasting effects by a factor of 3Y4. Other
advantages include enhanced dose proportionality and earlier
onset of action. Nanoparticles were also shown to exhibit
increased bioadhesion and/or increased uptake in the intes-
tinal and inflamed colonic mucosa (52,53).

Ophthalmic, Topical and Transdermal Drug Delivery

The particle size of ophthalmic controlled-release for-
mulations has proved to be very important in balancing
between the drug release rate, bioavailability improvement,
patient comfort and ease of use (54). When appropriately
formulated for ophthalmic delivery, the particles are retained
in the ocular cul-de-sac and the drug released at a rate that is
neither too fast nor too slow to allow adequate drug
penetration into ocular tissues. Nanoparticles (typically about
300 nm) without bioadhesion can be eliminated from the
precorneal site almost as quickly as aqueous solutions.
Microparticles (mean diameter 1Y3 mm) may be better suited
for controlled release, but the presence of coarse particle
fraction above 25 mm makes them less tolerable and can
cause irritation to the eye. One of the main challenges in
developing such particulate systems is the manufacturing
complexity and particle size control during large-scale
manufacturing (54).

In topical and transdermal drug delivery, particle size is a
crucial factor for some applications. If the drug is suspended

in a vehicle, particle size may become a key regulator of flux
(55). If the drug has a low solubility in the vehicle, decreasing
the particle size can promote drug delivery by increasing
dissolution rate of particles (55). Particle size also exerts a
significant influence on cutaneous penetration pathways:
particles greater than 10 mm remain on the skin
surface; particles between 3Y10 mm concentrate in the hair
follicles; particles smaller than 3 mm may penetrate both the
follicles and stratum corneum (56). For particles smaller
than 3 mm, including nanoparticles for most cases, percuta-
neous absorption is mainly via the follicular route. Skin
penetration of polymeric polystyrene nanoparticles (20 and
200 nm) is achieved by follicular localization, but there are
no alternative nonfollicular penetration pathways (57). Sim-
ilar results are obtained in minoxidil with block copolymer
nanoparticles (40 nm and 130 nm) (58). Judicious choice of
particle size in topical formulations not only can maximize
local efficacy inside skin area but also can minimize potential
systemic adverse reactions.

Parenteral Formulations

Since currently most parenteral formulations are solu-
tion-based products, particle size analysis is normally focused
on the detection of particulate contamination (Table I),
where the possible sources are foreign matters, drug precip-
itation or formulation incompatibility. Such particulate
contamination can lead to vascular occlusion and pulmonary
embolism and should be tightly controlled. For the same
safety concern, particles of micron-size range (>1 mm) should
be excluded from intravenous nanosuspension formulations.
Moreover, increased particle size can decrease both inject-
ability and syringeability. Clogging of the needle may occur
due to blockage by a single particle or by bridging effect of
multiple particles, and therefore, the individual particle size
should be less than approximately one third of the needles_
internal diameter.

For parenteral suspensions, as the specific surface area is
directly related to dissolution rate, particle size is important
in determining in vivo drug release pattern. The applications
of nanosuspensions are rapidly growing, in all areas of IV,
IM, ID, SC and brain-intrathecal delivery. For example, for
IV injection of anticancer agents, many of which are water-
insoluble, nanosuspensions (99% cumulative PSD <1 mm
size) become increasingly important for drug delivery. For
fast pharmacokinetics, rapid plasma dissolution of nano-
particles provided tissue distribution equivalent to that for
solution formulation as shown for flurbiprofen (20,53). On
the other hand, enhanced ID depot delivery via slow
dissolution could also be achieved and enhanced SC delivery
(47%) was observed for nanosuspensions versus microsus-
pensions (20,53). Another example is the efficacy of nano-
particulate paclitaxel in MV-522 human lung xenograft murine
tumor model (i.e., Taxol 30 mg/kg versus 90 mg/kg nano-
particulate suspensions) where the nanoformulation shows a
multifold decrease in tumor weight versus the almost constant
tumor weight observed for the taxol administration (20,53).

In the extensively investigated area of targeted delivery,
mononuclear phagocytes, dendritic cells, endothelial cells,
and cancers (tumor cells and tumor neovasculature) are all
important targets for nanoparticles, with mean particles sizes
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often smaller than 100 nm. Here both the diagnostic and
therapeutic potentials of nanomedicine are clearly evident
(59). The size and size distribution of the nanoparticles have
a key role in determining their fate and therapeutic effects
following administration, and their interaction with the cell
membrane and their penetration across the physiological
drug barriers (60). Nanoparticles below approximately 150
nm diameter have a prolonged half-life in the systemic
circulation due to a slower uptake by microphages. However
the size is not the only factor affecting this uptake. For
example, micron-long wormlike micelles (with 10Y100 nm
cross section) showed circulation times of several days
(20,61). Compared to spherical liposomes, these polymer-
somes (composed of e.g., PEG-PLA and PEG-PCL) are more
robust and capable of prolonged systemic circulation. Differ-
ent in vivo studies show that these wormlike structures behave
as nanoparticles to the cell and the body. This indicates that
all particulate properties such as size, shape and surface
characteristics need to be investigated in such formulations.

Although uniform size distribution may be preferred in
many applications, a mixture of nanoparticles of different
particle sizes can be used to incorporate the desired release
kinetics in the design of chemotherapy to individualize
therapy for patients (60). As nanotechnology becomes
increasingly hyped in both public and scientific communities,
concerns over its toxicity are also highlighted (62). Particle
size dependent pathological change in lung has been reported
in mice exposed with nano-sized colloidal silica (63). It has
been recommended that size distribution and shape should
be characterized for nanomaterials in routine toxicity screen-
ing tests (64). Therefore, particle size analysis of nanopar-
ticles is not limited to quality and efficacy assessment, but
also serves as an integral part in product safety control.

REGULATORY ISSUES

It is clear that there is an increasing emphasis placed on
particle size analysis in regulatory control. Although the gen-
eral guidelines of the International Conference on Harmoni-
zation (ICH) are applicable in most countries, subtle
differences in these guidelines specified by various national
Pharmacopoeia still exist. Table I contains the reference
sources of particle size analysis in different Pharmacopoeias
and the ISO Standards for particle sizing that include the
definitions as well as the technical characteristics and
working principles of the most common particle sizing
instruments. As shown in Table I, only a few particle sizing
instruments are included in the Pharmacopoeial monographs.
This, of course, does not preclude any other suitable particle
characterization technique, provided that this can be justified
by the application and rigorous data analysis. Factors such as
speed, cost and computerization of particle size analysis in
pharmaceutical industry lead to adaptation of several types
of instruments which are able to measure the PSD of small
samples in very short periods of time compared to classical
Pharmacopoeial characterization techniques such as sieves
and sedimentation rate based methods (Table I). As a
general rule, the laboratory and process particle sizing
instrumentation used in pharmaceutical industry complies
with the data electronic format regulations, such as FDA 21
CFR Part 1 (65), allowing FDA to accept electronic records
and signatures in place of paper records and handwritten
signatures. This regulation describes controls to ensure that
electronic records and signatures are trustworthy, reliable
and compatible with FDA work.

The ICH Guidelines explicitly states that particle size is
one of the physicochemical properties influencing the per-

Table I. Reference Sources of Particle Size Analysis in USP-NF, EP, JP and ISO

USP 28-NF 23 & Suppls. EP (5th Ed.) & Suppls JP (14th Ed.) ISO Category

Terminology in:

Particle size 776 2.9.37. Y 9,276

Powder fineness 811 2.1.4., 2.9.12. Y Y
Particle shape 776 2.9.37. Y 9,276

Sampling Y Y Y 14,487, 14,488

Characterization techniques

Analytical sieving 786 2.9.38. 44, 46 2,395, 3,310

Optical microscopy 776 2.9.13., 2.9.37. 46 13,322, 14,488

Laser diffraction 429 Y Y 13,320

Light obscuration 788 Y Y Y
Gravitational sedimentation Y Y Y 13,317

Centrifugal sedimentation Y Y Y 13,318

Electrical zone sensing Y Y Y 13,319

Dynamic light scattering Y Y Y 22,412, 33,321

Light scattering Y Y Y 21,501

Small-angle X-ray scattering Y Y Y 13,762

Differential electrical mobility Y Y Y 15,900

Ultrasonic attenuation Y Y Y 20,998

Porosimetry Y Y Y 15,901

Focused beam Y Y Y In preparation

Aerodynamic size distribution determination

Cascade impactors 601 2.9.18.

Particulate matter in:

Parenteral products 788 2.9.19., 2.9.20. 20, 24 Y
Ophthalmic products 789 Y 25 Y
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formance of the drug product and its manufacturability
(http://www.ich.org). Further specifications are described in
ICH Q6A acceptance criteria in new drug substances for sol-
id or suspension drug products (Fig. 2). In oral and injectable
suspensions for new drug products, particle size distribution
may also be proposed in place of dissolution testing. Re-
garding particulate matters, parenteral products should have
appropriate criteria, including maximum size of coarse
particle fraction, clarity of solution, foreign particles, and
visible and subvisible particulates. Foreign particulate matter
in inhaled and nasal-spray drug products (OINDPs) is one of
the active discussion topics between the Pharmaceutical
Aerosol Consortium on Regulation and Science (IPAC-RS)
and FDA. IPAC recommends full characterization including
particle number, size range and identity during development,
and particle counting during manufacture for market supply
(66). FDA has issued several guidances for the industry
related to particle size distributions in a variety of products,
such as metered dose inhaler and dry powder inhaler drug
products (67), and nasal spray and inhalation solution,
suspension, and spray drug products (12), including bioequi-
valence assessment (68). In addition, preparation of a
Common Technical Document for pharmaceutical registra-
tion purposes requires the following information sections for
particle size analysis (69):

& Description of manufacturing process and process
controls.

& Identification of the particle size distribution of the
drug substance.

& Specification, and its justification.
& Analytical procedures, and their validation.
& Results of batch analyses.
& Identification of the influence of particle size on

product performance.

In pulmonary delivery of pharmaceuticals, it is obvious
that aerodynamic size distribution is the most important
parameter affecting aerosol performance. However, it should
be noted that in the FDA guidance document, acceptance
criteria expressed in terms of MMAD and GSD alone
(representing the measures of the central tendency and spread
respectively) as well as in terms of respirable fraction or
respirable dose are not considered adequate to characterize
the particle size distribution of the whole dose (12,67). FDA
recommends that the total mass of drug collected on all stages
and accessories should be between 85 and 115% of label
claim on a per actuation basis (67). Since the Binhalability^ of
formulations can also be adversely affected by particle size
and shape changes associated with solid-state instability
during storage (70), FDA recommends that relative humidity
and temperature should be specified and controlled in the test
procedure to minimize hygroscopic growth, aggregations of
particles, and variability arising from these sources (67). Dose
content uniformity tests for both pMDIs and DPIs specify
that the amount of active ingredient per determination should
be within T20% of label claim for >90% samples, and T25%
of label claim for all samples, and the mean should be within
T15% of label claim (67). If the first tier of 10 containers fails,
the second tier of 30 containers should match the specifica-
tions. Emitted particle size distribution for both pMDIs and
DPIs should be determined by a multistage cascade impactor.
The total mass of drug collected on all stages and accessories
should be within T15% of label claim on a per actuation basis,
and that on each stage and each accessory should be reported
(67). In addition, more stringent controls in DPIs exist. For
instances, the particle size distribution of drug substance in
device-metered DPIs should be established and monitored at
the initial dose and the last dose of the labeled number of
doses (67). The regulatory requirements in spray content
uniformity of nasal sprays are relatively less stringent.

YES 

NO

No acceptance 

criterion required 

Is the product a solid 

dosage form or liquid 

containing undissolved 

drug substance? 

Is the particle size 

critical to drug product 

processability? 

Is the particle size 

critical to product 

content uniformity or 

product appearance? 

Is the particle size 

critical to product 

stability? 

If YES 

to any

If NO 

to all
No acceptance 

criterion 

required 

Set acceptance 

criterion 

Is the particle size 

critical to dissolution, 

solubility or 

bioavailability? 

Fig. 2. Algorithm setting acceptance criteria for particle size distribution (according to the Q6A specific

drug substance tests of the ICH).
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Droplet and particle size distribution in nasal formulation are
required in FDA guidance (12), although the particle size
specifications here is less well established than that for
pulmonary delivery.

Recommendations and guidelines related to particle size
analysis are currently under development and likely to expand
significantly in the future. One of the potential expansion
areas is the inclusion of new monographs for instrumentation
and methodology in the current Pharmacopoeias, for instance,
the laser diffraction method and next generation cascade
impactor, NGI (see Table I). Another important area is the
coordination between regulatory requirements and industrial
practice. For instance, there has been controversy with regard
to the 85Y115% drug mass balance collected on all the stages
and accessories of the cascade impactor (67,68). The industry
responded to this by forming several working groups and by
proposing recommendations for changes (71,72). This led to
the relaxation of the spray content uniformity requirement in
nasal spray and inhalation solution, suspension and spray
drug products (12). The AAPS in conjunction with the FDA
and the USP organizes a series of particle size analysis
workshops. These workshops plan to discuss the current
issues with regard to particle standards, powder sampling,
sample preparation, agglomeration, particle shape, validation
method, and data interpretation (2).

PARTICLE SIZE MEASUREMENTS

General Methodology

Figure 3 illustrates the basic principle of particle size
analysis. The sizing methods employed can be subdivided
into two major categories: stream-scanning and field-scan-
ning techniques. In the former the particles are examined or
counted one at a time and then classified into corresponding
size baskets, whereas in the latter, the whole particle
assembly is measured simultaneously and the PSD is derived
from this integral Bfield^ response. Clearly both categories
have their advantages and disadvantages. Due to the fact that
the stream scanning provides an additional experimental
parameterVthe number of particles measured, it usually
offers a better resolution, lower quantification limits and
more convenient data interpretation (2,73). On the other
hand, the field-scanning methods are usually faster, more
robust and better suited for online/in-line applications.

Particle Equivalent Diameter

The particle size, if defined as a Bcharacteristic linear
dimension^, is an ambiguous quantity for nonspherical
particles. Moreover, with the exception of microscopy, the
particle size cannot be measured directly. The data obtained
are not a unique property of the particles but depend upon
the physical response of the analytical instrument in relation
to the size and the shape of the particles. Even for spherical
particles, the physical differences, manifested by different
equivalent diameters measured, can lead to some discrep-
ancies, typically within 10% in terms of median diameter by
volume (10,74Y76). For nonspherical particles this deviation
is magnified significantly because most sizing methods are
designed for spherical particles and cannot discriminate

between different shapes. Figure 4 illustrates data obtained
for this review on particles of various shapes using three dif-
ferent instruments (see Table II). Only in the case of spher-
ical silica particles, were the data found equal to the true
particle diameter. Relatively small deviations were observed
in the case of prismatic (tubular) shaped particles of
acetaminophen (AP I). Large deviations are encountered
for platelet-shaped particles of salmeterol xinafoate and for
the highly acicular, needle-like crystals of acetaminophen
(AP II). This effect was not related to particles attrition
during dispersion but to the particle shape (see below).
Furthermore, agglomeration in the case of zinc oxide nano-
particles resulted in data being inconsistent with the size of
primary particles. The reason for such deviations is that all
these instruments operate on different physical principles and
are calibrated for spherical, nonagglomerated particles. This
is usually not the case for pharmaceutical materials. Similar
observations were made in previous studies on intermethod
correlation (2,7,10,74,75). The discrepancies of particle size
analysis have been noted for fast-flow lactose that gave an
average particle size of 49Y86 mm by laser-light scattering and
40 mm by microscopic analysis (77). But even in the case of
the same type of measurements, for example, using aerody-
namic-inertia principles, the results may depend on specific
instrument design. In a comparative study between the
Andersen cascade impactor (ACI), next generation impactor
(NGI) and time-of-flight aerodynamic particle sizer (APS)
(78) for three pMDI-generated formulations, the particle size
was underestimated by APS and the data were inconsistent
for the two designs of cascade impactor operated under near
equivalent conditions. Although some of these discrepancies
could be attributed to formulation issues, the dependence of
measured aerodynamic diameter on the airflow and instru-
ment geometry cannot be ruled out, as found in some other
studies (79Y81). It was recommended (78) that both APS and
NGI data be evaluated on formulation-by-formulation basis
in relation to the large database which already exists for
ACI-based measurements.

Owing to the aforementioned physical limitations of the
measuring techniques, the concept of equivalent particle
diameters has been introduced. These are diameters of
calibrated spheres that yield the same value of a certain
physical property when analyzed under the same condition as
the irregularly-shaped particles. For example, the volume-
equivalent diameter is the diameter of sphere having the
same volume as of nonspherical particle measured by the
same particle size instrument. The Stokes equivalent diame-
ter is the diameter of sphere which falls with the same
velocity in a liquid as nonspherical particle, etc. It is possible
to subdivide all equivalent diameters in two basic groups:
geometrical (i.e., related to spherical surface, cross section,
volume, etc.) and behavioral (e.g., sedimentation, inertial
deposition, etc.) (2). The latter group can be directly as-
sociated with some pharmaceutically relevant property
during manufacturing or drug delivery. It should also be
noted that the equivalent particle diameter is defined not
only by the physical particle attribute measured, geometric or
behavioral, but also by the measurement technique (e.g.,
laser diffraction, image analysis, electrical zone sensing, etc.)
and often by the data processing algorithm. Therefore the
number of different equivalent diameters is almost as great as
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the number of different particle-sizing methods. Despite this
variability, a cross correlation between different techniques is
required to determine which equivalent diameter is most
relevant for a given API or formulation. Such a combined
data analysis enables one to establish the effects of particle
shape, particle agglomeration and sample instability on
particle size measurements.

Sampling and Dispersion

The main goal of sampling is to withdraw the smallest
quantity of the bulk material that can provide a representative
PSD. The sampling problems with pharmaceutical powders
are usually due to particle segregation or insufficient sampling
weight. Segregation may occur as percolation between coarse
and fine particle fractions or as agglomeration between
different species of multicomponent mixtures. In the case of
suspensions, concentration gradients and particle sedimenta-
tion may lead to selective sampling. Mixing and/or building
sample from a large number of increments can minimize these
problems. The following Bgolden^ rules of sampling are
recommended for proper powder sampling (82):

& A powder should be sampled when in motion.
& The whole of the stream of powder should be taken

for many short increments of the time in preference to part of
the stream being taken for the whole time period.

Sampling devices confirming these rules are available, such
as spinning riffler (82). Unfortunately, reduction of pharma-
ceutical laboratory samples to milligram quantities may
require very specialized powder samplers or sampling from
agitated suspensions or fluidised beds.

A more fundamental sampling issue is the number and
weight of samples required. The former can be assessed using
the following expression (83):

n ¼ 1þ t s=$dð Þ2 ð1Þ

where n is the number of samples required to assume the
confidence level t, s is the sample standard deviation and Dd

is the maximum allowable difference between the estimate
and the actual value of particle diameter. For pharmaceutical
applications, a value t = 2 (confidence 95%) is used for
working quality and t = 3 (confidence level 99.9%) for total
quality (53). For example: s = 0.5 mm, t = 2, Dd = 0.5 mm gives
n = 5. Regarding the sample weight, it is clear that the
limiting (minimum) weight of sample required is predeter-
mined by the coarse particles in the PSD, because these
particles are always underrepresented during sampling. The
following relationship can be used (82):

ms ¼ 5� 10�7 d3 r
�

s 2
� �

1=wc � 2ð Þ ð2Þ

where ms (mg) is the limiting weight, d (mm) is the mean
diameter of the coarsest particles in the sample, r (g/cm3) is
the powder density, s is the tolerated sampling error, wc is
the fractional mass of the coarsest class being sampled. For
typical values wc = 0.1; s = 0.05 (5%); r = 0.5 g/cm3, one can
estimate that less then 1 mg sample is required for d < 10 mm
(fine aerosols), whereas several grams of each sample will be
necessary for particles with d = 100Y200 mm (oral dosage
forms).

Particles of pharmaceutical organic materials can be
very cohesive and electrostatically charged, forming agglom-
erates of different sizes and structures. If the forces holding
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Fig. 3. Methodology of particle size analysis.
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Fig. 4. (a) Particle morphology of: silica, zinc oxide, salmeterol xinafoate; acetaminophen, AP I (prismatic) and

acetaminophen, AP II (acicular). (b) Corresponding mean volume diameters measured by time-of-flight (TOF,

AeroSizeri with AeroDisperser, TSI Inc, USA), laser diffraction (LD, Helos/Rodos, Sympatec GmbH,

Germany) and Coulter counter (Coulter Multisizer II, Coulter Electronics GmbH, Germany) instruments.
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the primary particles are weak and more of a physical nature,
the particles are said to be in the form of soft agglomerates
(84). Strongly bonded, Bbridged^ particles are said to form
hard agglomerates, which typically originate from the particle
formation process, inadequate cleaning or drying. The
primary particle can consist of single crystals, semicrystalline
or amorphous solids. The primary particles can also be
agglomerates of submicron nuclei and can have hollow or
porous structure. As far as particle size analysis is concerned,
hard agglomerates are considered as single particles and a
part of the overall particle assembly. However, inefficient
dispersion of soft agglomerates, which is typically observed in
both dry powders and suspensions, can contribute to the
largest part of analytical error. The goal is to eliminate as
much particle agglomeration as possible from the sample to
be analysed and, at the same time to avoid particle attrition

(milling), due to the use of excessive dispersion forces.
Depending on the type of measurements, dispersion can

be achieved in a liquid cell, with the addition of appropriate
surface-active agents. Dispersion can also be achieved by
controlled agitation and/or by the application of ultrasound.
Polar liquids are typically used to disperse polar solids and
nonpolar liquids to disperse nonpolar solids (82). Ionic or
nonionic surfactants are selected to match the difference in
surface polarity (to increase wetting efficiency). The solids
should ideally be practically insoluble in the dispersing
solvent. In extreme cases, the solid can be dispersed in its
saturated solution in a suitable solvent. Here, there is always
a possibility of changing the particle size distribution due to
the thermodynamic BOswald ripening^ or recrystallization
effects (85). The use of liquid dispersion is required for any
submicron system because such particles are impossible to
disperse in a dry state. A liquid dispersion aided by ultra-
sound was also found to be the most efficient method for
measurement of primary PSD of some strongly agglomerated
inhalation dry powders (10).

Dry-powder dispersers, which are usually attached to
standard laser diffraction and time-of-flight instruments, pro-
vide a very convenient means to control and study the
dispersion effects with micron-size powders (7,10). This is
particularly valuable for dry-powder respiratory formulations
where such dispersion is directly related to the performance of
dry-powder inhalers. Dispersibility of powders in the airflow is

defined as the balance of forces generated by the aerodynamic
stresses that are necessary in dispersing particles. The mecha-
nism of dispersion is very complex and may involve dispersion
by acceleration, by shear flow as well as by impaction or other
mechanical forces. It is hardly possible to anticipate all the
factors involved, however, it is feasible to carry out a
comparative study of different powders for the same device,
considering the fluid energy delivered by the air flow, f, and
taking as an adequate measure of such energy the magnitude
of viscous turbulent stress, tS = K f 3/2. The coefficient, K,
describes how efficient the dispersion device is at a constant
airflow rate. Empirically, the dispersion profile for each
powder can be found as a function of the flow rate or
dispersion (differential) pressure, which is progressively
related to each other (Fig. 5). The dispersion profile in
Fig. 5a shows that the volume mean particle diameter
(VMD) reaches a plateau. This means that most
agglomerates are dispersed and the corresponding flow rate
is optimum for measurements. More cohesive, strongly
agglomerated powders disperse at a higher flow rate. In
addition to providing the optimum dispersion regime, the
dependency similar to that in Fig. 5 is useful in comparing the
performance of different powders in DPIs. The dispersion
process in the DPI typically occurs in the lower region of flows
(<100 l/min) in Fig. 5b which corresponds to the viscous
turbulent stress, tS, between 1Y30 N/m2 (6Y9). This fact
explains why the performance of many DPIs filled with
micronized drug or drug-lactose powders is relatively low.

An imaging technique, such as optical or electron
microscopy, can provide a useful description of agglomerates
of micron- and submicron particles sparingly dispersed over a
surface of microscope substrate (87). This approach is based
on the fractal theory, which is linked to the image boundary
fractal dimension, d. The process of evaluating the fractal di-
mension of the boundary involves estimation of its perimeter
P, by a polygon with a number of sides, n:

P ¼ nl ¼ kl 1��ð Þ ð3Þ

The side l is known as the resolution parameter. The
functional units of the aggregates can be described using
their fractional dimensions, which affords a measure of the
Bruggedness^ of particle structures observed under a micro-

Table II. Characteristics of Some Commonly Used Particle Sizing Techniques

Technique Method

Equivalent Particle

Diameter

Effective Measuring

Range, 2m Most Representative PSD

Optical image analysis Direct imaging Projected area 3Y150 Number-weighted

SEM Direct imaging Projected area 0.01Y150 Number-weighted

LD Low-angle (Fraunhofer) diffraction

rings measurement

Angular-averaged

linear (Feret_s)

0.5Y1,000 Volume-weighted

DLS Measurement of light intensity

correlations from particles in

Brownian motion

Hydrodynamic 0.003Y3 Volume-weighted

Coulter counter Electrical zone-sensing Volume 0.6Y1,200 Volume-weighted

TOF Measurement of particle velocity

in expanding air flow

Aerodynamic,

ultra-Stokesian

0.5Y200 Number-weighted

CI Inertial particle impaction as a

function of air velocity

Aerodynamic,

ultra-Stokesian

0.5-10 Mass-weighted

SEM Scanning electron microscopy; LD laser diffraction; DLS dynamic light scattering; TOF time-of-flight; CI cascade impactor.
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scope. Figure 6 shows an example of this algorithm applied to
aggregates of nanoparticles of griseofulvin produced using
the supercritical fluid extraction of emulsions (85). Two
regions of fractal structure can be seen with d = 1.12 at highly
resolved integration corresponding to packing of individual
particles and d = 1.4 characteristic of agglomeration during
drying.

For both dry powder and liquid systems, it can be
generally concluded that development of an adequate
dispersion technique and procedure is at least as important
as the particle size analysis itself. For the inhalation powders
and submicron systems, control of deagglomeration is the
dominant factor which may require validation through the
use of a portfolio of complementary techniques (7,10).

Accuracy, Precision and Main Sources of Errors

The following definitions from the Validation of Ana-
lytical Procedures (ICH Q2A and Q2B) (http://www.ich.org)
are applicable to particle sizing:

Accuracy is the closeness of agreement between the
values that are accepted either as a conventional true value or
an accepted reference value and the value found (Btrueness^).
In mathematical terms, Faccuracy_ can be defined as the mean
percentage deviation, Ā, of an experimental particle size
distribution (PSD) from the standard PSD (82):

# ¼
XN

P¼0

A D P

N
ð4Þ

where DP is the width of the size class, N is the number of size
classes, A is percentage deviation of the measured and
standard size for a given size class. A big deviation from
standard does not mean that the instrument is in error, but
that a different parameter is being measured by the standard
technique. This fundamental issue is directly related to the
definition of the equivalent particle diameter. Many examples
are provided in the pharmaceutical literature. USP mono-
graph<601> (Table I) compares the microscope and aerody-
namic measurements for metered-dose inhalers (pMDIs). It is
indicated that while particle size measurements by microsco-
py can be used to evaluate the number of large particles,
agglomerates and foreign particulates in the pMDIs emis-
sions, the test should be replaced, whenever possible, with a
method to determine the aerodynamic particle size distribu-
tion of the drug aerosol leaving the inhaler. The aerodynamic
particle size distribution defines the manner in which an
aerosol deposits during inhalation. However it is clear that
particle size analysis by gravimetrical or centrifugal sedimen-
tation is the most appropriate method for assessment of the
pMDI suspension stability. Thus to achieve the accuracy
required for a particular pharmaceutical application, the
general principle would be to use the measurement technique
that resembles the process.

Precision is the closeness of agreement (degree of
scatter) between a series of measurements obtained from
multiple sampling of the same homogenous sample. Mathe-

matically, precision can be defined as average standard
deviation s for a number of measurements (82):

s̄ ¼
XN

P¼0

s D P

N
ð5Þ

where s is the standard deviation for a given size class. The
related term repeatability is used to denote precision under
the same operating conditions over a short interval of time
(intra-assay precision). Reproducibility is precision between
laboratories, as usually applied to standardization of meth-
odology and interlaboratory testing in collaborative studies.
These characteristics are very important for all pharmaceu-
tical research, GLP and cGMP because they directly reflect
the quality of instrumentation as well as reliability and
consistency of the operating procedure (2,88).

Other important characteristics for particle analysis are
the resolution and range. Resolution is defined by the width
and the number of the individual particle size classes within
the measured particle size range. The Bdynamic range^ is
used to describe the size range where the required levels of
accuracy and repeatability can be achieved without changing
the instrument configuration. The resolution and the dy-
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namic range are often inversely related to each other: the
best resolution is often achieved when the instrument is
configured to measure a specific and relatively narrow
particle size range. For example, there is a well-known prob-
lem that the different sizing instruments (with possible
exception of electron microscopy) do not cover the entire
range of particles used in controlled release (CR), which
ranges from a few nanometers for micellar systems to hundreds
of mm for large microspheres (88). Particle size range between
0.5Y1 mm are shown to be the most problematic with the
most inconsistent data obtained by techniques such as light
scattering, electrical conductivity and light obscuration.
Clearly, this range belongs to the very limit of the most
important particle sizing methods (Table II) where the
accuracy is the lowest. This is of particular importance for
systems with relatively wide, bimodal and multimodal PSDs.
In such cases, a combination of electron microscopy with a
counting particle size analysis described below may afford
the best accuracy and resolution.

Common sources of errors in particle size analysis are as
follows:

& Instrumental (hardware) errorsVthat reflect the
limitations of the analytical method and are generally
associated with the accuracy of measurements as described
above.

& Statistical errorsVthat are mostly dependent on the
sampling and dispersion procedures.

& Data interpretation (software) errorsVthat can occur
due to application of more or less suitable algorithms of
computation and analysis.

& Operator errorsVthat are normally due to incorrect
calibration, set-up, operating procedures.

In general, any particle-sizing instrument has an opti-
mum dynamic range, where the instrumental error is mini-
mum. The sampling error always increases and dispersion
error decreases with increasing particle size as explained in
the following section. It is possible to separate the instru-
mental errors from the statistical errors by using different
sampling or dispersion sequences (82). The total variation
(s2) is the sum of the individual variations due to measuring
procedure and the other factors. For quantitative description,
Eqs. 4 and 5 are recommended to be used to describe the
accuracy and precision respectively. The assessments, which
are based on comparison of the mean particle diameters
rather than on the statistics of the whole PSD, often lead to
an underestimation of these errors. For example, inhalation
compounds may have very similar MMAD and even the
same GSD but exhibit completely different PSDs such as
monomodal and bimodal distributions and behave differently
during aerosolization (89,90).

Validation, Calibration and Verification

During validation, an instrument is subjected to a series
of qualification procedures. These qualification procedures
check the general operating conditions of an instrument,
proper installation of all hardware and software components
and proper functioning of components.

Calibration is a process where an instrument is used to
measure a known standard and its response is adjusted until
the answer given corresponds to the standard. The instrument
will then hold this adjustment for a limited period of time and
will then gradually depart from the calibrated state. Standard
material consists of spherical particles having certified values
that are directly traced to the standard Bmetre^ (e.g., via
microscopy). Microscopes and image analyzers, both optical
and SEM, are usually calibrated using certified graticules. In
devices such as TOF and CI, fixed internal calibration
methods are provided by the manufacturers. Optical techni-
ques, such as LD, light scattering and DLS, involve the use of
a fundamental measuring scaleVlaser wavelength, and there-
fore do not require calibration.

Verification or performance qualification procedure is
carried out for all instruments to ensure that all specifications
(hardware and software) are within the established limits.
This is generally accomplished by using a reference material
which is a Bstable material of arbitrary particle shape, its
certified values are referenced to a reference method^ (82).
The size of the reference material is compared with its
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certified values to determine instrument accuracy. The
reference materials are usually supplied with the instrument
in a form of easily dispersible dry powders (e.g. silica, glass,
SiC) or stable suspensions of narrowly classified (monodis-
perse) latex or polystyrene spheres available in both nano-
and micron-size ranges. For most measurements, certification
is recommended with at least two reference materials
corresponding to high and low ends of the dynamic size
range.

All points discussed above should be reflected in the
standard operation procedures (SOPs) which contain all nec-
essary information for the control and revision of QC and
QA documents including functional and design specifica-
tions, testing procedures, product release documents, certif-
icates and service guidelines. For example, the development
of reliable and validated analytical methods for particle sizing
of controlled release (CR) parenterals for use in research and
development as well as in manufacturing QC has been one of
the subjects of a workshop organized by EUFEPS and AAPS
(88). It was noted that the size distribution of microspheres
for the final product should be the same as that used for
clinical batches. In addition, QC with appropriate validation
is needed to determine whether segregation occurs during
processing, and if so, what procedures to develop so as to
avoid this problem. The same instrument and the same
standard operating procedure must be used for QC testing of
a given product. This limitation may create problems in scale-
up and in manufacturing site changes.

INSTRUMENTATION

Microscopy and Image Analysis

Among the techniques most commonly used in the
pharmaceutical research and development (Table II), mi-
croscopy is often applied as an absolute particle sizing
method because this is the only method where the individual
particles can be observed, measured and their shape deter-
mined (7,5,10,74). Although the theoretical resolution of light
microscopy is about 0.2 mm with the high numerical-aperture
(NA) immersion objectives, the diffraction halo gives gross
overestimation for particles in the lower micron size region.
The resolution of an optical microscope is a function of the
optical magnification, type, quality of the objective, numer-
ical aperture, type of immersion media and also optical
characteristics of particles themselves. Therefore the exact
lower limit, with given accuracy should be assessed for each
individual microscope. Confocal microscopy can be applied
to increase the image contrast, but the general limitation of
the optical wavelength remains (91). Determination of par-
ticle size using optical method is also limited by statistical
considerations during computerized image analysis. The
algorithm used typically calculates the equivalent projected-
area diameter or projected-perimeter diameter. Since the
particle orientation on a substrate usually gives the maximum
area, this leads to an apparently larger particle size than that
measured by other techniques (82). However, by far the most
common error is underrepresentative sampling. The mini-
mum number, Nmin, of particles to be measured can be
estimated in terms of the maximum sampling error of the
PSD distribution as Nmin > 1/s2. This results in more than

10,000 particles for a maximum standard deviation of 1%.
The accuracy largely depends on the coarsest particle class
measured. Following ISO 14488 (Table I), the minimum
number of particles depends on the PSD and typically more
than 1,000,000 particles are necessary to reach a maximum
error below 1%.

Although microscopy, in particular, scanning electron
microscopy (SEM), is the most essential technique for
particle size analysis, it is not very reliable for sizing by itself
and should always be used in combination with other
techniques. There are large statistical errors and also biases
associated with preferential particle orientation and particle
agglomeration that are difficult to control and minimize. This
in effect will result in low measured particle numbers per
image and high computation times. Several imaging techni-
ques are capable of addressing some of these issues. Stream-
scanning optical image analysis enables a faster data collec-
tion and controlled orientation for micron-size particles (see
Data Interpretation and Presentation). Cryo-transmission
electron microscopy (Cryo-TEM) can be used to provide
information on particles in frozen suspensions without
drying, thus avoiding potential problems with particle aggre-
gation. Environmental SEM (ESEM) allows measurement of
aqueous dispersions at atmospheric pressure, albeit at the
expense of image resolution (92).

There is an expanding group of imaging techniques
which can discriminate between active and nonactive phar-
maceutical ingredients in formulations: fluorescent confocal
microscopy, vibrational spectroscopy (IR, Raman) and SEM
with energy-dispersive X-ray (SEM/EDX). For example,
Raman chemical imaging was developed for API-specific
PSD analysis of several corticosteroid suspensions aqueous
nasal spray suspensions (93). 1,600Y1,700 cmj1 spectral range
allowed ready distinction between the drug and excipients of
the mixture as well as drug adhered to excipient particles.
Similarly, Raman microscopy was applied to foreign particles
testing in inhalation drug products (66). Atomic force
microscopy (AFM), is another imaging technique based on
scanning (tapping) of nano-scale probes over the sample
surface. Although this method is relatively slow and usually
requires an elaborate sample preparation, the images are
very similar to those obtained by SEM with resolution down
to several nm. In addition to the particle size and shape,
AFM can also provide information on the particle surface
properties, for example, interparticle interactions in the DPI
formulations (94).

Laser Diffraction and Static Scattering Techniques

LD is rapidly becoming a preferred standard method for
particle sizing in the pharmaceutical industry. This is due to
its short analytical time, robustness, high precision, repro-
ducibility, wide measurement range and flexibility of opera-
tion using liquid, spray and dry dispersion attachments
(7,10,74Y76). Most LD instruments employ a standard
HeYNe laser light source (632.8 nm wavelength) and consist
of an optical system for Fourier transformation of the
diffracted light onto a position-sensitive detector. The light
scattering pattern from nonspherical particles is very com-
plex, varying as a function of the scattering angle, particle
size and shape, and complex refractive index which depends
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both on the light refraction (real component) and absorption
(imaginary component). However, the forward (Fraunhofer)
diffraction depends only on the particle size, an azimuthally
averaged tangential (Feret_s) diameter. This diameter can be
associated with the projected-equivalent diameter that is
defined by the overall intensity of the diffracted light. The
volume-equivalent diameter is not measured by the laser
diffraction technique, although the volume PSD is derived
from the Fraunhofer diffraction pattern using a system of
linear equations incorporated into the algorithm of the
instrument (95,96). Algorithms, based on rigorous Mie
scattering theory should be ideally applied for particles
below 25 mm (3), however these require the knowledge of
complex refractive indices which are not available for most
organic materials and not directly measurable with the
available instruments. Beekman et al. (3) showed that errors
in the estimation of the Beffective^ refractive index may
produce radically different PSDs, particularly for particle
below 10 mm. Therefore, in practice, the dispersion errors
with small particles and uncertainties introduced by the
imaginary component of the refractive index may outweigh
the inaccuracy associated with the simplified Fraunhofer
theory (96). For nonspherical particles, such as plates and
needles oriented randomly, the volume diameter is typically
overestimated because of the larger projection diameter for
these shapes (Fig. 4b). Another error may originate from
high concentration of particles analyzedVhigh obscuration of
laser beam, leading to multiple light scattering and overesti-
mation of particle fines (undersizing the PSD). This can be
easily avoided by keeping the obscuration, usually monitored
during measurements, within 0.1Y0.3 interval. In some instru-
ments, the LD method is combined with multiangle and
multiwavelength light scattering measurements, which enable
expansion of the dynamic measuring range and essentially
become the multiangle static laser light scattering (LLS)
method (5,92).

As mentioned before, the equivalent diameter measured
by LD is not directly related to the particle volume or surface
and therefore care should be taken when interpreting these
data for any pharmaceutical application. For the quality
control purposes it is sufficient to establish a reliable
correlation between the LD data and, for example, PSD
measured by image analysis or aerodynamic measurements
(3,7,10,76). In the instances where particle size is measured
for the dosage form, different formulation ingredients may
strongly affect the data. Examples include assessment of
powder blending and tablet homogeneity (2), measurements
of nebulizer sprays (76,90), phase separation and aggregation
in pMDI suspensions (97,98) and deaggregation in DPIs (86).

Finally, it should be noted that techniques such as small-
angle X-ray scattering (SAXS) (99) and small-angle neutron
scattering (SANS) (92) are essentially based on the same
physical principle of light diffraction, but with the application
of a much shorter radiation wavelength (typically several Å).
This enables an increase of resolution well into the nanoscale
region, rendering the observation of colloids, micelles,
lamellas and similar nanostructures possible. However these
techniques are not for routine or common applications and
require considerable specialization in data collection and
interpretation. It should also be noted that X-ray powder
diffraction analysis (XRPD), sometimes referred to as wide-

angle X-ray scattering (WAXS), is strictly not a particle size
technique. XRPD allows one to determine the lattice
parameters and physical broadening of diffraction peaks as
a cumulative measure of crystal lattice imperfections (100).
The latter is related to the size effects of crystal defects such
as grains, small-angle boundaries and stacking faults which,
however, cannot be directly attributed to the geometric
particle size.

Dynamic Light Scattering (DLS)

This method, also known as photon correlation spec-
troscopy (PCS) or quasi-elastic light scattering, is primarily
used to measure nanoparticulate colloid systems such as
emulsions, micelles, liposomes and nanosuspensions
(5,85,90,92). When a laser beam is passed through liquid
suspensions containing particles in Brownian motion, it
experiences fluctuations in its intensity due to light scattering.
In the DLS instrument, measurements of this fluctuation of
intensity at a given scatter angle are used to infer the particle
size or the Fhydrodynamic diameter_ of the suspended
particles. The DLS instruments measure the fluctuations in
the intensity of the scattered light with time in order to
generate an exponentially decaying autocorrelation function.
This function is then analyzed for characteristic decay times,
to determine the diffusion coefficient unique to the scattering
suspensions and, in conjunction with the StokesYEinstein
equation, the hydrodynamic radius. The primary advantage
of DLS method is that it provides an absolute measurement
without any further information about the composition and
the optical properties of the particles in suspension. The
lower limit of the instrument depends on the laser power and
signal-to-noise ratio and can be as low as 2 nm. Hence it can
be used to measure the sizes of not only surfactant micelles
and colloids but also macromolecules. The data obtained
using the instrument is usually in two formats depending on
the type of algorithms used for the inversion of the
autocorrelation function. A Gaussian distribution is typically
used to represent unimodal dispersions. A more complex
analysis is required for multimodal (e.g., bimodal) particle
size distributions. Introduction of polydispersity can also lead
to a significant complication because the equations used to
reduce the particle size become more ambiguous and less
stable (101). The algorithms used provide information about
the mean particle size, widths and peak modes of the particle
size distributions. The intensity-based data, collected by the
instrument, can be reliably reduced to a volume-weighted
PSD. However, large particles (>3 mm) may completely
distort the measurements and therefore a complementary
analysis with LD or laser scattering instrument is recom-
mended in order to corroborate the results obtained.

One of the disadvantages of the DLS method is that
samples in some cases may require significant dilution for
accurate size measurements, which can be problematic for
measurement of droplet sizes of emulsions. Novel approaches
using fiber optics and back-scattering have been developed
and implemented in some commercial instruments to allow
measurements in concentrated suspensions. Many equipment
designed for DLS may also have an attachment for electro-
phoretic light scattering to measure the zeta-potential impor-
tant for colloids stability. An interesting variation of DLS is
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the fluorescence correlation spectroscopy (FCS) (102). FCS is
a well-established technique to determine diffusion coeffi-
cient, size and mass of particles, as well as to characterize the
binding of low molecular weight ligands to larger receptor
molecules in solution. In FCS the laser-induced fluorescence
of particles out of a very small probe volume is autocorre-
lated to the diffusion time. A dual-color instrumental
extension of the standard confocal FCS setup enables cross-
correlation analysis of two different fluorescent species. Thus
by labeling different particles it is possible to locate different
components inside the particles and yield information about
the composition of the complexes. A less-developed Raman
correlation spectroscopy (103) extends the domain of optical
fluctuation spectroscopy to Raman scattered light, combining
the chemical identification obtained by Raman scattering
with the particle size and dynamics information obtained by
correlation spectroscopy.

Coulter Counter (Electrical Zone Sensing)

This instrument was originally developed for sizing
blood cells and cell cultures. Its principle therefore is well
suited for the measurement of nonagglomerated and stable
suspensions (10,75,82). The particles are suspended in a weak
electrolyte and passed through a small orifice, separating two
electrodes. As each particle in the electrolyte crosses the
orifice it displaces its own volume of electrolyte causing an
increase in electrical impedance. This change in impedance
generates voltage pulses, which are proportional to the
volume of the particles and are used to measure the
equivalent volume diameter of the particle. Analysis using
Coulter counter is fast and exhibits good reproducibility of
measurement. Further, the particle size analysis can be
performed in a relatively wide overall size range (Table II),
using different electrosensors (aperture tubes). The dynamic
range for different tubes varies from 2 to 60% of the orifice
diameter because the response from smaller particles is lost
in electronic noise whereas a nonlinear response and block-
age may occur for larger particles. Calibration is essential for
this technique. The difficulties are usually related to the
particle dispersion, in particular for highly hydrophobic or
poorly wetted materials (10). Difficulties are also encoun-
tered for measurement of water-soluble drugs for which the
drug solubility in electrolyte needs to be minimal; for porous
particles, loose agglomerates (flocs), and lastly for particles
with extreme shape (needles, thin plates and rods) where
large errors in volume equivalent diameter are observed (82).

Time-of-flight (TOF)

Devices such as API AeroSizeri and Aerodynamic
Particle Sizer (APS) (TSI Inc, US) are based on monitoring
time of flight of particles that are accelerated by air streams
and expanded at sonic velocities, between two laser beams.
Smaller particles are accelerated at a faster rate than larger
particles due to differences in mass. The aerodynamic dia-
meter of the particles is calculated using calibration curves
for spherical particles of known density incorporated into the
data analysis software. Newer versions of this instrument
have an improved electronics to minimize coincidence and to
extend the dynamic range by measuring single pulses from

large particles. TOF is a fast stream-scanning technique,
which has the potential for high-resolution measurements
within a relatively wide dynamic range. It requires small
sample quantities for size analysis. It measures an equivalent
aerodynamic diameter and therefore is a logical choice for
pharmaceutical aerosol measurements. However, as shown
below, this equivalent diameter is different from that
obtained at small air velocities and also very sensitive to the
particle shape (7,104). When applied without the shape
correction factors, the TOF measurement would typically
underestimate the particle volume diameter. An integral part
of the instrument is an aerodynamic disperser, which may
utilize a fluidized bed aerosol generator, lifting powder from
a turntable (79) or using an inhaler adapter. Applying the
same methodology as shown in Fig. 5, one must ensure that
for cohesive powders the dispersing device is adequate for
particle deagglomeration, so as to avoid highly significant
errors with both accuracy and precision. Large particle
number densities, usually for submicron particles, may
introduce some artifacts, such as oversizing due to coinci-
dence errors (105).

Cascade Impactor (CI)

Andersen Cascade Impactor (ACI) and the Next
Generation Impactor (NGI) (Table I) are the primary
techniques used for both the development and QA/QC
testing of commercial inhaler products (2,78). Size determi-
nation is based on the inertial impaction of aerosolized
particles passing through decreasing nozzle apertures onto
subsequent deposition stages. Each deposition stage provides
a defined aerodynamic cut-off diameter (particles collected
with 50% efficiency). The collection plates can be coated to
avoid particle bouncing. Humidity, temperature, pressure
differential over the inhaler under test and airflow rate can
be controlled. The instruments are also supplied with USP
induction port, preseparator and fine filter. The impactors
are calibrated at certain air flow rates as shown in Table III,
the measurements can however be performed at any
arbitrary flow rate, defined by the pressure differential over
the inhaler device. The USP specifies the measurements
performed for DPIs at an airflow rate which produces a
pressure drop of 4 kPa over the inhaler to be tested and a
duration consistent with the withdrawal of 4 liters of air from
the mouth piece of the inhaler. This can be clearly justified
by the various flow resistances of different DPIs with obvious
implications for the dispersion energy within the inhaler. The
standard test conditions for pMDIs are 28Y30 l/min. The cut-
off diameters for different flow rates can be calculated based
on the Stokes equation as discussed in the next sections. The
estimation of particle size is typically based on the mass
distribution determined by chemical (UV or HPLC) analysis,
which is necessary from therapeutic and regulatory perspec-
tives to discriminate between the active (i.e., drug) and
inactive (i.e., carrier) substances. The most important param-
eter measured is the fine particle fraction, FPF, which is
defined as the mass of particles (with reference to the
emitted dose) below a certain cut-off diameter (e.g., 4.7 mm,
i.e., below ACI stage 2). Flat design of NGI is often
considered more suitable for automated measurements.
NGI also has steeper collection efficiency curves, offering
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the advantage of more accurate size fractionation (78,106).
There are several other impactors included in Pharmaco-
poeias (Table I), such as Multistage Liquid Impinger (MSLI).
Each stage, except Stage 5, of MSLI must be dispensed with
20 ml liquid. The size determination is based on aero-
solYliquid interaction, giving more realistic simulation of
impaction in the lungs. Although water is the preferred
choice of solvent, organic solvents can also be used,
particularly for sparingly soluble drugs. This may however
create problems in possible solvent evaporation since 60 l/
min airflow is normally used in MSLI. Both CI and MSLI
measurements are, in general, very time-consuming. Electri-
cal Low Pressure Impactor, ELPIi (107) is based on charge
detection of particles, which enables in situ high-speed
analysis of particle fractions deposited on 13 different stages.
However this principle does not allow for a direct measure-
ment of the drug mass-weighted distributions and requires a
more complex calibration procedure (108).

DATA ANALYSIS

Data Interpretation and Presentation for Pharmaceuticals

Knowledge of specific formulation needs and the
physical characteristics of the particulate systems is impera-
tive for effective data presentation. Particle size analysis
comprises both the measurement and the quantitative
description of physical properties of the particulate matter.
The analysis in most cases requires a specific size measure-
ment methodology and careful data interpretation. As a
general guide, it is appropriate to determine the particle size
distribution on the behavioral principle that the measure-
ment technique Bclosely resembles^ the conditions in which
the particles will be used: processed, formulated or delivered.
The diameters related to filtration and sieving can be used
for representation of the size of injectable and oral formu-
lations respectively, aerodynamic equivalent diameter for
aerosols and the hydrodynamic sedimentation (Stokes)
equivalent diameter for micro and nanosuspensions. When
application of behavioral particle equivalent diameter is
problematic, a correlation should be made between the
physical or biopharmaceutical particle property in question
and one of well-defined geometric equivalent diameter. Thus
the properties of pharmaceutical formulations such as drug
dose and dissolution rate are usually given by the distribution
of particulate mass/volume and the surface-volume equiva-
lent diameter (85). The drug chemical and thermodynamic

stability information can also be represented using both
volume- and surface-volume equivalent diameter (109).
Number based distributions are important for quality control
purposes, for example, analyzing the presence of foreign
particles in injections (see Table I) and respiratory formula-
tions (66).

Correct data presentation and interpretation are essen-
tial for consistency and understanding of Bwhat is being
measured^. Varying data format, e.g. nature of particle
equivalent diameter, type of PSD or definition of appropriate
mean diameters, often escapes a clear definition in the
pharmaceutical research. This is inconvenient but can be
standardized. A more serious issue is that in many cases the
raw data obtained by a particle sizing instrument are fitted
into a certain mathematical model, particularly for the field-
scanning techniques, as dictated by the data collection and
interpretation algorithms. This treatment may predispose the
data to a particular interpretation or bias such as exaggera-
tion or underestimation of fines, coarse particles or aggre-
gates, systemic shift in the mean particle diameters,
appearance of artificial modes in the PSD. For example,
laser diffraction instruments may produce artifacts dependent
on the model and manufacturer of the instrument because
the optics, sensors and software employed can be very
different (2,3).

The next section deals with more general mathematical
terms and definitions, which can be applied to any data
presentation and instrumentation type.

Particle Size Distribution (PSD)

PSD of a powder can be described by the particle
dimension, r, assigned as follows: number (r = 0); length
(r = 1); projected area, surface area (r = 2); volume r = 3);
mass or weight (r = 3, no voids), corresponding to the
number-weighted, surface-weighted and volume (or mass)-
weighted PSDs respectively. For spherical particles these
distributions can be easily converted from one type to
another. For nonspherical particles, however, information
about the surface and volume shape factors is required for
the conversion. As a rule, the volume (mass)-weighted PSD
is the most appropriate description for pharmaceutical
materials. The number-weighted PSD is useful for determin-
ing the size of primary particles in agglomerated systems as
well as the tightness of a PSD. The closer the number-
weighted and volume weighted PSDs, the narrower the

Table III. Aerodynamic Cut-off Diameters for ACI, MSLI and NGI

CI (Flow rate) Cut-off diameters, 2m

Stage 0 1 2 3 4 5 6 7

ACI (28.3 l/min)a 9 5.80 4.70 3.30 2.10 1.10 0.65 0.43

MSLI (30 l/min)b Y Y 9.6 4.4 2.4 Y Y Y
MSLI (60 l/min)a Y 6.8 3.1 1.7 Y Y Y
NGI (30 l/min)b Y 11 6.6 3.9 2.3 1.4 0.84 0.51

NGI (60 l/min)a Y 7.8 4.6 2.7 1.6 0.96 0.57 0.33

ACI Andersen cascade impactor; MSLI multiple stage liquid impinger; NGI next generation pharmaceutical impactor.
a Archival calibration.
b Calculated values.
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particle size distribution. The graphic presentation of PSD is
made in terms of cumulative distribution, Qr, and frequency
(density) distribution, qr, calculated from the cumulative data.
These parameters are related by the following normalized
equation:

Z dmax

dmin

qr xð Þdx ¼ Qr dmaxð Þ� Qr dminð Þ ¼ 1 ð6Þ

where dmin and dmax define the particle size range. In
practice, Eq. 6 is always calculated as a sum of the particle
size classes, i.e., individual bins in which the particle are
classified by the instrument. A typical PSD with average
particle diameters is shown in Fig. 7. The mode average
diameter corresponds to the peak and the median represents
50% (of mass, volume or number, d50). The mean particle

diameter of a system of unequally sized particles is repre-
sented by a system of spheres having only two characteristics
of the original distribution. The general equation for
calculating the different mean particle diameter values is
given below:

d n;m½ � ¼ ðn�mÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

dn$N
P

dm$N

s
ð7Þ

where DN is the number of particles in a size class. The most
commonly used mean particle diameters are: d[1,0]Varithmetic
mean diameter which corresponds to the mean linear diame-
ter; d[2,0]Vsurface mean diameter; d[3,0]Vvolume mean
diameter; d[3,2]VSauter mean diameter which corresponds
to the specific surface area; d[4,3]Vvolume moment which
corresponds to the Bgravity center^ of volume (or mass)-
weighted PSD (82). Any PSD can also be characterized by its
standard deviation, s, from the corresponding mean value, d :

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
d� d
� �2

$N
P

$N

s

ð8Þ

Approximately, the width of PSD can be estimated by using a
parameter called PSD spread. It is calculated from lower and
upper fractions of the cumulative PSD as: (d90 j d10) / d50.

Pharmaceuticals exhibit a wide array of PSDs. Charac-
teristic distributions reminiscent of normal (Gaussian), log-
normal and other canonic forms can be observed. Such
distributions lend themselves well to mathematical analytical
treatment, for example, conversion between different mean
diameters, moments and types of PSDs (82). However, in
most cases, the PSDs are skewed and have arbitrary forms
for which the general Eqs. 6Y8 and numerical computations
should be applied.

Particle Shape

All the equations above are applicable to equivalent
particle diameters, which are influenced by the particle
shape. Assuming that the particle shape does not depend on
the particle size, its quantitative description can be provided

either by particle sphericity, 8, or surface-to-volume shape
factor, aSV:

8 ¼ dV=dsð Þ2 ¼ 1=�sv ð9Þ

Sphericity is defined as the ratio of the surface area of a
sphere with equivalent volume diameter dV, to the actual
surface area of the particle, defined by the equivalent surface
diameter, dS. The maximum 8= 1 corresponds to a sphere.
Sphericity can be measured using image analysis by directly
computing the diameters in Eq. 9. Sphericity is also related to
the specific surface area, S, through the following relation-
ship (7):

S ¼ 6

8

Xd max

d min

x�1q3 xð Þ$x ð10Þ

where the volume-weighted PSD, q3(x), is determined
preferably using a technique based on volume-equivalent
particle diameter and S is measured, for example by BET
nitrogen adsorption (7). Nonspherical particles are typically
observed over all orientations and this causes a broadening in
the measured size distribution. Thus even a Bmonodispersed^
assembly of nonspherical particles will have its own PSD.
Some artifacts may appearVfor example, laser diffraction
measurement of acicular particles may exhibit bimodal
distribution, which corresponds to the characteristic mini-
mum and maximum diffraction diameters for these particles
(95). The shape broadening function can be measured using
the same instrument, if monodispersed nonspherical particles
are available, for example, from sieving, filtration, sedimen-
tation or other classification techniques. However such an
approach has been severely limited by the lack of source of
particles with well-defined geometry and density (104).
Another possibility is to measure the particle shape under
microscope and then calculate the shape broadening function
assuming the statistical particle orientation. Figure 8 shows
an example of such computation performed for monodis-
persed powder of salmeterol xinafoate, which consists of very
thin platelets (Fig. 4a). It is characteristic for such a PSD to
be skewed towards the smaller particle diameters, having the

Fig. 7. A typical volume-weighted particle size distribution (PSD)

obtained using an LD instrument (RODOS, Sympatec GmbH) and

corresponding average diameters. Notice that both the cumulative

and density (frequency) PSDs are presented on the logarithmic scale.
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maximum shifted towards the largest particle projection. The
equivalent projection area particle diameter, shown in Fig. 8,
is the appropriate equivalent diameter for microscopy,
scanning optical techniques and also for laser diffraction
measurements. The Bmeasured^ PSD, qr(x), is a convolution
of the Breal^ PSD, qr0(x), and the shape broadening function,
p(x), normalized accordingly:

qr xð Þ ¼ 1

Q

Z s

�s

qr0 xþ sð Þp x� sð Þds ð11Þ

Knowing, the function p(x) and experimentally determined
function qr(x), the Breal^ PSD can be deconvoluted numer-
ically from Eq. 11.

There are very few analytical instruments which can
determine both the particle shape and size. Some stream-
scanning automated image analysis instruments, e.g.,
Sysmexi , Malvern, UK and QICPICi, Sympatec, Germany
(110), can determine the particle Bcircularity^ which is
defined by the ratio between the particle perimeter and
circumference of the projection equivalent circle. Another
device (Aspecti aerosol size and shape analyzer, Biral, UK)
is based on anisotropy of laser scattering from individual
particles and characterizes particle shape by a single param-
eter called the asymmetry factor, which is related to the
particle aspect ratio, i.e., ratio of the maximum to minimum
characteristic particle dimensions. The asymmetry factor
takes values between 0 (spherically symmetric particles) and
100 (long fibers).

Aerodynamic Particle Diameter

The concept of aerodynamic diameter, dA, is central to
any aerosol measurements and respiratory drug delivery. It is
defined as the diameter of spheres of unit density, which
reach the same velocity in the air stream as nonspherical
particles of arbitrary density. The most important average
diameter for aerosols is the massYmedian aerodynamic
diameter, MMAD, which can be found as d50 on cumulative
mass-weighted (or volume-weighted for solid particles) PSD
with the aerodynamic equivalent diameter. Calculations bas-
ed on the Newton_s general dynamic equation for nonsphe-
rical particles with volume-equivalent diameter (dV) leads to
the following equation for the aerodynamic diameter (7,104):

dA ffi dV
�

�0

Cd ReAð Þ
Cd Rev;8ð Þ

Cc Revð Þ
Cc ReAð Þ ð12Þ

where r0 is the unit density (of spherical calibration spheres)
and r is the particle density. Cd is the particle drag coefficient
which is generally a function of particle sphericity and
particle Reynolds number, Re ¼ �radV=� where ra and m
are the air density and viscosity, � is the particle velocity
relative to the air stream. ReA and ReA denote particles with
diameters dA and dV respectively. Cc is the Cunningham slip
correction factor which depends on the particle diameter
(80,104) and which becomes significant only for submicron
particles (7). Eq. 12 is solved numerically in general cases.
This equation is also equally applicable to solid particles,
porous particles and aggregates provided that the particle
density (or void fraction for aggregates) is known. The flow

regimes can be defined as Stokesian (Re < 0.1) and ultra-
Stokesian (0.5 < Re < 100) and Newtonian (Re > 100) (62). For
the spherical particles in Stokesian flow regime, the drag
coefficient assumes the well-known relationship: Cd = 24/Re.
Therefore, Eq. 12 leads to the simplified expression for
Stokes aerodynamic diameter widely used in the aerosol
literature:

dA Stokesð Þ ffi dV

ffiffiffiffiffiffiffiffi
�c

��0

r
ð13Þ

where c is the dynamic shape factor, defined as the ratio of
the drag force on a particle to the drag force on the particle
volume-equivalent sphere at the same velocity. Thus non-
spherical particles tend to have a smaller aerodynamic
diameter. For liquid aerosols, such as nebulizer and pMDIs
sprays, the droplet particle shape is not completely spherical
due to deformation by air stresses. For example, it is shown
that liquid droplets larger than a few mm aerodynamic
diameter were systematically undersized in the TOF meas-
urements (81,104). These measurements are also affected by
the instrument type (41,76,78). The relationship (12) also
explains why porous particles afford much better aerosols
than solid materialsVtheir aerodynamic diameter is reduced
compared to the volume equivalent diameter. Interparticu-
late interactions decrease with an increase of the volume-
equivalent diameter and therefore such particles can be
aerosolized more readily and penetrate deeper into the
respiratory system.

PREDICTIONS AND CORRELATIONS
FOR AEROSOL MEASUREMENTS

As shown by Eq. 12, the aerodynamic diameter depends
on the particulate properties (geometric size, shape, surface
morphology, density) and on the dynamics of airflow (flow
geometry, turbulence, character of the shear and drag
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Fig. 8. Shape-broadening function for platelet particles of salmeterol

xinafoate (7) with characteristic dimensions 4�4�0.2 mm and

sphericity 8= 0.3 (see Fig. 4a). This function was calculated for

statistically oriented particles using their projections in Cartesian

coordinates.
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forces). Inhalation powders are usually nonspherical and
always agglomerated with a possible triboelectrofication
effect at high Reynolds numbers characteristic of both the
CI and TOF nozzles (7,111). Liquid aerosols frequently
exhibit issues with droplet evaporation, phase separation
and influence of additives on both droplet atomization and
on particle size distribution (76,78,98). Thus there has always
been a problem with selection of particle sizing techniques
and validation methods for respiratory drug delivery. Clinical
in vivo studies on the deposition of different dosage forms
using kinetic evaluation and drug assays or direct monitoring
of the lungs using gamma scintigraphy are very laborious,
costly and impractical in formulation studies. Clearly, the
ultimate task is to determine the mass (or volume) PSD
based on the equivalent aerodynamic diameter, dA. The
cascade impaction method is closest to such measurements,
but also very laborious and of low resolution. This method is
primarily intended for quality control, where the focus is on
the relative measures of product performance. The results
obtained in the impactor depend on the airflow rate and the
inhaler design. Therefore a systematic, scientifically driven
approach to formulation of aerosols requires the use of other
particle sizing techniques such as image analysis, laser
diffraction and TOF. The correct approach here is to predict
the dA values using corresponding geometric equivalent
diameters (e.g. volume or projection) and to find a correction
factor for dA in different air flows.

It should therefore be emphasized that the aerodynamic
diameter is a function of air flow velocity, expressed through Re

number [Eq. 12], and consequently is different for all aerody-
namic particle measuring devices, and for the human respira-
tory system. The Stokes flow [Eq. 13] cannot always be applied
without introducing a significant systematic error. The follow-
ing intervals of Re can be calculated for different aerodynamic
sizing techniques and particles between 0.5Y5 mm:

& 10 < Re < 100: TOF AeroSizeri
& 5 < Re < 50: TOF APSi
& 0.1 < Re < 20: CI
& 0.01 < Re < 2 (human respiratory system between

terminal bronchiole and trachea)

In the above calculations, different nozzles and flow rates for
both ACI and NGI were taken from reference (112).
Apparently, particles change their relative velocity and
trajectory continuously in all these instruments, and there-
fore, it is difficult to define accurately what Re should be
taken as the particle Reynolds number. However, both TOF
and impactor techniques involve high particle acceleration in
the nozzles and, their relative velocity may reach that of the
nozzle air velocity (80).

Two approaches can be used to compute dA using Eq. 12.
First, the dynamic shape factor can be determined experi-
mentally from sedimentation or TOF measurements
(104,113) and then the drag coefficients calculated by
applying semiempirical correlations known for spherical
particles. The second and more general approach is to describe
the particle drag coefficient, Cd, as a function of both the
particle volume-equivalent diameter (dV) and particle sphe-
ricity (8) (7,114,115). Such semiempirical correlations are
typically valid for both the Stokesian and ultra-Stokesian
flow regimes. Figure 9a shows how the aerodynamic diame-

ters, calculated using the model by Ganser (115) and Eq. 12,
change nonlinearly with their equivalent volume diameter.
These are also functions of the particle sphericity, 8; particles
with small 8, such as thin plates, needles and rods have
reduced aerodynamic diameters and therefore their volume-
equivalent diameters will be underestimated, if such particles
can be efficiently dispersed and they do not align themselves
in the airflow. Moreover, Fig. 9b shows that the aerodynamic
diameter of nonspherical particles is a function of particle
Reynolds number (or flow velocity) and decreases at high Re.
The underlying reason for this effect is that the dynamic
shape factor increases with increase of Re. The effect of
underestimation of the diameter for nonspherical particles
was observed for the TOF techniques (7,80,104) (also Fig. 4)
and cascade impactor (4,7). Furthermore, even for spherical
particles with reduced density, such as porous particles
designed for deep lung delivery, the aerodynamic diameter
depends on Re. As shown in Fig. 10, a significant deviation
up to 45% from the square-root dependence (Eq. 13), is
expected for light particles in the ultra-Stokesian flow.

Another well-known assumption of the Stokes flow is
made to recalculate the cut-off aerodynamic diameters,
dC(Stokes) from calibration diameters, dC0, in the cascade
impactors:

dC Stokesð Þ ¼ dC0

ffiffiffiffiffiffiffi
Q0

Q

s

ð14Þ

where Q is an arbitrary flow rate and Q0, is the calibrated
airflow (Table III). For the air flow increase from 30 to 100 l/
min in the NGI, Eq. 12 predicts an error of about 15%
underestimation of the aerodynamic diameter for particles
with dV = 1.5 mm and 8= 0.5 because of the Stokes approxi-
mation. Similarly, a systematic error 5Y10% may be intro-
duced in Eq. 14 for cut-off diameters of porous particles (see
Fig. 10).

Finally, it should be noted that all discussion above is
concerned with the effect of inertial impaction, which is valid
for relatively large Re > 0.1 and which represents the major
deposition mechanism in the upper airways. The other two
major phenomena affecting particle deposition in the lungs,
sedimentation and diffusion, are also defined by aerodynamic
equivalent diameters that are respectively related to the
sedimentation velocity and Brownian diffusion in the Stokes
flow regime.

IN-LINE/ONLINE SIZE ANALYSIS AND PROCESS
ANALYTICAL TECHNOLOGY

There is a specialized group of particle sizing instruments
and sensors developed for in-line or online applications. In-line
typically means that sampler, disperser, and/or sensor are
mounted in the production line. A partial flow of particles
needed for the analysis is guided through the dispersing
system and always recycled into the main production flow.
Online configuration is when the disperser and sensor are
outside of the production line but closely and directly
coupled. A partial flow is fed through the disperser and either
recycled or disposed. As a rule, speed, reliability and
robustness take priority in these instruments over resolution
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and accuracy. Optical techniques are noninvasive and lend
themselves well to quantitative analysis and are particularly
advantageous for dynamic measurements. The advent of high-
speed electronics and fast-automated computer systems has
greatly facilitated such applications. For example, commercial
in-line/online systems exist for laser diffraction equipped with
appropriate samplers/dispersers (e.g., Insiteci by Malvern,
UK; Mytosi and Safiri by Sympatec, Germany). Particles
are usually sampled from an air jet of controlled stream or
diluted suspensions. Phase Doppler anemometer (76,116),
based on measurement of interference pattern produced by
particles moving through intersection of two laser beams, is an
excellent instrument to characterize the liquid sprays and
particles in jets, giving the particle number count and velocity
in addition to the particle diameter. Focused beam reflectance
measurements (FBRMi), based on measurement of the time
required for a laser beam moving at a fixed velocity to cross a
particle (Lasenteci, Mettler Toledo, U.S.), represents one of

the few techniques developed for batch-reactor processes. For
such applications, sensors have to operate in a harsh, often
aggressive environment, resistant to contamination of optical
surfaces and high level of background noise. For the non-
optical methods, acoustic attenuation spectrometry (97,117) is
capable of particle sizing of concentrated (1Y70% w/w) liquid
suspensions and slurries within a very wide dynamic range
between 0.01Y3,000 mm. The disadvantage of this method,
however, is the requirement for a precise knowledge of
several physical constants for dispersed and continuous
media.

In general, the dynamic quality of in situ data is much
superior to the ex situ results obtained using standard particle
size analysis. The following areas of applications can be
distinguished:

& Investigations into the particle behaviour in different
inhalers and sprays.

& In situ mechanistic studies and optimization of
particle formation processes (e.g., spray-drying, crystalliza-
tion, etc.).

& Industrial process monitoring and control-process
analytical technology (PAT).

For example, Shekunov et al. have studied the dynamic
behavior of particles during and after the aerosolization
process in DPIs using an LD method (6). Measurements were
made in parallel to the Anderson cascade impactor, allowing
for a direct comparison between the time-averaged aerody-
namic diameter or MMAD given by impactor and the
volume particle size distribution reported by in-line laser
diffraction. The data was compared in relation to the emitted
dose and FPF. This time-resolved analysis differentiated the
diffraction patterns produced by the different sections of
aerosol cloud such as primary drug particles, aggregates and
carrier particles. The cumulative size distribution obtained
for different drug powders of salmeterol xinafoate, combined
with the computation of the aerodynamic diameter, showed
the correct values of FPF. The total emitted dose was in good
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agreement with the cascade impactor measurements made on
the same samples. In a similar study with pMDIs, a simplified
theory of particle agglomeration within propellant droplets
was tested using a combination of LD (Malvern Spraytec)
and TSI APS time-of-flight measurements (98). This study
aimed to determine if this mechanism was responsible for the
observation that the upper limit deliverable by a pMDI
suspension was below 1% w/w. However, the data obtained
did not conform to this model; some alternative explanations
such as influence of droplet evaporation on the LD measure-
ments and changes in the aerodynamic behaviour of pMDI
sprays with increase of the particle concentrations were
proposed. Rogueda et al. (97) also used acoustic attenuation
spectrometry to study separation phenomena in HFA pro-
pellants based on a selection of commercial pMDI suspen-
sions (Ventolin, Flixotide and Salbuhexal). Quantitative data
were obtained on the dynamics of flocculation of primary
particles before agglomeration into the clusters. After
aggregation, the clusters sediment leaving behind the smaller
particle, and thus gives rise to apparent decreases in both
particle concentration and size. The differences observed
between different formulations were attributed to the proper-
ties of the primary particlesVsize and surface characteristics.

In the area of new pharmaceutical technologies, the
research challenge is intimately linked with the design of
reliable in-line measurements, in order to provide means for
scientifically driven process development and optimization.
The emphasis is on understanding of the mechanism of particle
formation processes leading to process optimization. This
principle has, for example, been applied to investigation of
processes of spray drying (118,119), crystallization (117,120)
and supercritical fluid precipitation (116). For example, laser
diffraction and Doppler anemometry in combination with
laser interferometry and particle imaging velocimetry (PIV)
were used to study the particle formation process by mixing or
spraying of organic solutions with supercritical carbon dioxide
(116). Special flow-through high-pressure optical cells were

built on a modular principle whereby the view area could be
moved relative to the nozzle using different lengths of
connecting tube sections, thus permitting observation of
different flow areas. Such a configuration could also be
applied to control the ratio between the feed flows, one of
the critical parameters for this process. In a recent study, a
very important problem of evaporation kinetics during spray-
drying was studied by Dem et al. using a single droplet
technique (119). Crystallization of D-mannitol, an excipient
for the DPI formulations, was investigated. Information on
the evaporation process was obtained through static (elastic)
light scattering measurements, while the crystallinity of the
resulting material was determined by micro-Raman spectros-
copy (nonelastic scattering). By identifying the polymorphic
forms generated under different conditions of temperature
and relative humidity, a phase diagram of D-mannitol was
constructed and the formation of three different polymorphic
forms as well as a solution phase at high relative humidity was
assigned to distinct regions of process conditions.

The most important application of in-line/online analysis
lies in the area of pharmaceutical manufacturing, manifested
through the process analytical technology (PAT) initiative.
PAT is a collaborative effort between the FDA and industry
to facilitate the introduction of new and efficient technolo-
gies into the industry. The pharmaceutical manufacturing has
been historically based on batch processes followed by
laboratory testing and analysis to verify the product quality
(121). The majority of such processes have been developed
empirically. Automated process controls, process adjust-
ments or improvements were considered difficult for any
validated and approved process. However it is quite clear
that much advantage is to be gained here by applying the
process engineering science. PAT is defined as a system for
the analysis and control of manufacturing processes based on
timely measurements of critical quality parameters and
performance attributes of raw materials and in-process
materials. The major goal of PAT is to acquire in-depth
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Fig. 11. Flow chart showing an example of in-line control of a drug/excipients blending process based on

particle size analysis.
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knowledge of the process, based on in-process electronic data
rather than on laboratory testing of the final product. The
definition of the critical parameters, the method of their
analysis and control are directly linked to the application of
in-line/online techniques. It includes feedback process-con-
trol strategies, product-process optimization strategies and
information management tools.

Particle size distribution and particle shape, together with
some selected chemical and solid-state material properties,
usually constitute the critical variables of a pharmaceutical
manufacturing process. Typically some relevant mean particle
diameters form a part of feedback control loop. In an
example of schematic blending process taken from reference
(122), the particle sizes of the materials are monitored and
controlled at two consecutive process stages prior to tablet
compression: first, raw material functionality/dispensing for
both active ingredient and excipients and, second, particle
size distribution versus the blending time with disintegrant
and other excipients (Fig. 11). A major cause of poor content
uniformity of solid dosage forms is a mismatch of drug and
excipient particle size leading to segregation, especially for
low drug to excipient ratio blends (2). The poor content
uniformity may result even with ideal mixing if the drug
particle size is too large and/or the particle size distribution is
too broad. However, reduction of drug particle size can also
adversely affect the drug agglomeration and powder flow
properties. Therefore there is an optimum range of accept-
able drug particle sizes taken as the critical quality parameter.
This parameter may also depend on other related properties
(e.g., surface, shape, cohesion) of the drug particles as well as
those of the excipient materials. Thus the PAT here should
be able to provide an information output leading to
predictive models and most efficient blending process.

CONCLUSION AND FUTURE PROSPECTS

The seemingly inconsistent particle size data, in terms of
both accuracy and precision of various instruments, can
usually be traced back to the differences in the measured
equivalent particle diameters, which may be magnified by the
influence of the particle shape and variability of the particle
dispersion. The fundamental methodological factors associ-
ated with particle shape and aerodynamic particle properties
are emphasized in this review. These factors can be taken
into account by careful data interpretation and appropriate
mathematical description of particle size distribution, in
which the conversion between physically different equivalent
diameters, e.g., geometric and aerodynamic, is possible and
serves as a useful analytical tool. The same instrument and
the same method eventually must be used for quality control
testing of a given product. However, a cross correlation
between different methods is necessary to select a relevant
technique and provide in-depth data analysis.

The development of particle sizing instrumentation may
be envisaged in the areas of automated size/shape measure-
ments. The application of high-speed systems may be
developed for monitoring dynamic processes including more
sophisticated analytical systems based on neural nets. This is
particularly important for integration of PAT into pharma-
ceutical manufacturing. A quantitative and consistent mea-
surement of agglomeration phenomena and improvement of

the dispersion techniques are required for all classes of
particle size instruments. For more comprehensive data
interpretation, new computational algorithms tested by
empirical models are needed for consistent conversion
between different equivalent particle diameters, namely,
between the statistical projection diameters given by various
imaging instruments and laser diffraction, equivalent volume
diameters and aerodynamic particle diameters. It is clear that
computational fluid dynamics (CFD) can be applied to
predict, with high accuracy, the dynamic shape factors and
equivalent aerodynamic (or hydrodynamic) diameters at
different flow regimes. This is particularly important in the
case of aerosol measurements. An additional problem, with
little data presently available, is the preferential particle
orientation and characteristic time of particle rotation.
Proper control of this problem will provide an understanding
of the particle dynamics and enable determination of the
particle shape. The particle shape in some cases may vary
with the particle size due to different precipitation mecha-
nisms for fine and coarse particle fractions. This problem can
only be addressed using high-resolution stream-scanning
measurement techniques. Finally, it is clear that as more
particle sizing methods become validated and accepted by
the pharmaceutical industry, they will be included in
Pharmacopoeias and Regulatory Agencies_ guidelines, thus
enabling more consistent application of these techniques in
pharmaceutics.
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