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ABSTRACT
Purpose To investigate the applicability of Bipolar Charge
Analyzer (BOLAR), a new commercial instrument developed
by Dekati Ltd., in simultaneously characterizing the bipolar
electrostatic charge profile and measuring the size distribution
of commercial metered dose inhalers (MDIs).
Methods Intal Forte® (sodium cromoglycate), Tilade®

(nedocromil sodium), Ventolin® (salbutamol sulphate), and
QVAR® (beclomethasone dipropionate) were used as model
MDIs in this study. Three individual actuations of each MDI
were introduced into the BOLAR at an air flow rate of 60 l/
min. Charge and mass profiles for each actuation were
determined.
Results The BOLAR was found to have better performance
in collecting valid charge data (≥80%) than valid mass data
(≥50%). In all tested products, both positively and negatively
charged particles were found in five defined size fractions be-
tween zero and 11.6 μm, with the charge magnitude de-
creased with increasing particle size. The net charge profiles
obtained from the BOLAR qualitatively agreed with the re-
sults reported previously. In all suspension type MDIs, negli-
gible masses were detected in the smallest size fraction
(<0.95 μm), for which the charge was most likely caused by
the propellant and excipients. QVAR was the only solution
MDI tested and the charge and mass profiles were significant-
ly different from the suspension-type MDIs. Its mass profile
was found to follow closely with the charge profile.

Conclusions Positively and negatively charged MDI particles
of different size fractions and their corresponding charge-to-
mass profiles were successfully characterized by the BOLAR.
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ABBREVIATIONS
BOLAR Bipolar Charge Analyzer
ELPI Electrical low pressure impactor
eNGI Electrical Next Generation Impactor
E-
SPART

Electrical single particle aerodynamic relaxation
time

FPD Fine particle dose
HFA Hydro-fluoro-alkane
HPLC High performance liquid chromatography
LCMS Liquid chromatography-mass spectrometry
MDI Metered Dose Inhaler
MMAD Mass median aerodynamic diameter
USP United States Pharmacopeia

SYMBOLS
d Diameter (μm)
m Mass (μg)
Q Charge (pC)

SUBSCRIPTION
m Mid-point
p Particle
tube n Detector tube n where n=1,2 …5

INTRODUCTION

Metered dose inhalers (MDIs) remain one of the mainstays in
the treatment of asthma and other respiratory related diseases
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(1,2). They contain a drug, either suspended or solubilized, in
a hydrofluoroalkane (HFA) propellant and may contain co-
solvents/excipients. Upon actuation, the pressurized HFA liq-
uid is exposed to atmospheric pressure and rapidly expands to
its gaseous state to aerosolize the medicaments as small parti-
cles or droplets for inhalation. Triboelectrification can readily
take place to generate charged particles during the atomiza-
tion process, as activities including flash boiling, cavitation and
evaporation are involved bringing the solid, liquid and gas
components into contact. Formation of electrostatic charges
on the drug particles is dependent on the formulation and/or
the material of the various components of the canister i.e.,
valve stem and body (3,4).

There are two general mechanisms controlling the deposi-
tion of these charged particles in the respiratory tract, namely
the space (the natural repulsive force creating by the charged
particles) and image (induction of a transient charge of oppo-
site polarity at the airway wall as charge particles pass
through) charges (5). The potential influence of electrostatic
charge on total and regional deposition of drug particles in the
lungs has been demonstrated in a number of experimental
(6–8) and theoretical (9–12) studies. However, the relationship
between the charge level and the deposition of inhaled parti-
cles has not yet been established. An important step to achieve
it would require the accurate measurement of the pharmaceu-
tical aerosol particles charges.

The polarity, level of electrostatic charge, and charge and
mass distributions of aerosols generated by commercially
available MDIs have previously been characterized using a
13-stage electrical low pressure impactor (ELPI) (13–16) and
an electrical Next Generation Impactor (eNGI) (17,18). The
resulting data has informed our understanding of the potential
influence of electrostatic charge on particle deposition in the
lungs (5,19). However, the ELPI and eNGI only measure the
net charge of particles deposited on each impactor stage, and
do not provide any information on the bipolar characteristics
of the aerosols. Additionally, it has been reported the electric
charges carried by individual particles, instead of the net
charge, plays an important role in the behavior and fate of
inhaled pharmaceutical aerosols (20).

While electrical single particle aerodynamic relaxation
time (E-SPART) (21) and a custom designed bipolar charge
measurement system used in conjunction with an ELPI (22)
have been used to characterize bipolar properties, the deter-
minations of charge-to-mass ratio for different particle sizes
were indirect. A novel instrument, the Bipolar Charge Ana-
lyzer (BOLAR™, Dekati, Finland) was designed to overcome
these limitations and is capable of separating, and detecting
positively and negatively charged aerosol particles within the
same size fraction. Its design details and applicability in mea-
suring the bipolar charge profile of lactose powder were re-
cently documented by Yli-Ojanperä et al. (23). We have re-
ported preliminary results on the charge profiles of

commercial DPIs and MDIs, and aerosols generated by a jet
nebulizer using BOLAR, and showed aerosols at a given size
fraction consisted of both positively and negatively charged
particles/droplets (24–26). However, mass assays were not
conducted in these studies to reveal the specific charge of the
aerosols. The primary objective of this work was to dem-
onstrate the capability of the BOLAR to study the bi-
polar charging properties of MDIs. Comparisons of net
charge data between the BOLAR and ELPI measure-
ments were also made to confirm the reliability of re-
sults obtained from the BOLAR.

MATERIALS AND METHODS

Metered Dose Inhalers

Four commercial MDI products were used in this study,
Intal® Forte (5 mg sodium cromoglycate, Aventis Pharma,
UK), Tilade® (2 mg nedocromil sodium, Aventis Pharma,
UK), QVAR® (100 μg beclomethasone dipropionate, 3 M
Health Care, UK) and Ventolin® (100 μg Salbutamol sul-
phate, Allen & Hanburys, Australia). Details of these products
are shown in Table I. All inhalers were used before the expiry
date and primed according to instructions described on the
consumer medicine information leaflet and they were washed
after each measurement. Three individual actuations of each
MDI were introduced into the BOLAR. Charge and mass
profiles were ascertained for each actuation.

BOLAR

Figure 1 shows a schematic diagram of the BOLAR,
using a standard USP induction port to introduce aero-
sols into the instrument. The design details were docu-
mented in Yli-Ojanperä et al. (23). Briefly, it consists of
a flow divider to divide the flow evenly to five electrical
detection tubes (bipolar detectors) and a reference
chamber (an electrical filter to verify successful flow di-
vision). Each detection tube is coupled with a pre-
separator impactor set (one or several impactors) with
a specific particle size cutoff diameter to fractionate
particles of a defined size range for charge measure-
ment. Detector tube 5 has only one impactor stage,
but other tubes use two or three impactor stages in
cascade to minimize particle bouncing and overloading
from a single plate. The bipolar detectors consist of two
concentric metal cylinders, with the inner cylinder main-
tained at high positive potential and the outer cylinder
grounded, to create an electric field between the cylin-
ders. Therefore, positively and negatively charged parti-
cles deposit on the outer and inner cylinders, respective-
ly. Each cylinder is connected to an individual
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electrometer to measure the current carried by the
charged particles for a specific measurement time peri-
od. The electric current signals are subsequently inte-
grated over the measurement period to calculate the
charge values. The reference chamber measures the
net charge of the aerosol, which is used as a reference
value for the other bipolar detector tubes. The mea-
sured bipolar data is verified by confirming the total
charge for tubes 1–5 (detector+ impactor) being the
same as the reference value.

Particles smaller than the specific cutoff diameter of an impac-
tor are collected within a detector tube (i.e., Tubes 2, 3, 4 and 5
measure charge/mass of particles smaller than 2.60, 4.17, 7.29
and 11.57 μm, respectively). Therefore, the charge/mass of par-
ticles within a defined size fraction is calculated by subtraction of
themeasured charge in two consecutive tubes (for instance, Tube
2=6(Qtube2 –Qtube 1) / 6(mtube2 –mtube 1)), as shown in Table II.
As the aerosol cloud divides to six fractions equally at the flow
divider, the magnitude of both charge and mass for each size
fraction equals to the measured values times six . Instead of the
aerodynamic cutoff diameter of each detection tube, the mid-
point diameter was recommended by the manufacturer as the
characteristic diameter for graphical presentation so that the pos-
itive, negative and total values are more distinguishable when
they are plotted on the same graph.

Charge Measurement

A vacuum pump (model SV25, Sogevac®, Leybold, France)
was used to provide air flow at 60 l/min through the BOLAR
(10 l/min per detector tube). Following the manufacturer’s
suggestion, a self-check test was performed before each mea-
surement to ensure six criteria were met: 1) the vacuum line/
pump was working properly; 2) there were no leaks in the
system; 3) flow equality was achieved among the six branches;
4) the noise level of the electrometer current was minimum; 5)
all electrometers were working properly; and 6) the BOLAR’s
electrical control system was working properly when a mea-
surement sequence was executed. For each measurement,
a single actuation was discharged into the induction port.
The environmental conditions were monitored and kept at
a relative humidity of 50±5% and a temperature of 23±
2°C.

Mass Quantification of Drug Compounds

After the charge measurement, the detector tubes were care-
fully disassembled. The drug particles deposited on each part
were exhaustively rinsed using specific amounts of the
collecting solvent: the mouthpiece (5 ml), adaptor (5 ml),
USP throat (5 ml), flow divider inlet (5 ml), flow divider
(30 ml), parts within each detector tubes including the impac-
tor (5 ml), centralizer (5 ml), outer detector tube (20 ml), inner

Table I Details of the Tested MDI Products

MDI API Type Propellant Excipients Valve stem materiala

Intal® Forte 5 mg sodium cromoglycate Suspension HFA-227 Povidone, Macrogol 600 Plastic

Tilade® 2 mg nedocromil sodium Suspension HFA-227 Povidone, Macrogol 600 Plastic

Ventolin® 100 μg Salbutamol sulphate Suspension HFA-134a None Plastic

QVAR® 100 μg beclomethasone dipropionate Solution HFA-134a Ethanol Metal

a Specific details were not available as those are proprietary information of the manufacturers

Fig. 1 Schematic diagram of the BOLAR instrument set up (not to scale).

Table II Specifications at 60 l/min and charge calculations of the BOLAR

Tube Particle size
range, dp (μm)

Mid-point
diameter, dm
(μm)

Charge,
Q (pC)

Mass, m
(μg)

1 0<dp<0.95 0.48 6Qtube 1 6mtube 1

2 0.95<dp<2.60 1.78 6(Qtube 2 -
Qtube 1)

6(mtube 2 - mtube 1)

3 2.60<dp<4.17 3.39 6(Qtube 3 -
Qtube 2)

6(mtube 3 - mtube2)

4 4.17<dp<7.29 5.73 6(Qtube 4 -
Qtube 3)

6(mtube 4 - mtube3)

5 7.29<dp<11.57 9.43 6(Qtube 5 -
Qtube 4)

6(mtube 5 - mtube4)
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detector tube (30 ml), the back-up filter (10 ml), and the ref-
erence filter (10 ml). The drug content was assayed chemically
by high performance liquid chromatography (HPLC), using
the methods described in Table III.

Criteria for Valid Measurement

As shown in Table II, the charge and mass of each detector
tube was determined on the basis of the difference between
two sequential tubes. Therefore, a balanced flow division be-
tween the six branches of the flow dividers (i.e., the particle
stream is evenly separated into the five detector tubes and the
reference tube) is essential for a valid measurement. There are
two criteria, namely the symmetry and cumulative criteria,
needed to be fulfilled to ensure the validity of the measured
charge and mass data. According to the manufacturer calcu-
lation sheet, all tubes must have a deviation smaller than 10%
of the average value of the total charge or mass (impactor+
positive+negative+filter) among the six tubes to pass symme-
try criteria. In some cases, the net charge can be nearly neutral
regardless of high positive and negative charge values noted.
The symmetry criteria for charge measurements, therefore,
can be relaxed to be the sum of 10% deviation and 20 pC.
As mentioned above, each detector tube collects particles
smaller than the specific cutoff diameter of the coupled pre-
separator impactor set. Therefore, the amount of charged
(positive and negative) and neutral particles of subsequent
tube must be higher than the previous one. However, in cases
where there are no particles or a small amount of particles
and/or charge presence in some size fractions, the flow ad-
justment accuracy and the measurement accuracy can result
in no increment or reduction in the cumulative values. In these
cases, the measurement is still accepted if the cumulative
values are inside the cumulative criteria, which the charge
and mass values of subsequent tube must be at least 5% and
1% from the previous tube, respectively. The determined
values for size ranges that get wrong sign of polarity is calcu-
lated as zero. According to the manufacturer, a slightly higher
tolerance is used for the charge measurement because a small
difference was usually noted between detector tubes 4 and 5

during the product development when lactose powders actu-
ated by a dry powder inhaler were tested (23).

Data Analysis

The fine particle dose (FPD) was defined as the amount of
particles≤4.2 μm in the present study, which equals to the
total amount of drug detected in detector tube 3 (cutoff diam-
eter 4.2 μm) multiplied by the number of sampling ports (six).

The net charge for a given size fraction was determined as the
sum of positive and negative charges of that size fraction. The
specific charge or charge-to-mass ratio (q/m), of each polarity
was calculated by dividing the charge by the mass. To enable
direct comparison with the published net charge data obtained
from ELPI, the charge-to-mass ratio of the net charge was also
calculated as dividing the net charge (positive+negative) by the
total mass collected in the positive electrode, negative electrode,
and the filter in each detector tube.

RESULTS AND DISCUSSION

Charge Profiles

The successful rate of collecting valid charge data (both the
symmetric and cumulative criteria were fulfilled) was higher
than 80% for most products. Figure 2 shows the bipolar
charge profiles of aerosols generated by the four MDIs. Due
to the similarity of the inhaler and formulation designs, the
charge profiles of Intal Forte and Tilade suspension MDIs
shared similar charge behavior (Fig. 2a and b). Both positively
and negatively charged particles were detected for all size
fractions. While the charge magnitudes of the negatively
charged particles remained at a similar level for all particles
sizes, particles within the smallest size fraction (≤0.95 μm)
were found to be highly positively charged and its magnitude
significantly reduced as the particle size increased. As a result,
a positive net charge was detected for the smallest fraction,
and the net charge for larger particles (>0.95 μm) became
negative, as depicted in Fig. 3. The net charge profiles are in

Table III HPLC Conditions for Chemical Assays of APIs

Inhaler Column Mobile phase Flow rate
(mL/min)

Detection
wavelength (nm)

Injection
volume (μL)

Intal Forte Luna 5 μ NH2, 100 Å, 5 μm, 250×4.60 mm
(Phenomenex, NSW, Australia)

Phosphate buffer (pH 3) and
acetonitrile (65:35)

1.5 240 100

Tilade Luna 5 μ NH2, 100 Å, 5 μm, 250×4.60 mm
(Phenomenex, NSW, Australia)

Phosphate buffer (pH 3) and
acetonitrile (65:35)

1.0 320 100

Ventolin Nova-Pak® C18, 60 Å, 4 μm, 3.9×150 mm
(Waters, Massachusetts, USA)

Phosphate buffer (pH 4.3) and
methanol (20:80)

1.0 276 100

QVAR Synergi 4u Hydro-RP, 80 Å, 150×3.9 mm
(Phenomenex, NSW, Australia)

Water and methanol (70:30) 1.5 240 100
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qualitative agreement with those reported using the ELPI,
that the polarity change from positive to negative at stage 8
with a cutoff diameter of 0.96 μm (14).

Though the charge magnitudes of both positively and neg-
atively charged particles generated by Ventolin was consider-
ably lower than Intal Forte and Tilade, all these suspension
based MDIs demonstrated a decreasing trend in charge mag-
nitude with increasing particles size (Fig. 2c). The lower
charge magnitudes observed for Ventolin could be accounted
by a combination of 1) the low nominal drug dose, 2) different
propellant used (HFA-134a for Ventolin, and HFA-227 for
Intal Forte and Tilade), and/or 3) different excipient condi-
tions (no excipient was used in the Ventolin MDI, while
Povidone, Macrogol 600 was used in both Intal Forte and
Tilade). As seen in Fig. 3, the net charge for Ventolin was

negative throughout all size fractions. Unipolar net
charges were also reported in Glover and Chan (13)
using an ELPI. However, Kwok et al. (14) reported the
particles were positively charged in the size range
0.960–4.04 μm when Ventolin was actuated continuous-
ly, but unipolar negative charges were observed in the
discrete puffs. They attributed the puff-dependent
charging of Ventolin to the charge relaxation of the
MDI materials – counter-charges resided in the actua-
tor, valve components, and/or drug deposits in these
locations after each actuation and may take time to
decay. Their presence may affect charging of the parti-
cles in the subsequent actuation. Since the mouthpiece
was washed after each measurement in the present
study, it is unlikely the charge profile was affected by
the residual charges from the previous puffs.

The charge profiles generated by the QVAR solutionMDI
were substantially different from other products. The finest
particles (<0.95 μm) emitted from QVAR were highly
charged (>4000 pC) with almost balanced positive and nega-
tive charges to give a slightly positive net charge (Fig. 2d).
QVAR was the only solution MDI product and has a metal
valve stem, while all other products are suspension type and
have plastic valve stems. In addition, ethanol which may in-
teract with the formulation and valve components is used in
QVAR to increase the solubility of the beclomethasone dipro-
pionate. These dissimilarities are likely the sources causing the
different charge profile from other MDI products. Unipolar
net positive charges were observed for QVAR and the charge
magnitude reduced with increasing particle sizes (Fig. 3). The

Fig. 2 Mean charge profiles of (a)
Intal Forte, (b) Tilade, (c) Ventolin
and (d) QVAR MDIs. Error bars
represent one standard deviation
(n=3).

Fig. 3 Net charge profiles of Intal Forte, Tilade, Ventolin and QVAR MDIs.
Error bars represent one standard deviation (n=3).
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results were consistent with the results reported in Kwok et al.
(14).

Mass Profiles

After the charge measurement, the BOLARwas disassembled
and the drug masses deposited at each part of the instrument
were collected for chemical assay using HPLC. In some cases,
the mass deviations were found to be much higher than the
charge deviations, leading to valid charge data and invalid
mass data. Results reported here passed both the symmetric
and cumulative criteria, which was~80% of the experimental
runs for suspension MDIs (Intal Forte, Tilade and Ventolin)
and ~50% for the solution MDI (QVAR). This can be a
limitation of the BOLAR in characterizing products with
small amounts of drug per actuation. In Yli-Ojanperä et al.
(23), multiple actuations were used to increase the accuracy of
the mass assay of lactose using HPLC which may have re-
duced the deviation among the six branches of BOLAR.
However, any charge and mass variation between actuations
would have been masked using their multiple actuation meth-
od. The charge to mass ratio determined in this manner may
not be precise. Other more sensitive drug detection methods,
such as liquid chromatography –mass spectrometry (LC-MS)
may increase the successful collection of valid mass data.

Figure 4 shows the mass profiles of the four tested MDIs.
There were no drug masses detected in detector Tube 1 for
Intal Forte, Tilade or Ventolin, whereas a significant fraction
of charged drug particles was deposited in detector Tube 1 for

QVAR. The results are consistent with previous ELPI (14)
and eNGI (17) measurements, in which negligible masses were
detected for particles smaller than 0.96 μm in suspension type
MDIs (Intal Forte, Tilade and Ventolin), while more than
40% of drug particles were reported to be less than 0.96 μm
in QVAR. In fact, the results were not unexpected be-
cause micronized particles ranging from 1 to 5 μm are
generally used in suspension-type MDIs (27). In con-
trast, QVAR was the only solution MDI tested, for
which drug particles were formed as the propellant
and ethanol evaporated. The mass median aerodynamic
diameter (MMAD) for QVAR was reported to be in the
range of 0.8–1.2 μm (28).

The fine particle dose (FPD) was defined as the amount of
particles≤4.2 μm in the present study, which is slightly differ-
ent from that defined in Kwok et al. (14) as the sum of the
mass≤6.06 μm. Nonetheless, the FPDs of Intal Forte
(485 μg), Tilade (345 μg) and Ventolin (59 μg) were found
to be comparable (Table IV). A greater difference in the FPD
was noted for QVAR, which could be due to the much higher
emitted dose obtained in this study (116%) compared with
Kwok et al. (14) (74%). Similar ratios of FPD to ex-actuator
dose were obtained between the BOLAR (~69%) and the
ELPI (~67%) measurements reported in Kwok et al. (14).
The reason for the higher emitted dose and FPD achieved
in the present study compared with those reported in Kwok
et al. (14) is unclear, but could be due to batch to batch vari-
ations. Overall, these results suggested the BOLAR is suitable
for particle sizing of aerosols emitted from MDIs.

Fig. 4 Mass profiles of Intal Forte,
Tilade, Ventolin and QVAR MDIs.
Error bars represent one standard
deviation (n=3).
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It is important to reiterate the charge magnitudes of all prod-
ucts decreased with increasing particle size, despite differences in
the formulation and valve components are used. Compared with
the finest particles (<0.95 μm), larger particles are negligibly
charged (Figs. 2 and 3). Kwok et al. (14) proposed two possible
explanations for the suspension formulations: 1) the decreased
specific surface area for larger particles reduces the extent of
charging, and 2) the high charge measured for smaller particles
may be contributed by both the propellant/excipients and the
drug. From Fig. 4, while the drug mass detected in detector tube
1 (<0.95 μm) for the suspension type MDIs was negligible
(Fig. 4a–c), a significant amount of drug was detected in the finest
size fraction for the solution MDI QVAR (Fig. 4d). Therefore,
the high charge levels in the finest size fraction observed for Intal
Forte, Tilade and Ventolin were more likely attributed to the
propellent/excipients. Since the mass ratio of the drug to excip-
ient should remain constant for droplets of all sizes for the solu-
tion MDI, the high charge value observed for the finest fraction
of QVAR is probably due to the increased mass and specific
surface area.

Charge-to-Mass Ratios

No clear trends were observed between aerosol electrostatics
and aerosol depositions as most inhalation products are poly-
dispersed and dominated by bipolar charges (4). Previous
studies have demonstrated mono-dispersed particles of a
threshold elementary charge could increase deposition within
the respiratory tract (8,12). Therefore, the elementary charge
of each particle can be important in understanding the in-
volvement of charges in particle behavior. To investigate this
aspect, charge-to-mass ratios for both polarities and the net
charge for each size fraction were calculated as dividing the
charge by the mass obtained for each polarity and the total
mass, respectively (Fig. 5).

Comparing the charge and mass profiles of Intal Forte and
Tilade (Figs. 2 and 4), it was noted that significant charge
magnitudes (+5300 pC and −400 pC for Intal Forte, and +
6500 pC and −1200 pC for Tilade) were detected for the
smallest size fraction (≤0.95 μm), but almost no drug masses
were recovered for this size fraction. As shown in Fig. 4,
Ventolin also had below detection threshold amounts of drug
mass smaller than 0.95 μm, though it showed a relatively

lower charge level compared with the other two suspension
type MDIs (Fig. 2). This led to an impossibly/invalidly high
charge-to-mass ratios in the submicron size fractions for these
suspension MDIs (data not shown). Kwok et al. (16) reported
the droplet sizes of the propellants HFA 134A and 227 were in
the submicron range at 5% and 50%RH. Therefore, the high
charges measured for the smallest size fraction (≤0.95 μm) in
the suspension type MDIs could be attributed to the
propellant/excipients and ingressed water (29), rather than
the drug particles. However, Kwok et al. (16) also reported
the drug-free MDIs containing HFA 134A and 227 propel-
lants were only slightly charged, in the range of +30 pC and
−100 pC depending on the moisture content and the relative
humidity, which are considerably lower than the studied
commercial products. They suggested the difference was
caused by the charge transfer between the micronized drug
particles and the propellant in the suspension formulations.
Recently, Chen et al. (3) demonstrated the level of charge of
HFA 134A only MDIs could range between −700 and −1800
pC using different actuator materials and nozzle designs.
They also showed the addition of a small amount of ethanol
and drug could alter not only the charge level but also the
polarity of the formulations. Therefore, the different charge
levels observed in the smallest size fraction (accounted by the
propellant/excipients) in Intal Forte, Tilade and Ventolin
were due to their different formulation and MDI designs.
Whereas Povidone, Macrogol 600 and HFA-227 are used in
Intal Forte and Tilade, only HFA-134a as the propellant is
present in Ventolin without any excipient.

Due to the similar formulation designs of Intal forte and
Tilade, they shared similar trends in their charge (Fig. 2) and
mass profiles (Fig. 4), resulting in similar charge-to-mass profiles
(Fig. 5). The highest charge-to-mass ratio was noted for the frac-
tion 0.95–2.60 μm and reached a plateau for larger particles.
The standard deviation for Tilade was noticeably higher, which
could be due to the relative lower drug dose emitted per actua-
tion (Table I) thus lowering its detectability. The net charge-to-
mass ratios of Intal Forte and Tilade were between −3 and −1
pC/μg and between−15 and−2 pC/μg, respectively, consistent
with those reported in Kwok et al. (14). The charge-to-mass ratio
of Ventolin varied between 0 and +42 pC/μg and between−26
and −8 pC/μg for positively and negatively charged particles,
respectively. Ventolin also showed a high standard deviation in

Table IV Ex-Actuator and Fine Particle Doses, ± One Standard Deviation (n=3)

MDI Ex-actuator dose (μg) FPD<4.2 μm (μg) Ex-actuator dose (μg)
Kwok et al. (14)

FPD<6.06 μm (μg)
Kwok et al. (14)

Intal Forte 5241.6±294.7 485.1±34.9 4332.6±161.9 480.3±42.5

Tilade 2227.7±239.5 345.8±78.0 1844.2±112.6 373.2±19.5

Ventolin 100.1±0.7 59.0±2.4 97.2±18.7 43.1±9.4

QVAR 111.5±17.9 77.2±14.2 74.3±13.9 49.6±3.2
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some size fractions, which was very likely due to the low drug
dose (100 μg salbutamol sulphate). The net charge-to-mass ratio
of Ventolin was negative throughout all particle size fractions
(between −15 and −5 pC/μg).

Unlike the suspension-type MDIs, the charge profile of
QVAR followed the mass profile closely (Figs. 2 and 4),
resulting in a similar charge-to-mass ratio profile (Fig. 5).
QVAR is a solution MDI with beclomethasone dipropionate
being the only non-volatile component within the formula-
tion. After the evaporation process of the propellant and eth-
anol, the droplets would give rise to pure drug particles (30).
Additionally, the amount of dissolved drug, propellant, and
excipients contained in each droplet actuated from the inhaler
was expected to be directly proportional to its size,
hence their relative charge contributions. The smallest
size fraction (≤0.95 μm) had large values of charge-to-
mass ratio for both positively (+187 pC/μg) and nega-
tively (−207 pC/μg) charged particles. This is likely due
to the combination of the high specific surface area
combined with the high charge magnitude generated
within the smaller drug particles. A large standard de-
viation was observed for the largest (7.29–11.57 μm)
size fraction. This could be ascribed to the low mass
detected in the fifth detector tube. Chen et al. (3)
highlighted the addition of 15% w/w ethanol in MDI
formulations could reduced the evaporation rate of the
propellant, leading to large non-evaporated droplets de-
positing on the upper ELPI stages. This could also be a
reason for the higher degree of variation in the charge-
to-mass ratio observed here.

Limitation of BOLAR

While the BOLAR system was capable of characterizing the
bipolar charging properties of aerosols generated fromMDIs,
we recognized the system has several limitations. The validity
of collected data profoundly depends on the effectiveness of
flow splitting into six even streams entering the five detector
tubes and the reference chamber using a flow divider. It was
found that a valid charge measurement does not guarantee a
valid mass measurement. This would be a major downside of
the system for routine measurements, as the mass assay is a
very time consuming step. To thoroughly rinse the parts of a
detector tube, significant amounts of collecting solvent are
needed, resulting in very low drug concentrations for low dose
products. Commonly used analytical techniques, such as
HPLC, may not be sensitive enough to detect any drug con-
tents. In such case, more sensitive LCMS technique is re-
quired for drug quantification. Though multiple actuations
are suggested by the manufacturer for improved accuracy of
the mass assay (23), mass and charge-to-mass ratio variations
between actuations, which are important information, could
be masked.

CONCLUSIONS

This study demonstrated the capability of the BOLAR system
in simultaneously determining the bipolar charge characteris-
tics and particle size distribution of commercial MDI prod-
ucts. Overall, the BOLAR system performed better in

Fig. 5 Charge-to-mass profiles of
Intal Forte, Tilade, Ventolin and
QVAR MDIs. Error bars represent
one standard deviation (n=3).
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quantifying the charge measurements compared with mass
measurements, possibly due to the small amounts of drug
collected from a single actuation of the MDI products, espe-
cially for Ventolin and QVAR. More sensitive chemical assay
methods such as LCMS are suggested to increase the success-
ful rate of collecting valid mass data. Net charge and charge-
to-mass measurements were found to qualitatively agree with
the ELPI results reported previously. The simultaneous mea-
surement of the electrical properties of aerosols andmass anal-
ysis provide a greater understanding of electrostatic charging
on MDI therapeutics and its influence on deposition
within the lungs.
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