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Inhalation particles can be produced by various techniques such as milling, controlled crystallisation and
spray-drying, but current methods cannot, to-date, precisely control the aerodynamic size distribution of
produced powders. The aim of this study was to develop and validate a novel preparative technique
whereby the efficient and reproducible aerodynamic fractionation of drug and excipient powders could
be achieved. Salmeterol xinafoate (SX), fluticasone propionate (FP) and fine a-lactose monohydrate (FL)
were chosen as model compounds. Powders were aerosolised using a dry powder feeder into a Next Gen-
eration Impactor operated at 60 L min�1. Powders deposited on NGI stages were then collected and ana-
lysed. The fractionation process was successful for all powders producing significant linear correlations
between the pre-set aerodynamic cut-off limits and geometric size measurements. For each of SX, FP
and FL, sufficient powder quantities were recovered from NGI stages 1–6 producing six fractions with
sequential aerodynamic and geometric particle size distributions. The fractionation technique was effi-
cient and reproducible for all powders studied. The method can be equally applied to various drugs
and excipients regardless of their previous production/processing history. Therefore, the aerodynamic
fractionation technique may be used to compare and contrast samples produced by different processes.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Inhaled particles, which are typically required to have a mass
median aerodynamic diameter (MMAD) of <5 lm, can be produced
by the milling of larger particles, spray-drying the compound of
interest from a liquid or crystallisation from a solvent using a variety
of techniques. Fluid energy milling or ‘micronisation’ is commonly
used whereby jets of compressed air – usually two jets positioned
in a horizontally opposing manner – carry the solid particles forcing
them to impact with one another at high speeds leading to attrition
and a consequent reduction in particle size. A particle size classifier
is incorporated in the system, typically in the shape of a cyclone, to
ensure the exclusive removal of particles having a sufficiently small
size. Large amounts of energy are required to produce particles in the
size range suitable for deep lung delivery. The violent nature of the
process often leads to the production of particles that possess high
surface energy and electrostatic charge [1]. Additionally, solid-state
transformation can be introduced by this high energy milling
process leading to amorphism especially at the particle surface
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[2,3]. Despite these disadvantages, milling continues to be the most
widely employed technique for the production of ‘respirable’
particles [4].

Spray-drying has been routinely employed for the production of
pharmaceutical particles for decades [5]. The compound is fed as a
solution or suspension in a liquid medium and atomised into a hot
drying environment. Particles produced by spray-drying are usu-
ally amorphous, more spherical and possess a lower density com-
pared to milled particles [6]. Amorphous particles produced by
spray-drying have been shown to revert to a more crystalline state
when exposed to elevated temperatures and/or humidity. Such
transformations can lead to significant differences in the physico-
chemical properties of the powder resulting in changes to particle
deposition following aerosolisation (aerodynamic deposition) [7].

A variety of crystallisation techniques have also been employed
in the production of micron-sized particles. Anti-solvent crystalli-
sation strategies involving the use of conventional solvents have
been widely reported [8–11]. Supercritical fluids have also been
successfully employed for the production of fine particles in sizes
suitable for inhalation [12–15]. Crystallisation techniques have
the advantage of producing particles of high crystallinity and hence
higher inherent physical stability.

The three fine particle production methods discussed: milling,
spray-drying and crystallisation, differ in their principles of operation
leading to a contrasting set of advantages and disadvantages in the
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resultant particles. However, all three methods – to-date – lack the
ability to produce particles of a precisely controlled aerodynamic size
distribution. With all three methods, particles are produced then their
size is determined using a particle size measurement method,
typically a light-scattering-based one. The particle size distribution
is, therefore, usually regarded to be suitable according to the geomet-
ric – rather than the aerodynamic – size of the particle. The parame-
ters of the powder production process are then set on the basis of the
measured particle size. The aerodynamic size of the drug particles is
then usually determined following a formulation process which itself
might influence the aerodynamic size measured. It is typically diffi-
cult with all micron-sized-particle production methods to precisely
and reproducibly regulate the geometric particle size distribution.
This is attempted by tight control of the production process parame-
ters, but there are often difficulties in achieving a narrow-distribution
of the ‘desired’ particle size.

Nevertheless, it is the aerodynamic particle size distribution of a
powder that is widely accepted as the key parameter ultimately
determining lung deposition [15–19]. It is difficult to predict
impactor penetration and lung deposition from geometric mea-
surements alone since the aerodynamic particle size takes into
consideration the particle’s geometric size, shape and density. In
order to study the significance of physico-chemical factors other
than particle size in determining the aerodynamic deposition of a
particle on an impactor stage in vitro and in the airways in vivo,
samples should ideally possess a similar aerodynamic particle size
such that any differences observed in aerodynamic deposition can
be attributed to other variables. Considering the fine particle pro-
duction techniques discussed above, it is difficult to use any of
these to produce samples having an ‘equivalent’ geometric size
from different drugs or excipients let alone samples having an
‘equivalent’ aerodynamic size distribution. Should a technique be
developed that can produce samples from different actives and/
or excipients having ‘equivalent’ aerodynamic diameters then it
may prove to be a useful research tool. The method should largely
be unaffected by the physico-chemical properties of the sample
while producing comparable and reproducible particle size distri-
butions. Additionally, the method should allow for the aerody-
namic particle sizing of samples prior to mixing with other drugs
and/or excipients which enables the undertaking of simple direct
comparisons between multiple powders.

Impactors, such as the next generation impactor (NGI), have
been designed for the analytical fractionation of powders on basis
of the particles’ aerodynamic sizes. The operation of an impactor is
largely unaffected by the physico-chemical nature of the fine pow-
der. However, fine drug particles are usually mixed with coarse
carrier particles possibly in the presence of fine excipient particles
in an attempt to overcome, to some extent, the cohesive forces that
typically dominate fine particle interactions. Therefore, any aero-
dynamic sizing technique that is utilised should ensure that drug
agglomerates are sufficiently de-agglomerated prior to impactor
fractionation.

The aim of this study was to seek to develop and validate a no-
vel preparative technique whereby the efficient and reproducible
aerodynamic fractionation of drug and excipient powders could
be achieved using the Next Generation Impactor.

Salmeterol xinafoate (SX) and fluticasone propionate (FP) were
chosen as two model drugs for fractionation since the presence of
these two different active ingredients in a combination formula-
tion may enable the investigation into how different drug entities
perform aerodynamically under identical conditions. In addition,
fine lactose (FL) is often included as an excipient in DPI formula-
tions and the production of FL fractions that are ‘aerodynamically
equivalent’ to drug samples may prove very useful in the produc-
tion of control formulations as well as the undertaking of studies
into drug-excipient interactions.
2. Materials and methods

2.1. The production of micron-sized particles

SX (Vamsi Labs Ltd., Maharashtra, India) was micronised using a
Trost GEM-T microniser (Plastomer Technologies, Houston, USA)
connected to a supply of compressed air via a valve and a pressure
gauge with the ‘O’ and ‘P’ jet pressures maintained at 40 and 60 psi,
respectively. The micronised powder was collected from the mill’s
collection jar. The Malvern Mastersizer was employed to deter-
mine the volume-weighted particle size distribution of the unmi-
cronised FP sample (Coral Drugs Ltd., New Delhi, India). The
particle size distribution of FP was found to broadly comprise a size
range suitable for inhalation. The original solvent-crystallised,
unmicronised FP powder was therefore used for fractionation. Fine
a-lactose monohydrate (Lactohale 300, Friesland Foods Domo Ltd.,
Chester, UK) was received as a milled sample with a reported med-
ian particle size of 5 lm. A similar size was obtained using the Mal-
vern Mastersizer, and consequently, fine lactose (FL) was used
without further milling.
2.2. Aerodynamic fractionation of powders using the NGI

2.2.1. Powder aerosolisation
SX, FP and FL were aerosolised using a Malvern QSpec dry pow-

der feeder (Malvern Instruments Ltd., Worcestershire, UK) as
shown in Fig. 1. The jet pressure of the dry powder feeder (DPF)
was set midway between dial marks 2 and 3 producing a nominal
jet pressure of 1 bar. The resultant airflow rate at the DPF outlet
was approximately 50 L min�1. The feed rate was set at dial marks
4–7 depending on a visual estimate of the actual amount of pow-
der being aerosolised ensuring that the amount was sufficient
but not so great as to overload the NGI. The DPF was placed on a
lab jack, and the height was adjusted such that the outlet of the
DPF was in-line with the centre of the NGI throat both vertically
and horizontally. The DPF was connected to a supply of com-
pressed air and vacuum via the appropriate ports using vacuum
tubing (internal diameter = 5 mm). Particle density was measured
using a helium AccuPyc 1330 pycnometer (Micromeritics, Dunsta-
ble, UK). The instrument was calibrated prior to testing as outlined
by the manufacturer. Each sample was analysed six times, at a he-
lium purge pressure of 14.5 psi.
2.2.2. Powder fractionation and recovery
The NGI pre-separator was filled with 15 mL of filtered disper-

sant (see below). The NGI was assembled, connected to a vacuum
pump, and the flow rate, measured at the air inlet (throat), was ad-
justed to 60 L min�1 using a flow-control valve positioned between
the NGI air outlet port and the vacuum pump. The calculated NGI
stage cut-off diameters at a flow rate of 60 L min�1 are shown in
Table 1. The NGI cups were labelled ‘S1’, ‘S2’, ‘S3’, ‘S4’, ‘S5’, ‘S6’,
‘S7’ and ‘MOC’, as appropriate, and were used uncoated. An amount
of 2.0 g of powder was placed on the feeding tray of the DPF, the
feeder was switched on, the ‘airflow’ dial was set to ‘airflow’ and
the flow rate was allowed to stabilise for 1 min. The vacuum pump
connected to the NGI was then started and the DPF ‘airflow’ dial
switched to ‘feed’ simultaneously for a period of 20 s. The vacuum
pump was then switched off and the DPF ‘airflow’ dial changed
back to ‘airflow’. Powder deposits on each NGI cup (Fig. 2) were
transferred onto clean, labelled sheets of paper with the aid of a
spatula. Each NGI cup was then replaced in its position as labelled,
the NGI re-assembled and the vacuum pump and the powder feed
restarted as described above. This procedure was repeated until
the DPF feeding tray was empty. Powders were then transferred
from the labelled sheets into sealed glass vials and stored in a



Fig. 1. The experimental arrangement employed for the aerosolisation of SX, FP and FL powders using the Malvern dry powder feeder for fractionation by the NGI.

Table 1
Calculated cut-off diameters (lm) of NGI stages at a
flow rate of 60 L min�1.

NGI stage Cut-off diameter
at 60 L min�1 (lm)

Pre-separator 12.8
1 8.06
2 4.46
3 2.82
4 1.66
5 0.94
6 0.55
7 0.34
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desiccator containing silica gel (Prolabo, VWR International, UK)
until required. The fractionation process was performed in tripli-
cate for each of SX, FP and FL.
2.3. Measurement of particle size using a light-scattering-based
technique

The geometric particle size distribution of samples was deter-
mined by light-scattering using a Malvern Mastersizer X (Malvern
Instruments Ltd., Worcestershire, UK) equipped with a 100-mm fo-
cal length lens (measurement range: 0.5–180 lm) and an MS7
magnetically stirred cell. The active laser beam length was
14.3 mm. SX, FP and a-lactose monohydrate (FL) samples were
dispersed in filtered saturated solutions prior to particle size
measurement. SX and FP were dispersed in SX- and FP-saturated
Fig. 2. NGI tray with collection cups containing lactose d
0.5% (w/v) Span 80 in cyclohexane solutions, respectively, while
lactose was dispersed in a lactose-saturated propan-2-ol solution.
Span 80 (sorbitan monooleate) was obtained from Sigma–Aldrich
Company Ltd. (Dorset, UK), while cyclohexane and propan-2-ol
(both HPLC grade) were obtained from Thermo Fisher Scientific
Inc. (Loughborough, UK). SX, FP and lactose-saturated solutions
were prepared by ultra-sonicating excess amounts of each com-
pound in the relevant dispersant for 2 h. Dispersants were then
stirred by means of a magnetic follower at room temperature over
night. Amounts were removed from these stock solutions, as re-
quired, by means of a glass-syringe and filtered using 0.20-lm cel-
lulose acetate syringe filters (Orange Scientific, Belgium).

Samples were prepared for measurement by placing approxi-
mately 1 mg of powder in an 8-mL glass vial and adding 3 mL of fil-
tered dispersant. The suspension was homogenously dispersed by
placing the glass vial in an ultrasonic water bath (Sonicleaner,
Dawe Ultrasonics Ltd., USA) for 3 min followed by vigorous shaking
for 10 s. Filtered dispersant (approximately 15 mL) was added to
the magnetically stirred sample cell with the stirrer speed set at
four scale units. A sample of dispersed suspension was then added
by means of a Gilson pipette until an obscuration of approximately
20% (±2%) was achieved. Samples were allowed an equilibration
time of 60 s before the first analysis was performed. Each sample
was scanned five times each consisting of 2500 sweeps. Three sam-
ples were analysed from each powder ensuring a different location
in the powder bed was used each time.

The light-scattering patterns of SX, FP and FL were analysed in
accordance with the Lorenz-Mie theory using the software pro-
vided with the Mastersizer machine (version 2.19). The ‘real’
eposits. Stage 1 collection cup is shown on the left.



Table 2
Particle sizes (lm) of original unmicronised SX (Orig. SX), micronised SX (MSX),
original unmicronised FP (Orig. FP) and FL as supplied. The data determined by light-
scattering corresponding to 10th, median and 90th percentile particle volume-
equivalent diameter [mean values ± SD (n = 3)].

Sample D(v, 0.1) D(v, 0.5) D(v, 0.9) D(mode) Span

Orig. SX 3.2 ± 0.4 12.0 ± 0.7 28.6 ± 1.5 15.7 ± 1.0 2.1 ± 0.0
MSX 0.9 ± 0.1 2.7 ± 0.3 6.9 ± 0.6 2.7 ± 0.2 2.3 ± 0.2
Orig. FP 1.0 ± 0.3 4.1 ± 0.3 11.2 ± 0.5 4.3 ± 0.2 2.5 ± 0.1
FL 0.9 ± 0.2 3.5 ± 0.1 8.9 ± 0.4 3.9 ± 0.1 2.3 ± 0.1
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refractive index values used for SX and FP were 1.623 and 1.570,
respectively, [20] while a ‘real’ refractive index value of 1.533
was used for lactose [21]. The ‘imaginary’ component of the refrac-
tive index used for SX, FP and FL was 0.1. The refractive indices of
cyclohexane and propan-2-ol were taken as 1.426 and 1.378,
respectively.

2.4. Scanning electron microscopy (SEM) of fractions

A small amount of each sample was transferred using a spatula
onto a glass cover slip which had been adhered to an SEM alumin-
ium stub using double-sided adhesive tape. The stub was then
gently tilted and rotated while being tapped using a spatula caus-
ing the powder to form a thin layer and any excess to be removed.
The powder-containing SEM stubs were then sputter coated with
gold using a Polaron E51000 gold coating machine (Polaron Equip-
ment Ltd., Quorum Technologies, Newhaven, UK). The thickness of
the gold layer was approximately 15 nm. Electron microscopy was
carried out using an FEI Quanta 200F field emission environmental
scanning electron microscope (FEI Company, Eindhoven, The Neth-
erlands). SEM analysis was performed under high vacuum using a
beam-voltage of 5.0 kV and an ETD detector from a working dis-
tance of 10–15 mm.

2.5. Data analysis

The stage cut-off diameter at a flow rate of 60 L min�1 of the
NGI stage at which the powder was deposited together with the
cut-off of the preceding stage was used to calculate the geometric
mid-range values (denoted herein as M) given by:

cut-off mid-range ðMnÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
stagen � stagen�1

p
ð1Þ

where (n) and (n � 1) are the numbers of the stage on which the
powder is collected and the stage preceding it, respectively. For
deposits on stage 1, the cut-off diameters of stage 1 and the pre-
separator, 8.06 lm and 12.8 lm, respectively, were used producing
a cut-off mid-range value of 10.16 lm.

D(v, 0.5) is the median particle equivalent diameter in the vol-
ume distribution while D(v, 0.1) and D(v, 0.9) are the 10th and
90th percentiles, respectively, of the cumulative volume-based dis-
tribution of particle equivalent diameters. The mode diameters
[D(mode)] reported represent the mode having the highest fre-
quency in cases where more than one mode was present.

The spread of particle diameters is given by the ‘span’ where:

span ¼ dðv ;0:9Þ � dðv ;0:1Þ
dðv;0:5Þ ð2Þ
Table 3
Mean amount (±SD) of powder collected on each NGI stage following aerosolisation
using the DPF (n = 3). The total amount aerosolised in each run was 2.0 g.

NGI stage Amount (mg)

SX FP FL

Stage 1 98.0 ± 18.2 135.3 ± 22.9 97.4 ± 13.2
Stage 2 228.8 ± 36.3 236.8 ± 37.0 245.5 ± 39.2
Stage 3 392.2 ± 60.0 338.3 ± 54.8 401.1 ± 78.1
Stage 4 553.6 ± 100.7 441.3 ± 82.7 544.6 ± 99.2
Stage 5 130.7 ± 21.7 121.8 ± 21.7 145.5 ± 37.1
Stage 6 65.4 ± 14.2 81.2 ± 12.2 55.4 ± 10.2
Stage 7 4.9 ± 5.7 3.4 ± 2.2 4.3 ± 3.6
MOC 1.8 ± 1.4 1.5 ± 1.5 1.1 ± 2.1

Total 1475.4 ± 273.0 1359.6 ± 178.1 1494.9 ± 241.1
3. Results

3.1. Micronisation results

SX was successfully micronised producing a sample having a
median particle size of 2.67 lm from the original powder which
had a median size of 11.99 lm (Table 2).

When micronised SX was fed into the microniser, a smaller par-
ticle size was obtained initially, but this double-micronised sample
was unstable and a large second particle size mode of 9.25 lm ap-
peared in light-scattering-based particle size measurements upon
storage for approximately 1 week. The suppliers of FL (Friesland
Foods Domo Ltd., Chester, UK) claimed that the Lactohale 300 sam-
ple used had D(v, 0.1), D(v, 0.5) and D(v, 0.9) values of 3.0, 5.0 and
8.0 lm, respectively. However, the median particle size of FL was
found to be <5 lm (Table 2). Despite the apparent difference in
these values, both sets of data confirmed the sample to be of a
suitable ‘respirable’ particle size. FL was, therefore, used in the
fractionation process as supplied without further particle size
reduction.

3.2. Deposition per NGI stage

The quantity of powder deposited on a given NGI stage varied
considerably between the different compounds (Table 3). How-
ever, similar trends of relative deposition on the different stages
were observed with all compounds. For the three powders, the
greatest amount of deposition was achieved on stage 4 followed
by stages 3 and 2, respectively. More was typically deposited on
stage 5 than stage 1 for SX and FL while the reverse was obtained
with FP. Very small amounts were deposited on stages 7 and MOC
for all three compounds rendering it difficult to obtain a sufficient
sample size for full analysis. Out of the total 6 g aerosolised in each
case, the percentage mean recovery was 74%, 68% and 75% for SX,
FP and FL, respectively. The remainders in each case constitute
deposits in the pre-separator as well as powder losses which oc-
curred during the experiment.

3.3. The aerodynamic fractionation of SX

The particle sizes of SX fractions recovered from NGI stages 1–6,
respectively, were sequentially smaller (Table 4 and Fig. 3). Depos-
its on stage 1 produced a geometric volume-equivalent median
particle size of 8.96 lm while particles recovered from stage 6
had a median size of 1.28 lm. D(v, 0.1) and D(v, 0.9) values also de-
creased successively for powders deposited on stages 1–6, respec-
tively. The micronised SX (MSX) powder used to produce the
fractions had a pre-fractionation median size of 2.67 lm. When
comparing the geometric median size obtained from each NGI
stage, all fractions were significantly different (ANOVA, p < 0.05).
In addition, fractions had a significantly smaller spread in particle
size compared to the pre-fractionation MSX powder, as indicated
by their lower span values (ANOVA, p < 0.01; Table 4). Plots of geo-
metric median diameter and D(mode) against stage cut-off mid-
range values (M) produced linear relationships with correlation
co-efficient (r2) values of 0.985 and 0.975, respectively (Fig. 5).
Both correlations were statistically significant (p < 0.0001).



Table 4
Mean (±SD; n = 3) particle size distribution (lm) of SX original powder (orig. SX),
micronised powder (MSX) and SX fractions (produced from the aerosolisation of MSX)
deposited on NGI stages (n = 3). The data determined by light-scattering correspond-
ing to 10th, median and 90th percentile particle volume-equivalent diameter. ‘M’
values represent the stage cut-off mid-range values (lm).

Sample M D(v, 0.1) D(v, 0.5) D(v, 0.9) D(mode) Span

S1 10.2 2.9 ± 0.2 9.0 ± 0.6 18.7 ± 1.2 10.8 ± 0.8 1.8 ± 0.0
S2 6.0 2.1 ± 0.1 6.2 ± 0.4 12.0 ± 0.6 7.4 ± 0.5 1.7 ± 0.0
S3 3.6 1.4 ± 0.4 4.4 ± 0.3 9.0 ± 0.7 5.2 ± 0.3 1.7 ± 0.0
S4 2.2 1.0 ± 0.3 3.2 ± 0.2 6.7 ± 0.5 3.5 ± 0.5 1.8 ± 0.1
S5 1.3 0.7 ± 0.1 2.1 ± 0.4 4.7 ± 0.5 2.6 ± 0.3 1.9 ± 0.2
S6 0.7 0.6 ± 0.3 1.3 ± 0.2 3.1 ± 0.2 0.9 ± 0.2 2.0 ± 0.5
MSX – 0.9 ± 0.1 2.7 ± 0.3 6.9 ± 0.6 2.7 ± 0.2 2.3 ± 0.2
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Fig. 3. The geometric volume-equivalent particle diameter of SX fractions recovered fro
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Frequency versus particle size plots (Fig. 3) showed broadly uni-
modal distributions but with each containing a smaller ‘shoulder’
at �0.90 lm. The size of the smaller shoulder appeared to progres-
sively increase as the nominal stage cut-off limit decreased (S1–S4,
respectively). Fraction S5, however, displayed a second mode at
0.95 lm while S6 contained a second mode in the size distribution
at 2.20 lm. SEM images of fractionated samples show a less dis-
perse size distribution than unfractionated SX samples (Fig. 4).
3.4. The aerodynamic fractionation of FP

Similar to SX, FP fractions produced a sequential decrease in
geometric median size when recovered from NGI stages 1–6,
10 100

(a)

meter (µm)

10 100
meter (µm)

(b)

m NGI stages 1–6. The mean frequency (a) and % undersize (b) are plotted against



Fig. 4. Representative SEM images of unfractionated SX (a) and fractionated SX samples recovered from NGI stages: S2 (b) and S5 (c). Please note the different scale in image
(a).
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fractions. The graph shows plots of light-scattering-based geometric median [D(v, 0.5)] and mode diameters [D(mode)] versus NGI stage cut-off mid-range values (n = 3).
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respectively (Table 5 and Fig. 6). The original FP had a geometric
median size of 4.10 lm and D(v, 0.1) and D(v, 0.9) values of
0.99 lm and 11.21 lm, respectively. All measured diameter values,
including D(v, 0.1), D(v, 0.5), D(v, 0.9) and D(mode), showed a



Table 5
Mean (±SD; n = 3) particle size distribution (lm) of FP original powder (Orig. FP) and
FP fractions deposited on NGI stages (n = 3). The data determined by light-scattering
corresponding to 10th, median and 90th percentile particle volume-equivalent
diameter. ‘M’ values represent the stage cut-off geometric mid-range values (lm).

Sample M D(v, 0.1) D(v, 0.5) D(v, 0.9) D(mode) Span

S1 10.2 1.8 ± 0.2 5.7 ± 0.2 11.7 ± 0.6 7.1 ± 0.4 1.7 ± 0.0
S2 6.0 0.9 ± 0.1 3.3 ± 0.1 7.0 ± 0.3 3.7 ± 0.4 1.9 ± 0.0
S3 3.6 0.8 ± 0.1 2.5 ± 0.3 4.7 ± 0.4 2.9 ± 0.3 1.5 ± 0.1
S4 2.2 0.7 ± 0.3 1.7 ± 0.1 3.6 ± 0.4 2.2 ± 0.2 1.7 ± 0.1
S5 1.3 0.7 ± 0.3 1.4 ± 0.1 2.8 ± 0.2 1.4 ± 0.3 1.6 ± 0.1
S6 0.7 0.6 ± 0.3 1.1 ± 0.1 2.5 ± 0.3 0.9 ± 0.2 1.7 ± 0.2
Orig. FP – 1.0 ± 0.3 4.1 ± 0.3 11.2 ± 0.5 4.3 ± 0.2 2.5 ± 0.1
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particle diameter (lm). n = 3.
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consistent sequential decrease in size for the powder fractions
recovered from stages 1–6, respectively, which correspond to
mid-range aerodynamic cut-off values of 10.2–0.7 lm. The geo-
metric median diameters of FP samples recovered from each stage
were significantly different (ANOVA, p < 0.05). All stages produced
samples with significantly smaller span values compared to the
original FP powders. EM images of fractionated FP samples show
a less disperse particle size distribution compared to unfraction-
ated FP samples (Fig. 7)

A plot of the geometric median and mode diameters of FP frac-
tions against the NGI stage cut-off mid-range values produced
highly significant linear relationships (p < 0.0001; Fig. 8). The r2
10 100

(a)

meter (µm)

10 100
meter (µm)

(b)

m NGI stages 1–6. The mean frequency (a) and % undersize (b) are plotted against



Fig. 7. Representative SEM images of unfractionated FP (a) and fractionated FP samples recovered from NGI stages: S2 (b) and S5 (c). Please note the different scale on the
images.
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Fig. 8. Linear correlation between the geometric (as determined by light-scattering-based measurements) and aerodynamic particle size (as determined by the NGI) of FP
fractions. The graph shows plots of light-scattering-based geometric median [D(v, 0.5)] and mode diameters [D(mode)] versus NGI stage cut-off mid-range values (n = 3).

290 M. Taki et al. / European Journal of Pharmaceutics and Biopharmaceutics 77 (2011) 283–296
values for the median and mode plots were 0.991 and 0.980,
respectively. Similar to SX, the mode plot produced a steeper line
with a statistically insignificant intercept (p > 0.05). Fractions
deposited on stages 2 and 3 produced a large mode plus a second



Table 6
Mean (±SD; n = 3) particle size distribution (lm) of micronised FL (MFL) and FL
fractions deposited on NGI stages (n = 3). The data determined by light-scattering
corresponding to 10th, median and 90th percentile particle volume-equivalent
diameter [mean values ± SD (n = 3)]. Light-scattering patterns were analysed accord-
ing to the Lorenz-Mie theory with the FL ‘real’ and ‘imaginary’ refractive indices set at
1.533 and 0.1, respectively, (1.533 + i0.1). ‘M’ values represent the stage cut-off mid-
range values (lm).

Sample M D(v, 0.1) D(v, 0.5) D(v, 0.9) D(mode) Span

S1 10.2 1.2 ± 0.1 6.7 ± 0.3 19.7 ± 0.7 8.1 ± 0.3 2.8 ± 0.0
S2 6.0 1.0 ± 0.2 4.5 ± 0.4 10.2 ± 0.5 6.1 ± 0.4 2.0 ± 0.1
S3 3.6 0.9 ± 0.1 3.2 ± 0.2 6.4 ± 0.2 3.8 ± 0.3 1.7 ± 0.1
S4 2.2 0.9 ± 0.2 2.4 ± 0.3 4.4 ± 0.2 2.6 ± 0.1 1.5 ± 0.2
S5 1.3 0.8 ± 0.2 1.9 ± 0.3 3.7 ± 0.3 2.2 ± 0.2 1.6 ± 0.2
S6 0.7 0.6 ± 0.3 1.1 ± 0.2 2.9 ± 0.1 0.9 ± 0.1 2.0 ± 0.4
MFL – 0.9 ± 0.2 3.5 ± 0.1 8.9 ± 0.4 3.9 ± 0.1 2.3 ± 0.1
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small ‘shoulder’ at �0.92 lm while fractions 1, 4, 5 and 6 produced
broadly uni-modal size distributions (Fig. 6).
3.5. The aerodynamic fractionation of FL

FL was successfully fractionated producing powder fractions
having D(v, 0.5) values between 6.71 and 1.14 lm for stages 1 and
6, respectively (Table 6 and Fig. 9). The FL powder had a pre-fraction-
ation D(v, 0.5) of 3.48 lm. With the exception of FL powder
recovered from S1, samples had smaller span values than the
pre-fractionation FL powder. A plot of light-scattering obtained
median and mode particle diameters versus stage cut-off mid-range
values produced significant linear relationships with r2 values of
0.993 and 0.969, respectively (p < 0.0001; Fig. 11). Particle size
10 100
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10 100
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NGI stages 1–6. The frequency (a) and % undersize (b) are plotted against particle



Fig. 11. Linear correlation between the geometric and aerodynamic particle size of FL fractions. The graph shows plots of light-scattering-based geometric median and mode
diameters versus NGI stage cut-off mid-range values (n = 3).

Fig. 10. Representative SEM images of unfractionated FL (a) and fractionated FL samples recovered from NGI stages: S2 (b) and S5 (c). Please note the different scale in image
(a).
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distribution plots revealed that samples S1–S3 had broad ‘tails’
extending to the smaller limit of the particle diameter range
(Fig. 9). FL SEM images showed a less disperse size distribution in
fractionated samples compared to the unfractionated one (Fig. 10).



Fig. 12. Schematic presentation of the forces acting on a particle during terminal settling (left) and inertial impaction (right) at three locations (A–C) after leaving the nozzle
of an impactor, where Fdrag is the drag force, Fg is the force of gravity, and Fc is the centrifugal force (Adapted from [38]).
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4. Discussion

Successful micronisation by air-jet milling was achieved with
SX producing a sample having a D(v, 0.5) value of 2.67 lm. The
highly disruptive air-jet milling process has been shown to in-
crease markedly the amorphous content of the powder particularly
at the particle surface level [1]. The high energy surface may
undergo solid-phase transformations as well as preferential disso-
lution in condensed water vapour followed by re-recrystallisation
into a more stable polymorph – possibly producing solid bridges
in the process. FP, on the other hand, had been crystallised by its
manufacturers with a median particle size of 4.10 lm.

In the present study, a Malvern QSpec dry powder feeder was
employed to aerosolise SX, FP and FL powders. In the Malvern
QSpec DPF, powder dispersion is achieved by accelerating particles
within a compressed air stream together with particle–particle and
particle–wall collisions [22]. The use of the DPF resulted in suc-
cessful fractionation of SX, FP and FL powders with good recovery.
The relative amount of powder depositing on a given NGI stage
varied considerably (Table 3). The proportion of powder, by weight,
depositing on stage 4 was the largest followed by stage 3. The mid-
range NGI cut-off limits of stages 3 and 4 at a flow rate of
60 L min�1 are 3.6 and 2.2 lm, respectively, with particles having
a nominal aerodynamic diameter between 1.66 and 4.46 lm ex-
pected to deposit on one of the two stages. The greater deposition
on stages 4 and 3 observed may be expected given that SX and FL
powders had already been micronised to median sizes within the
1.66–4.46 lm range (Tables 4 and 6, respectively) and that the sol-
vent-crystallised FP powder used in the fractionation process had a
measured median size of 4.10 lm (Table 5). Additionally, with the
FP powder having the largest pre-fractionation D(v, 0.5) and
D(v, 0.9) values, a greater percentage of pre-separator deposition
was expected and was observed – as FP had the lowest total recov-
ery from NGI stages (68%, Table 3) compared to SX and FL.

The median diameter D(v, 0.1) and D(v, 0.9) values for fractions
recovered from stages 1–6 of the NGI increased sequentially con-
firming that successful fractionation had taken place for all of SX,
FP and FL. Cumulative frequency versus particle diameter plots
for fractions recovered from stages 1–6 for all three powders
showed lines that were generally parallel and equally spaced along
the x-axis (Figs. 3b, 6b and 9b). In each case, fractions had smaller
span values compared to the pre-fractionation powder as expected,
except for the FL-S1 fraction (Table 6). This may have resulted from
some particles depositing in the lower compartment of the
pre-separator becoming detached and falling into the stage 1 cup
during one of the disassembly routines at some stage in the FL
fractionation process.
A degree of overlap between the frequency versus particle
diameter plots of fractions recovered from NGI stages was ob-
served for all three powders (Figs. 3a, 6a and 9a). An ideal impactor
should show no overlap between the efficiency curves of its stages.
However, a small degree of overlap has been demonstrated be-
tween the efficiency curves of the stages of available impactors
including the NGI [23,24]. Nevertheless, the degree of overlap ob-
served in the frequency versus geometric particle size plots was
larger than that observed in the calibration of the NGI [25]. Separa-
tion of particles in the NGI is based on the aerodynamic size of the
particle. The aerodynamic size is a function of the particle’s density
and shape as well as its geometric size. Consequently, two different
particles may have different geometric diameters despite sharing a
similar aerodynamic particle size and vice versa. Therefore, the ob-
served overlap between the geometric size of particles recovered
from different NGI stages does not necessarily reflect a similar de-
gree of overlap in their aerodynamic size.

Some overlap in the frequency versus geometric particle size
plots could also be due to the assumption that a portion of particles
deposit on NGI stages as agglomerates. Despite the high dispersion
efficiency of the DPF, some strongly adhered particles may still be
entrained as agglomerates. Once dispersed in a liquid medium
with the aid of ultrasonication, these agglomerates are likely to
break-up producing multiple small particles which skew the laser
diffraction particle size distribution towards smaller sizes. Such
strongly held agglomerates are unlikely to be dispersed upon aero-
solisation using a typical DPI device.

Cascade impactors, including the NGI, have been shown to suffer
from a small degree of ‘particle bounce’, where a particle may depos-
it on a given NGI stage but becomes re-entrained in the air stream
and consequently deposits on another NGI stage with a smaller
nominal cut-off diameter [26,27]. Particle bounce can be minimised
by coating the impaction plates with a viscous liquid [28]. However,
the use of stage coating is inappropriate in this study, as deposits will
not be recoverable in a dry powder form. The necessary omission of
stage coating may have resulted in an increased degree of particle
bounce and a consequent increased overlap between the frequency
curves of samples recovered from different NGI stages. Particle
bounce is expected to result in an underestimation of aerodynamic
size particularly in samples deposited on the earlier NGI stages
due to higher Reynolds numbers in stages having larger cut-off
diameters [24]. However, the geometric particle size measurements
of recovered FP and FL fractions were generally smaller than their
nominal aerodynamic sizes for powders collected in stages 1–3
(Tables 4 and 6) which may suggest that the effect of particle bounce
on the particle size distribution of fractionated powders was not
important. In SX, the geometric sizes were generally larger than
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the aerodynamic ones, except for SX-S1 (Table 4). However, consid-
ering that the experimental parameters were similar for all three
compounds and that a highly linear correlation between aerody-
namic and geometric SX measurements was obtained (Fig. 5), the ef-
fect of particle bounce on SX may also have been unimportant.

Considering the frequency versus particle diameter plots for SX,
FP and FL fractions (Figs. 3a, 6a and 9a, respectively), peak shapes
for fractions 1–4 were generally symmetrical with some tailing to-
wards smaller particle diameters. Such tailing and/or secondary
modes may have resulted from agglomerated fine particles depos-
iting on stages with larger nominal cut-off limits. The small parti-
cle sizes of the pre-fractionation powders were expected to render
them highly cohesive. Agglomerates that might have been aeroso-
lised without effective de-agglomeration may be expected to have
an aerodynamic size akin to that of a single particle with a similar
size, shape and density to those exhibited by the agglomerate
rather than an aerodynamic size corresponding to the primary par-
ticles forming the agglomerate. Such agglomerated particles, there-
fore, may deposit on stages with larger nominal cut-off diameters
than expected. However, when powders are recovered and pre-
pared for measurement by the Malvern Mastersizer, samples are
suspended in a liquid and subjected to ultrasonic waves resulting
in the break-up of agglomerates into their primary particles. Such
particles may appear as a ‘tail’ in the frequency versus particle
diameter plots. It is also possible that these tails may have resulted
from slight errors in the imaginary component of the refractive in-
dex used in calculations performed by the Mastersizer [29,30].

Correlations between droplet/particle size measurements ob-
tained via light-scattering and inertial impaction have been re-
ported using nebulised solutions [31,32], pMDI generated sprays
[33,34] and DPI aerosols [17,35–37]. Researchers have generally
quantified the deposits recovered from various impactor stages
to obtain overall MMAD and GSD values which were then com-
pared to equivalent light-scattering-derived measurements ob-
tained from analyses performed on the powder. Effectively,
comparisons are based on a single MMAD of a given aerosolised
sample. However, there are no published reports comparing a ser-
ies of samples with small aerodynamic differences to geometric
measurements obtained for narrow-distribution samples within
the size range of respirable particles. In this study, the generation
of several samples containing particles grouped on basis of their
aerodynamic size provided a unique opportunity for producing
correlations between the aerodynamic and geometric size of respi-
rable particles on basis of multiple samples.

The drag force acting on a particle suspended in air under lam-
inar flow conditions can be expressed in terms of Stokes’ law:

Fdrag ¼
3pgdp vV

Cc
ð3Þ

where Fdrag is the drag force, g is the viscosity of air, dp is the particle
diameter, v is the dynamic shape factor of the particle, defined as
the actual resistance force acting on the particle relative to the
resistance force acting on a spherical particle having the same vol-
ume and velocity, V is the air velocity and Cc is the Cunningham slip
correction factor [5].

When the particle reaches its terminal settling velocity, it is
acted upon by two forces that are equal in magnitude and opposite
in direction. They are the drag force (Fdrag) and the force of gravity
(Fg). Therefore:

p
6

d3
p qp g ¼ Fg ¼ Fdrag ¼

3pgdpvVts

Cc
ð4Þ

where dp is the particle diameter, qp is the particle density, g is the
gravitational acceleration, g is the viscosity of air, v is the dynamic
shape factor of the particle, Vts is the terminal settling velocity of
the particle and Cc is the Cunningham slip correction factor.
Consequently:
Vts ¼
d2

p qp g Cc

18gv ð5Þ

Considering that the aerodynamic particle size (dae) is defined as
the diameter of a unit density sphere having the same terminal set-
tling velocity as the particle, dae can be expressed in terms of dp

provided that laminar air flow conditions are maintained and that
the size of the particle is much larger than the mean free path of a
molecule in air ensuring that the medium is continuous (as experi-
enced by the particle), thus avoiding the need for slip correction (Cc):

dae ¼ dp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qp

q0v

� �s
ð6Þ

where q0 is unit density (1 g cm�3). Based on Eq. (6), the gradient of
a line fitted through data points representing the geometric particle
size as measured by the Mastersizer versus NGI stage cut-off mid-
range values is given by:

Gradient ¼
qp

q0v

� ��0:5

ð7Þ

It has been suggested that the crystal density (qp) of most inhaled
drugs is between 1.2 and 1.5 g cm�3 and that dynamic shape factor
(v) values are also P1 for single particles, the two values should
compensate for each other producing similar values for dae and dp

[38]. The actual density values (±SD) of SX, FP and FL crystals are
1.24 (±0.01), 1.40 (±0.01) and 1.55 (±0.02) g cm�3, respectively.
The SX D(v, 0.5) and D(mode) versus aerodynamic mid-range cut-
off limits best-fit lines (Fig. 5) have gradients of 0.790 and 0.990
resulting in calculated v values of 0.77 and 1.21, respectively. For
FP, the D(v, 0.5) and D(mode) best-fit lines’ gradient values were
0.480 and 0.615 resulting in calculated v values of 0.32 and 0.53,
respectively (Fig. 8). The calculated v values for FL were 0.50 and
0.85 resulting from the best-fit lines’ gradient values for D(v, 0.5)
and D(mode) of 0.57 and 0.74, respectively (Fig. 11). Single spherical
particles have a v value of 1 while non-spherical ones have val-
ues >1. Thevvalue for SX D(mode) is well within the expected range,
however, FP and FL values are low. It is possible for the (qp/v) value
to be <1 when small clusters are present particularly as chains of
strongly attached particles [38]. However, the correlation between
dae and dp expressed in Eq. (6) is only valid on basis of several
assumptions including that the particle size is much larger than
the mean free path of a molecule in air (approximately 66.5 nm)
such that the gas medium experienced by the particle can be consid-
ered continuous. This assumption is not fully satisfied particularly
for samples depositing on stage 6 where a large proportion of parti-
cles had a diameter <1 lm. The condition may have not been satis-
fied either for a significant proportion of particles depositing on
other stages (Figs. 3, 6 and 9). Another assumption made in Eq. (6)
for dae to correlate with dp is that laminar airflow conditions are
maintained. It has been suggested that cascade impactors, including
the NGI, should be operated with Reynolds numbers between 500
and 3000 to ensure such laminar flow conditions [23,38]. The Re
numbers for the NGI stages 1 and 2 at 60 L min�1 are 5876 and
2870, respectively [23]. Local violations to laminar conditions may
still exist in areas of sharp change in the direction of air flow even be-
low the upper Re limit of 3000 [38,39].

Particle shape has been shown to influence particle size mea-
surements performed by different techniques to a different degree
which can lead to poor inter-method correlations [40–42]. Light-
scattering-based instruments may under- or over-estimate the size
of non-spherical particles depending on the measurement condi-
tions [43]. Measurement of the aerodynamic particle size by differ-
ent instruments can also vary as a result of particle shape [16].
During the terminal settling of a particle in a stationary air med-
ium, the drag force acting on the particle is constant (Fdrag = Fg).
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In contrast, during inertial impaction and in addition to drag and
gravity forces, a particle is acted upon by a centrifugal force result-
ing from the particle’s change of direction. The centrifugal and drag
forces change depending on the particle’s position between the
impactor nozzle and the impaction plate (Fig. 12). In this dynamic
system of forces, irregularly shaped particles may exhibit a differ-
ent behaviour from that displayed during terminal stationary set-
tling conditions. The particle may start to rotate, constantly
changing its v value, which may result in a different average v
to that exhibited during stationary settling conditions [38]. The
numerical difference observed between dae and D(v, 0.5) and
D(mode) may, therefore, be explained considering the possible vio-
lation of the assumptions made in the derivation of Eq. (6). How-
ever, the small standard deviation values shown in Tables 4–6
and the high statistical significance obtained for the D(v, 0.5) and
D(mode) best-fit lines for all of SX, FP and FL (p < 0.0001) may val-
idate the linear correlations between the aerodynamic and geo-
metric particle size of each of SX, FP and FL samples produced by
aerodynamic fractionation in the present study.

Milling (e.g. jet-milling) is the most widely used method for the
production of micronised particles for use in DPIs, pMDIs and neb-
ulised suspension formulations [44,45]. Milling techniques, how-
ever, suffer from important disadvantages including local heat
generation which may render milling techniques less suitable for
heat-sensitive biopharmaceuticals such as peptides [46,47]. In con-
trast, controlled crystallisation techniques [9,11,14,48] have been
shown to produce highly crystalline respirable particles. However,
crystallisation techniques suffer from disadvantages, including
manufacturing complexity, limited particle size control and being
material-specific necessitating the redevelopment or adaptation
of the method depending on the material being generated in the
micronised state. Spray-drying techniques are well established
but typically produce amorphous particles which can suffer from
solid-state instability problems [49,50]. Furthermore, reported
techniques for the production of micron-sized particles, to-date,
do not offer any degree of precise control over the aerodynamic
size of particles produced. Consequently, the aerodynamic frac-
tionation method presented in this study offers a major advantage
by enabling precise control of the aerodynamic size of particles in a
given sample. The upper and lower aerodynamic size limits of frac-
tions can be easily controlled by the prior choice of the NGI flow
rate and impaction stage for particle collection.

The present method is not material-specific and should result in
no compromise in terms of the chemical and physical stability of
the powder. However, the fractionation technique is not a micron-
isation method in its own right and cannot be used without having
particles of the desired size present in the pre-fractionation pow-
der mix, and this consequently results in an added step in the pro-
duction of the micron-sized particles. In the present study, SX and
FL were micronised prior to fractionation while FP was simply sol-
vent-crystallised following synthesis. However, the production of
micro-particles in a ‘crude’ mix is a readily achievable process
since almost all respirable powders undergo a crystallisation pro-
cess at some point following their chemical synthesis in solution.
A compound can be easily precipitated from solution ensuring
the production of ‘some’ micron-sized particles in the process,
regardless of the presence of larger particles, such as by the addi-
tion of a solution containing the material into an anti-solvent with
efficient mixing. Such a ‘crude’ mix of particle sizes produced by
crystallisation followed by fractionation should result in narrow
size distribution powders containing largely crystalline particles
in the desired aerodynamic size range. The whole process of pro-
duction and fractionation may well be less costly and time con-
suming than micronisation or spray-drying, let alone developing
a compound-specific micronisation-by-crystallisation technique.
However, considering the impactors available at present, the
fractionation method is not likely to be an efficient production-
scale process for obtaining micron-sized particles. Nonetheless,
this study demonstrates the concept of aerodynamic fractionation
as a preparative technique. The main principles discussed herein
can be adapted, such as through the use of a virtual impactor or
a train of cyclones, to allow for a high throughput scalable process.

Nevertheless, the present fractionation method should offer a
valuable research tool that can produce unique narrow-distribution
samples of controlled aerodynamic sizes allowing for focused inves-
tigations into the effect of small changes in particle size on the
in vitro and in vivo performance of aerosols. Powders produced by
the fractionation method can be particularly useful for investigating
the fundamental drug–drug and/or drug–excipient interactions in
multi-component formulations (e.g. combination products) through
the production of samples having ‘equivalent’ aerodynamic size dis-
tributions. Such a technique would be applicable to the generation of
various drugs and excipients in a suitable size for inhalation. Pow-
ders produced by fractionation may also be employed for investigat-
ing the role of physico-chemical properties other than particle size
distribution in determining aerodynamic deposition. The produc-
tion of aerodynamically equivalent fractions is feasible enabling
deposition discrepancies resulting from differences in the particle
size distribution of the primary powders to be minimised. Addition-
ally, comparisons between aerodynamically equivalent primary
powders produced by the various micronisation techniques, such
as controlled crystallisation, milling and spray-drying, can be made.

5. Conclusion

Despite the availability of various methods for the production of
micron-sized particles, such as, milling, controlled crystallisation
and spray-drying, precise control of the aerodynamic size distribu-
tion of powders produced by available methods remains a chal-
lenge. In the present study, SX and FL powders were jet-milled.
Crystallised FP and jet-milled SX and FL samples were then aerody-
namically fractionated using a system comprising the Malvern
QSpec dry powder feeder and the NGI. Fractions were then recov-
ered from NGI stages and had their particle size distributions as-
sessed by light-scattering.

The fractionation process was successful for all powders produc-
ing significant linear correlations between the pre-set aerodynamic
cut-off limits and geometric size measurements. For each of SX, FP
and FL, sufficient powder quantities were recovered from NGI stages
1–6 producing six fractions with sequential aerodynamic and geo-
metric particle size distributions. Light-scattering particle size mea-
surements confirmed that fractions had narrow geometric particle
size distributions with mean span values for SX, FP and FL of 1.80,
1.68 and 1.93, respectively, compared to the original powders which
had span values of 2.25, 2.49 and 2.27, respectively.

The fractionation method described in the present study was
efficient and reproducible for all powders studied (SX, FP and FL).
The method can be equally applied to various drugs and excipients
regardless of their previous method of production, including crys-
tallisation, spray-drying and milling. The present method may,
therefore, be used to compare and contrast samples produced by
different techniques.

The fractionation method may have advantages over available
techniques particularly in terms of producing aerodynamically
equivalent samples. Such samples may be advantageous including
when used to investigate drug–drug and drug–excipient interac-
tions in combination formulations.
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