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Purpose. At present, there is no published data examining the effect of relative humidity on the

electrostatic charges of dry powder inhaler aerosols. The charging behaviour of two commercial

products, Pulmicort\ and Bricanyl\ Turbuhalers\, were investigated using an electrical low pressure

impactor (ELPI).

Methods. ELPI was successfully modified to disperse the aerosols at 60 l/min. Four doses from each new

inhaler were sampled at 15, 40, 65, and 90% RH. Particles deposited on the impactor stages according to

their aerodynamic diameters and their charges were measured simultaneously by the electrometers. The

drug in each size fraction was quantified using HPLC.

Results. Both products generated bipolar charges. The charging behaviour of the two types of inhaler

showed different humidity dependence although the mass output was not significantly affected. The

absolute specific charge of budesonide fine particles from Pulmicort\ was the lowest at 40% RH but

increased at lower and higher RHs. In contrast, the terbutaline sulfate fine particles from Bricanyl\

followed the expected trend of charge reduction with increasing RH.

Conclusions. The distinct trends of charging of aerosols from Pulmicort\ and Bricanyl\ Turbuhalers\

was explained by differences in hygroscopicity and other physicochemical factors between the two drugs.
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INTRODUCTION

Dry powder inhalers (DPIs) are popular for delivering
pharmaceutical aerosols to the lungs. Although the aerosol
characteristics of DPIs such as particle size and mass output
have been evaluated extensively for many years, their
electrostatic properties are poorly studied. Electrostatic
deposition is one of the five major mechanisms of aerosol
deposition in the lungs (1). Computer modelling and limited
in vivo inhalation studies conducted on human subjects
indicate that electrostatic charges may affect total and
regional deposition in the lungs (2–7). Electrostatic charges
enhance deposition by increasing attractive forces to airway
surfaces via the space charge force and the image charge
force. The space charge force is the repulsion between
charged particles in an aerosol cloud (8). The image charge
force is the attraction between a charged particle and its
image charge on a surface. Although human airways are
normally electrically neutral, image charges with equal
magnitude and opposite polarity to the charged particles
may be induced on the surfaces, especially inside small
airways in the peripheral lung (4,7). Thus knowledge of
pharmaceutical aerosol charging is important in understand-
ing particle deposition and drug delivery to the lungs.

Aerosol dispersion from DPIs is a mechanical process in
which particles inevitably undergo electrification through
contact with, and friction against, solid surfaces (9). This
charging process is termed triboelectrification. However, the
fundamental charging mechanism of insulators, such as
pharmaceutical solids, is not well understood (10,11). On
the other hand, contact charging between metals is the most
thorough model for solid electrification and often serves as
the basis for understanding charging of other materials
(10,12). Each metal has a unique work function, defined as
the energy required to remove a valence electron from an
atom (10,12). When two different metals establish contact,
electrons flow from the metal with the lower work function to
that with the higher. A potential difference, called contact
potential, is thus generated across the metal surfaces.
Oppositely charged metals are obtained when the two parts
are separated in an insulated system (12). Although the
metal–metal charging model is not directly applicable to
insulators, the concept of work function facilitates interpre-
tation of charging phenomena in non-metals. However,
surface characteristics and electron energies of insulators
are ill-defined thus their charging is complex and difficult to
control (10). Triboelectrification is sensitive to ambient
relative humidity, temperature, surface impurities, surface
roughness, area of contact, and other physicochemical factors
(9,12,13). In addition, frictional charging also generates heat,
which further reduces the predictability of the outcome (13).

Electrostatic charges generated from metered dose
inhalers have been previously measured using an aerosol
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electrometer apparatus that was built in-house (14–17). The
instrument is essentially a two-stage impactor with a Faraday
pail serving as the second stage for collecting fine particles
<5.8 mm at an airflow of 45 l/min. The net charge on the fine
particle mass was measured with an electrometer. The setup
is limited as the bipolar charges among different size
fractions could not be discerned as only the net charge is
detected. The drawback has been overcome with a modified
setup of the electrical low pressure impactor (ELPI), the
details of which were described elsewhere (18–20). Essen-
tially, particles are sized by aerodynamic impaction into 13
size fractions. Twelve of these stages are connected to
individual electrometers that measure the net charge of each
size fraction. The ELPI provides a high resolution of size
classification and can detect variation of net charge within the
various size fractions. Both the size and charge are measured
simultaneously. The current ELPI marketed by Dekati,
Finland only operates at 10 or 30 l/min, which are too low
for common pharmaceutical DPIs. In the present study the
ELPI setup was further modified to aerosolise at 60 l/min.

In previous papers the ELPI had been applied to the
measurement of charges from metered dose inhalers (19,20).
The present study focuses on the Pulmicort\ and Bricanyl\

Turbuhalers\, both of which are drug-only DPIs with no
carriers or excipients. They represent the simpler formula-
tions for understanding charging behaviour, as compared
with binary systems with carriers. Furthermore, they are two
of the few drug-only DPI products on the market. Lastly, the
two products have the same inhaler design and share the
same dispersion mechanism for the powders. This eliminates
one variable and facilitates data interpretation when com-
paring the charging of the two drugs.

The Turbuhaler\ is a breath-actuated, multi-dose DPI
with a powder reservoir. To protect the powder from
moisture, the inhaler has an internal dessicant compartment
and an external tight-fitting screw cap covering the whole
device (21). The drug powder and dessicant are contained in
separate compartments. The moisture-proof design of the
inhaler had been shown to be efficient in vitro (22,23) and in

vivo (23–25). Thus patients are instructed by the manufac-
turer to keep the cap tightly closed when the inhaler is not in
use. The primary particles of the powder are 2–4 mm in size
(26). These are co-spheronised by tumbling to form free-
flowing agglomerates (27). Metered doses are individually
dispensed from the reservoir with an internal scraper and
dosing unit prior to each inhalation (21). The resistance to
airflow of Turbuhaler\ is ranked as medium (28,29), thus
60 l/min is a suitable flow rate for the in vitro dispersions as
the flow is readily achievable by patients (27,30) using this
inhaler.

Relative humidity (RH) has long been recognised to
affect triboelectrification. Moisture reduces surface contact,
changes the conductivity or other bulk properties of the
particles, and facilitates charge neutralisation (31). The
improvement of surface conductivity of the particles through
moisture adsorption is the major factor, but changes to bulk
conductivity also occurs via water absorption at high
humidities (32). Similarly, the time constant for charge
relaxation decreases with increasing RH and amount of
adsorbed water on the powder (33). Recently, it was found
that RH had negligible effects on the charging of solids with

low hygroscopicity, such as a-lactose monohydrate (34). On
the contrary, the charging of sodium starch glycolate, a
hygroscopic compound, is inversely related to RH (34).
These indicate that water is the determinant of charge
reduction. Many humidity studies have been conducted on
the charging of bulk powders (31–34) but few on aerosols.
Since the particle size and dose output from DPIs can be
affected by RH (35–37), it is important to investigate the
electrostatic properties. The ELPI has only recently been
used for measuring charges of micronised albuterol with
lactose carriers generated from Rotahalers\ and Inhalators\

under ambient conditions (38). However, there is no
published data at present examining the effect of relative
humidity on the electrostatic charges of dry powder inhaler
aerosols.

The aim of this study was to investigate the charging of
particles from Pulmicort\ and Bricanyl\ Turbuhalers\

dispersed at different RHs.

MATERIALS AND METHODS

Dry Powder Inhalers and Aerosol Electrostatic Charge
Measurement

The two types of DPIs examined in the study were
Pulmicort\ (400 mg budesonide; AstraZeneca, Australia;
Batch 1420061C00) and Bricanyl\ (500 mg terbutaline sulfate;
AstraZeneca, Australia; Batch 3520210B00) Turbuhalers\.
Twelve inhalers of each type were used before expiry. All
were kept in their original packaging under ambient con-
ditions until experimentation.

The ELPI (Dekati, Finland) connected to a vacuum
pump normally operates at an airflow of 30 l/min because the
jet plate of Stage 1 is the flow-limiting critical orifice (39).
The setup was modified to disperse the DPIs at 60 l/min in
this study. The corona charger frame was removed from the
ELPI and was replaced with a stainless steel straight tube, a
Y-piece, and a USP throat (Fig. 1). A plastic unit dose
sampler coupled to another vacuum pump was also
connected to the Y-piece to provide the additional airflow
(Fig. 1). A 47-mm glass fibre type A/E filter (Pall, USA) was
placed inside the unit dose sampler to capture drug
particles. Before each experiment, the flow rate through a
blank Turbuhaler at the throat was checked and adjusted to
60 l/min with both pumps operating at 30 l/min. A silicone
rubber adaptor ring was fitted onto the DPI mouthpieces for
airtight sealing during aerosol sampling. Particle bounce
and re-entrainment were minimised by the application of 90
ml of a 1 g/15 ml solution of silicone fluid (200 Fluid/60000
cSt; Dow Corning, Australia) in cyclohexane (Mallinckrodt,
USA). The solvent was allowed to evaporate before
assembling the impactor stages. The aerosol charges were
measured and recorded using the Dekati ELPIVI 4.0
software with the current range set at 400,000 fA.

The ELPI was enclosed in a polycarbonate box with a
controller (Vaisala HMD60Y temperature and RH transmit-
ter coupled to two Shimaden SR71 controllers; custom made
by Active Instrument Services, Australia) to establish and
maintain the relative humidity (RH) at the ambient temper-
ature (24T2-C). Four RHs were chosen in this study for the
dispersions (15, 40, 65, and 90%), maintained at T5% RH.
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The ELPI was kept at 90% RH only for several hours a day
to avoid damage of the internal electronic components at
prolonged exposures. Electric detection is not affected at
high RHs unless significant condensation is formed on the
Teflon rings separating the ELPI stages, in which case the
inter-stage insulation would be lost (Isherwood, personal
communication, 2006). This did not occur in the present
study and the ELPI functioned normally at all RHs.

Three new inhalers of each DPI product were randomly
assigned for each RH and four doses were individually sampled
from each inhaler for both charge and mass determinations.
Prior to dispersion, each inhaler was put inside the box upright
with the cap closed to condition for one hour at the experimen-
tal RH before the first aerosol sampling.

For dispersion, the ELPI electrometers were zeroed
without flushing. The flushing function is normally used to
pump clean air through the ELPI during the zeroing when
the corona charger is switched on. This prevents disturbances
in the baseline by highly charged particles. No flushing was
used in this study because there was no corona charging. The
inhaler cap was removed, the rubber adaptor fitted onto the
mouthpiece, and both vacuum pumps were switched on.
When a stable zero baseline was obtained the inhaler was
inserted into the throat and kept there until all aerosol
charges from the dose were measured. It was observed that

the background electrical signals were always temporarily
disturbed upon the insertion of the inhaler to the throat.
These disturbances were relatively low in magnitude and
lasted only for a few seconds, after which the signals returned
to a stable zero baseline. Immediately after dose sampling
the inhaler was reinserted into and removed from the throat
three times to generate the blank signals, the mean of which
was calculated and subtracted from the aerosol measure-
ments to account for these effects. The rubber adaptor was
removed from the mouthpiece for chemical assay after the
dispersion and the cap was replaced tightly. The length of
time in which the inhaler was uncapped was less than a
minute. The ELPI stages were then disassembled and the
drug deposits on which were extracted with solvents for
quantification.

Mass Assays of Drug Deposits

Drug deposits were quantified chemically using high
performance liquid chromatography (HPLC), the conditions
for which are summarised in Table I. Fresh standard
solutions were prepared to generate standard curves before
each HPLC run. New Pulmicort\ and Bricanyl\ inhalers of
the same batches as the tested ones were sacrificed to obtain
the drugs for making the standard solutions.

Table I. Chromatographic Conditions for the Chemical Assays

Inhaler Mobile Phasea Columnb
Mobile Phase Flow Rate

(ml/min)

UV Detection

(nm)

Injection Volume

(ml)

Pulmicort\ 600 ml methanol C18 1.5 240 50

400 ml deionised water

Bricanyl\ 600 ml methanol C18 1.0 218 100

400 ml deionised water

1 g sodium lauryl sulfate

aAll mobile phases were filtered through a 0.45-mm filter by vacuum prior to the HPLC runs.
bColumn temperature was 30-C.

Fig. 1. Three-dimensional representation of the modified ELPI setup

suitable for DPIs operating at 60 l/min. Diagram not drawn to scale.
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Pulmicort\

The adaptor, USP throat, Y-piece, straight tube, and
unit dose sampler were each washed exhaustively with 5 ml
of a 20:80 v/v water-in-methanol mixture. The impactor
stages were sonicated for 5 min in beakers containing 5 ml
of the same solvent. The unit dose sampler washing was
centrifuged at 12045�g for 15 min to separate out the filter
fibres before loading into HPLC vials.

Bricanyl\

The drug extraction method was similar to that for
Pulmicort\ except that 5 ml of water was used instead of
water-in-methanol for the adaptor, USP throat, Y-piece,
straight tube, and unit dose sampler. The stages were
sonicated in 5 ml of water and 5 ml of cyclohexane, which
was used to dissolve the silicone fluid to allow the extraction
of the drug into the mobile phase. The liquid mixtures were
centrifuged at 3080�g for 15 min to separate the two phases.
Samples were taken from the aqueous phase for assay.

Data Analysis

The charge on each impactor stage was derived from the
electric current data by calculating the area under the curve
in the current-versus-time plot for that particular stage. The
net charge was calculated from the sum of charges on all
stages. The dose splitting by the modified ELPI setup was
assessed by considering drug deposition downstream from
the Y-piece. The percentage of the total amount deposited in
the ELPI and that in the unit dose sampler to the sum of
these two (which denotes the post Y-piece dose) were
calculated. The ideal dose split ratio is 50:50 between the
ELPI and the unit dose sampler. The emitted dose is the total
drug mass recovered from all the components assayed. The
fine particle dose (FPD) is the sum of drug mass deposits on
Stage 11 (cutoff size=4.04 mm) and below divided by the
fraction of the post Y-piece dose in the ELPI to account for
the fine particles deposited in the unit dose sampler. The fine
particle fraction (FPF) is the percentage of the FPD in the
emitted dose. The specific charge, or charge-to-mass ratio

(q/m), for a given size fraction is the quotient of the charge
and drug mass in that size fraction. The FPD net specific
charge was derived by dividing the net charge (i.e. arithmetic
sum of charges) from Stage 11 and below by the FPD. The
FPD absolute specific charge was obtained in a similar
manner except that the absolute magnitude of charges from
Stage 11 and below was used instead. This parameter reveals
the level of real charges without charge neutralisation by
opposite polarities, which occurs for the FPD net specific
charge. The number of elementary charges per drug particle

(n) in a particular size fraction was estimated by the
following equation:

n ¼ q

m
� �V
e

ð1Þ

where r is the true density of the particles, V the volume of a
particle, and e the elementary charge (1.602�10j19 C). The
particles were assumed to be non-agglomerated, spherical,
non-porous, and have an average true density of 1.5 g/cm3

because pharmaceutical powders generally have true
densities between 1.0 and 2.0 g/cm3 (40). For a given ELPI
stage, V was calculated from the physical particle diameter,
which was derived using the following equation: dp ¼
da �ð Þ�0:5 , where dp is the physical particle diameter, da the
aerodynamic cutoff diameter of the ELPI stage, and r the
true density (1).

The data were analysed statistically using one-way
analysis of variance (ANOVA), followed by the Tukey
multiple comparisons post hoc test (a=0.05) to determine
differences between the means unless specified otherwise. All
statistical procedures were performed with Minitabi Statis-
tical Software 13.31.

Dynamic Water Vapour Sorption

The hygroscopicity of powders from Pulmicort\ and
Bricanyl\ were tested using a dynamic vapour sorption
(DVS) analyser (Surface Measurement Systems, UK)
equipped with a Cahn D-200 microbalance (ATI Instru-
ments, USA). All experiments were conducted at 25-C.
Samples (30–40 mg) of powder tapped out from the drug
reservoir of Pulmicort\ and Bricanyl\ inhalers were loaded
directly into the DVS sample pan. The powders were
subjected to two sorption–desorption cycles from 0 to 90%
RH in 10% RH steps. The step-change criterion was the rate
of weight change (dm/dt)e0.0002 % of the initial weight per
minute over five minutes. A separate powder sample from
Brianyl\ was subjected to another water vapour sorption
scheme to further examine its moisture uptake. After
equilibrating at 0% RH, the RH was changed to 50% and
then sequentially increased to 90% RH at 10% RH steps.
Each step was maintained for eight hours. No desorption was
applied in this scheme. The data were analysed with the DVS
Analysis Suite Version 3.6 (Advanced) (Surface Measure-
ment Systems, UK).

RESULTS

The charge and mass profiles of Pulmicort\ and
Bricanyl\ are shown in Fig. 2. Both products generated
bipolar charges, with the larger particles charging negatively
and the smaller ones positively. The particle size at which the
polarity changed over is different for the two DPIs, despite
the similarity in their mass distributions. Particles larger than
2 and 0.9 mm were negatively charged for Pulmicort\ and
Bricanyl\, respectively. Interestingly, high positive charges
from Bricanyl\ were measured below 0.6 mm, where
negligible drug mass was detected. Since the DPI contains
no excipients, these charges must be due to the presence of a
very small amount of highly charged ultrafine terbutaline
sulfate particles in the aerosol. The Pulmicort\ charge
profiles remained the same at different RHs, whereas those
of Bricanyl\ reduced in magnitude with increasing RH. The
mass profiles for both inhalers remained unchanged from 15
to 65% RH, only slightly lowered at 90% RH.

The dose split ratios between the ELPI and the unit dose
sampler for most of the dispersions were better than 60:40 in
either direction. Thus the aerosols can be considered as evenly
divided by the Y-piece. Fig. 3 shows the emitted doses, FPDs,
FPFs, and FPD absolute specific charges across the different
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RHs. Except for the FPD of Pulmicort\, the mass output of
both DPIs were not significantly affected by the RH.

The effect of RH on the FPD absolute specific charges
was distinctly different for the two inhalers (Fig. 3). The
Pulmicort\ FPD absolute specific charge showed a trough at
40% RH but increased at lower and higher RHs. In contrast,
the trend for Bricanyl\ was simpler, the FPD absolute
specific charge decreased with increasing RH.

The specific charges and the estimated number of
elementary charges per drug particle in the size fractions
with detectable drug mass are presented in Tables II and III.
The FPD net specific charges of Pulmicort\ were all positive
and those of Bricanyl\ were low negative, due to the relative
amount of positive and negative charges in their charge
profiles (Fig. 2). A substantial amount of charges from both
polarities were cancelled out when the net charges of
Bricanyl\ were calculated. For both inhalers, the specific
charges and the number of elementary chargers per drug
particle in each size fraction (Tables II and III) show the
same order of magnitude ranking with respect to RH as that
of the FPD absolute specific charges (Fig. 3). This indicates
that the RH affected particle charging in all size fractions.

The sorption isotherms and weight change profiles for
budesonide and terbutaline sulfate powder samples from
Turbuhalers\ are shown in Figs. 4 and 5. The maximum RH
of 90% was not high enough for deliquescence to occur.
Moisture uptake was 0.17 and 0.25% for budesonide and
terbutaline sulphate, respectively (Fig. 4). After the first
sorption–desorption cycle, budesonide showed a very slight
gross weight loss (<0.01%). On the other hand, terbutaline
sulfate showed comparatively higher gross weight loss (0.1%)

with a large hysteresis loop, which are typical signs of
recrystallisation of amorphous regions (41,42). This indicates
that terbutaline sulfate underwent more recrystallisation
when exposed to moisture, as also evident from the
sequential weight losses at each RH step from 50 to 90%
RH (Fig. 5). The sequential weight loss was reproduced over
this RH range on another terbutaline sulphate sample when
each RH step was maintained for eight hours (Fig. 6).

DISCUSSION

The aim of this study was to investigate the effect of RH
on aerosol charging as there is no published data on this. In
actual patient use the aerosols will always be exposed to the
humid air in the respiratory tract, with the relative humidity
ranging from about 40% RH in the mouth, 60% in the
pharynx, to almost 100% RH in the deep airways (43). Since
the effects of moisture on charging during aerosol generation
were initially unknown, a wide range of RHs were chosen for
a broader coverage, from 15 to 90%.

Pulmicort\ and Bricanyl\ generated aerosols with
bipolar charges but their charging behaviour differed: the
absolute specific charges of fine particles from Bricanyl\

decreased monotonically with increasing RH, whereas the
fine particles from Pulmicort\ carried the highest specific
charges at 15 and 90% RH but lowest at 40% RH.

In the present study, the inhalers were kept under the
specified RH with the cap closed to mimic normal patient use
in the same environment. Dispersion at 60 l/min was
successful with the modified ELPI setup using a Y-piece
and an extra vacuum pump. The 50:50 split ratio was aimed

Fig. 2. Mean charge and mass profiles of Pulmicort\ and Bricanyl\ Turbuhalers\ at different RHs (filled

square, 15%, filled circle, 40%, filled triangle, 65%, filled inverted triangle, 90%). Error bars represent

standard errors (n=12).
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at to obtain a representative sample with the ELPI. The
experimental results show that the dose splitting was
acceptable. Moreover, the emitted dose and FPF yielded
were comparable to those from other studies using conven-
tional impaction methods on the Turbuhaler\ at 60 l/min
(28,44). Thus the modified setup was suitable for measuring
charges of DPI aerosols dispersed at a higher flow rate.

Both Pulmicort\ and Bricanyl\ generated bipolar
charges but the profiles were different. Since the two
products employ the same inhaler, the differences must be
due to drug-specific physicochemical properties, such as
hygroscopicity, amorphous content, and resistivity (see
below). In both formulations the larger size fractions were
negatively charged and the smaller ones positively charged.

Fig. 3. Mean emitted dose, FPD, FPF, and absolute FPD specific charge of Pulmicort\ (white bars) and

Bricanyl\ (grey bars). Error bars represent standard errors (n=12). The columns are designated with a letter

in the middle of a column where applicable. Asterisk letters above a column indicate the corresponding

columns that are statistically different to the one concerned (pe0.05). All statistical differences were

determined using ANOVA followed by the Tukey multiple comparisons test (a=0.05) except that the

Fisher test (a=0.05) was used on the Pulmicort\ FPD plot.
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In a theoretical study by Gallo and Lama (45), work function
decreases with increasing particle size. This implies that
charges can be transferred between particles of different
sizes, even if both are of the same material (45). In particular,
electrons are transferred from the material with the lower
work function to that with the higher (10,12). This implies
that larger particles would be the electron donor due to their
lower work function and should become positively charged.
However, the charge profiles from the present study showed
the opposite trend. It must be noted that the work function
model only provides a simplified analysis of triboelectrifica-
tion from an energetic perspective. The model also assumes
that the only interaction that occurs is the contact between
two spherical particles under idealised conditions. As men-
tioned in the Introduction, many physicochemical factors
contribute to and influence the actual charging process.
During aerosol dispersion, the deaggregation of drug agglom-
erates and the subsequent movement of particles in the
turbulent airstream create numerous physical interactions
inside the inhaler. Drug particles come into contact with each
other, as well as with the interior surfaces of the device, from
the powder reservoir through to the mouthpiece channels.
Indeed, powders became charged immediately after metering
from the reservoir, before aerosolisation (46). Both Bricanyl\

and Pulmicort\ Turbuhalers\ employ the same device
design, but the specific details of the inhaler composition
materials are not available as they are proprietary informa-
tion of the manufacturer. It is not known whether the
device composition materials differ between the two prod-
ucts. However, from visual inspection, the Turbuhaler\

clearly consists of many components made from different
plastics and pigments, which add even more physicochem-
ical variables to the triboelectrification. The aerosol charg-
ing process is therefore very complex and the results do not
necessarily conform to the predictions of the work function
model. Fundamental studies, such as those examining single
impact charging of a particle (47,48), would be needed to
determine the elementary factors that are likely to be
involved.

The number of elementary charges per drug particle was
estimated from the specific charge in the present study. Since
true density is used in Eq. 1, the physical particle diameter,
rather than the aerodynamic diameter, is more appropriate
for calculating the particle volume. However, aerosols
generated from DPIs commonly consist of both primary
particles and agglomerates. Due to the presence of void
space, the apparent density of an agglomerate is lower than
the true density of the primary particles. For instance, the
void fraction of the closet packing arrangement for congruent
spheres is 0.2595 (49), thus the apparent density is 25.95%
lower than the true density. Since n ò r in Eq. 1, the number
of elementary charges per drug particle will also be reduced
by the same proportion. The apparent densities of loosely
packed agglomerates would be even lower. Hence the values
in Table III may be over-estimates.

Comparing the number of elementary charges per drug
particle with those obtained from MDIs in a previous study
(19) reveal that for particles in a given size fraction, those from
DPIs generally carry lower charges. For instance, at 65% RH,
the estimated number of elementary charges for Stage 10 of
Pulmicort\ and Briancyl\ were j16 and j24, respectively.
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On the other hand, the corresponding figures for MDI
particles in the same size fraction measured under ambient
conditions ranged fromj339 to +317 (values recalculated with
the physical particle diameters), depending on the product
(19). The 13 to 20-fold difference between DPI and MDI
charges cannot be sufficiently accounted for by any error in the
assumed true density of 1.5 g/cm3 used in the calculation as the
true density range of pharmaceuticals is relatively narrow (1.0
and 2.0 g/cm3) (40). The higher charges from MDIs may be

due to the high shear stress (force per unit area) experienced
by the particles blasting out from the confined spaces in
the metering valve, valve stem, and the actuator block. The
dimensions of the inhalation and mouthpiece channels in the
Turbuhaler\ are comparatively much larger so the shear stress
should be lower. Consequently triboelectrification would be
less intense in the DPI.

Charges produced from Pulmicort\ 100 mg and
Bricanyl\ 500 mg Turbuhalers\ had been measured by

Fig. 4. Dynamic water vapour sorption isotherms of budesonide and

terbutaline sulfate powders taken from Pulmicort\ and Bricanyl\

Turbuhalers\ (Í Cycle 1 sorption; Ì Cycle 1 desorption; filled triangle,

Cycle 2 sorption; empty triangle, Cycle 2 desorption).

Table III. Estimated Number of Elementary Charges Per Drug Particle for the DPIs Calculated by Eq. 1

Stage 6 7 8 9 10 11 12

Aerodynamic diameter (mm) 0.388 0.621 0.960 1.62 2.42 4.04 6.06

Physical diameter (mm) 0.317 0.507 0.784 1.32 1.98 3.30 4.95

Pulmicort\ 15% RH +4 (2) +5 (1) +11 (6) +13 (4) j12 (16) j205 (88) j653 (472)

40% RH +2 (1) +3 (1) +4 (1) +8 (4)a j10 (10) j193 (60) j370 (170)

65% RH +3 (2) +5 (2) +6 (1) +7 (2)b j16 (6) j154 (57) j468 (198)

90% RH +3 (1) +5 (1) +9 (3) +19 (6)ab j2 (9) j199 (97) j547 (262)

Bricanyl\ 15% RH +4 (1)a +3 (1)ab j5 (1)ab j34 (6)abc j80 (16)ab j190 (54)ab j425 (261)

40% RH +2 (1) +1 (1)b j3 (1)c j22 (4)ade j58 (11)cd j158 (48)c j34 (192)

65% RH +1 (1)a 0 (1)a j2 (1)a j9 (2)bd j24 (8)ac j25 (85)ac j28 (167)

90% RH N/A N/A j2 (1)bc j7 (3)ce j30 (6)bd j59 (47)b j350 (470)

Data presented as mean with standard error in parenthesis (n=12). Means within a DPI type labeled with common letter(s) in the superscript

are statistically different for a given impactor stage (pe0.05).
N/A Not calculated due to negligible drug mass detected.
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Byron et al (46) using the aerosol electrometer apparatus.
The fine particles dispersed from Pulmicort\ under ambient
temperature and RH were positively charged (46). Despite
the difference in the dose of budesonide used, the polarity
agrees with that measured in the present study where most of
the fine particle size fractions were highly positively charged.
Byron et al (46) reported that Bricanyl\ displayed high inter-

and intra-inhaler variations in charge polarity. Electrostatic
measurements in the present study were more reproducible,
as indicated by the short error bars in Fig. 2. However, the
ELPI also provided more detailed information, owing to the
finer divisions of size ranges for charge measurement.
Substantial levels of positive and negative charges <5.8 mm
were measured by the ELPI (Fig. 2). It is likely that Byron et

Fig. 6. Dynamic water vapour sorption weight change profile of

terbutaline sulfate powder from Bricanyl\ Turbuhaler\ with each

RH step maintained for 8 h. Bold line represents the percent change in

weight with respect to the dry weight. Thin line represents the target

RH steps.

Fig. 5. Dynamic water vapour sorption–desorption weight change

profiles of budesonide and terbutaline sulfate powders taken from

Pulmicort\ and Bricanyl\ Turbuhalers\. Bold line represents the

percent change in weight with respect to the dry weight. Thin line

represents the target RH steps.
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al (46) reported low specific charges of terbutaline sulfate
because the bipolar nature of the aerosol could not be
discerned by their setup, hence the net charge of fine
particles would be low in magnitude due to neutralisation
by opposite polarities, as evident from the low FPD net
specific charges derived from ELPI data in the present study.
In addition, the FPD specific charges and the number of
elementary charges per particle of budesonide determined by
the aerosol electrometer apparatus were approximately 4 mC/g
and 200, respectively (46). These are in the same order of
magnitude as the corresponding values obtained in the present
study (Fig. 3 and Table III).

The drawback of describing bipolar charging in terms of
net specific charges is overcome by expressing the data as
absolute charges. From the plots of the FPD absolute specific
charge, Pulmicort\ and Bricanyl\ showed distinctly differ-
ent fine particle charging behaviours with increasing RH.
Triboelectrification generally decreases with increasing RH
(29) but Pulmicort\ did not follow the expected pattern. The
statistical differences indicated for the values in Tables II and
III showed that Bricanyl\ was more sensitive to RH than
Pulmicort\ in particle charging. An explanation of this
apparent anomaly is attempted below.

The dielectric constant of air increases with RH, but the
effect is negligible. Under ambient temperature (22-C) and
pressure (760 mmHg), the dielectric constant of air only
increases by 0.017% if the RH increases from 15 to 90% (50).
Rather, moisture adsorption on a powder is thought to be a
major factor as it reduces interparticulate contacts and
increases the particle surface conductivity, thus facilitating
charge dissipation (29,31–33). Moisture layers form on solid
surfaces when the RH is above about 50% (51). Changes to
the bulk conductivity also occur via water absorption at high
RHs (32). Conversely, RH has negligible effects on the
charging of solids with low hygroscopicity (34).

It should be noted that the charges detected by the ELPI
resulted from a combination of two dynamic and concomi-
tant mechanisms: charge generation from particle deaggre-
gation/dispersion and charge dissipation through exposure to
moisture in the entrained air. Since these processes are
difficult to separate, it cannot be ascertained whether either
one, or both, of them were affected by RH in the present
study. Although moisture is known to enhance charge
dissipation, as discussed above, its possible influence on
charge generation should not be discarded.

In the present study, the Turbuhalers\ have been kept
dry by being tightly capped (27). Thus interactions between
the drug and the moisture in the air were possible only during
the cap-off period. Exposure of the device and powder
surfaces to the specified RH only occurred shortly before
and during the dispersion while the cap was removed, which
lasted for less than a minute, before the cap was replaced. It
is well known that aerosolisation performance can worsen if a
powder was stored for hours under high RH (27,37,52).
However, during short exposures, humidity equilibrium was
unlikely to have been reached, and thus capillary forces or
interparticulate liquid bridging would not have fully devel-
oped (53). The relatively stable mass profiles of Pulmicort\

and Bricanyl\ (Fig. 2) suggest that particle deaggregation
was not adversely affected by capillary forces. Nevertheless,
moisture adsorption on particulate and inhaler surfaces

would have begun after the cap was removed. Indeed, a
brief 3-min exposure of powders prior to their dispersion at
various RHs was shown to reduce the aerosolisation perfor-
mance (35,36) and the degree of influence of RH was
dependent on the salt form of the drug (35). Furthermore,
the work functions of budesonide and terbutaline sulfate may
have different sensitivities to RH, as has been reported on
other materials (54). These observations suggest that the
interactions between the humidified air and the drug during
the cap-off period are likely to have contributed to the
aerosol triboelectrification.

The absolute FPD charging profile of budesonide
particles from Pulmicort\ may be the result of two concom-
itant processes with increasing RH: (1) enhanced charge
dissipation rate due to the facilitated movement of charges
through the adsorbed moisture layer on particle surfaces; and
(2) increased cohesion of particles in the agglomerates. At
15% RH, the charge was high due to the low charge
dissipation rate so the particles retained the charges gener-
ated from aerosolisation. At 40%, the higher moisture
adsorption increased charge dissipation, hence the lower
specific charge. When the RH reached 65% and above, the
high moisture level rendered the agglomerates progressively
more difficult to deaggregate. Consequently, the particles
that were successfully dislodged from the agglomerates and
became dispersed would be those carrying higher charges to
counteract the cohesive forces, particularly at the high RH of
90%. The similar FPDs between 40 and 65% RH were
associated with comparable FPD absolute specific charges at
these RHs. This supports the premise that the amount of fine
particles dispersed is related to the level of charges they
carry. The charge dissipation rate would still increase from
65% RH onwards, but budesonide may be sufficiently
insulating to retain enough charges to be measured after
dispersion. This charging model may also be applicable to
terbutaline sulfate from Bricanyl\ but this compound is
more hygroscopic (Figs. 4 and 5) and more electrically
conductive because it is a salt. Thus the charges generated
on the dispersed fine particles would dissipate quicker than
those on budesonide, hence only low charges were measured
at 65 and 90% RH.

The DVS data indicated that the terbutaline sulfate
particles contain amorphous regions and most of them had
recrystallised in the first sorption–desorption cycle since
there was no further gross weight loss in the second cycle
(Fig. 4). Initially it was thought that recrystallisation of the
powder was slow at 50% RH, thus another sample was
subjected to moisture exposure for prolonged periods in an
attempt to drive the process to completion under one RH.
However, the sequential recrystallisation at progressively
increasing RH was reproduced to each RH level at prolonged
periods (Fig. 6). This suggests that the amorphous regions
processed various surface energy levels such that different
regions interacted with the adsorbed water to different
extents (Figs. 5 and 6). In contrast, budesonide was relatively
non-hygroscopic so amorphicity and recrystallisation may not
be obvious due to reduced interaction with water. The slight
gross weight loss after the first cycle (Fig. 4) suggests that
certain amorphous regions may exist on the particles.
However, no weight reduction was detected at each step of
the sorption cycles (Fig. 5) to support this is the case. Since
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amorphous surfaces have higher surface energy than crystal-
lised ones (55), they may have different electrostatic proper-
ties. This would affect electron transfer with other surfaces
during contact and the resultant charges developed by
triboelectrification. Discontinuous amorphous domains dis-
tributing over particle surfaces have been reported (56). This
implies that an individual particle may be inherently hetero-
geneous in charge, depending on the nature of the surface
region concerned.

This study has generated a few hypotheses on aerosol
charging in DPI involving various physicochemical properties
(e.g. hygroscopicity, amorphous content, and resistivity).
Subsequent studies would focus on the fundamental roles of
these parameters in triboelectrification and verify the hy-
potheses. For example, resistivities of the powders may be
monitored at different RHs or particle surfaces may be
characterised by atomic force microscopy. Other pertinent
factors on charging may also be uncovered in the future.

In conclusion, a modified ELPI setup was successfully
used to disperse Pulmicort\ and Bricanyl\ DPI aerosols at
60 l/min and measure the size and charge distributions. The
DPIs showed drug-specific responses to particle charging at
different RHs. Bricanyl\ was more susceptible to RH,
showing decreased charges with increasing RH. In contrast,
particle charges from Pulmicort\ decreased at 40% RH but
increased at higher RHs. A dual mechanistic charging model
was proposed to explain the charging behaviours.
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