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Design of a Device for Simultaneous Particle Size and Electrostatic Charge
Measurement of Inhalation Drugs
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Purpose. To develop a device for simultaneous measurement of particle aerodynamic diameter and
electrostatic charge of inhalation aerosols.
Method. An integrated system consisting of an add-on charge measurement device and a liquid impinger
was developed to simultaneously determine particle aerodynamic diameter and electrostatic charge. The
accuracy in charge measurement and fine particle fraction characterization of the new system was evaluated.
The integrated systemwas then applied to analyze the electrostatic charges of aDPI formulation composed of
salbutamol sulphate-Inhalac 230® dispersed using a Rotahaler®.
Results. The charge measurement accuracy was comparable with the Faraday cage method, and
incorporation of the charge measurement module had no effect on the performance of the liquid impinger.
Salbutamol sulphate carried negative charges while the net charge of Inhalac 230® and un-dispersed
salbutamol sulphate was found to be positive after being aerosolized from the inhaler. The instantaneous
current signal was strong with small noise to signal ratio, and good reproducibility of charge to mass ratio
was obtained for the DPI system investigated.
Conclusions.A system for simultaneouslymeasuring particle aerodynamic diameter and aerosol electrostatic
charges has been developed, and the system provides a non-intrusive and reliable electrostatic charge
characterization method for inhalation dosage forms.
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INTRODUCTION

Determination of particle electrostatic charges and
diameters is important to certain problems related to the
monitoring indoor and outdoor environment, the inhalation
drug delivery to the lung, as well as the processing and
handling of industrial powders. In the chemical and pharma-
ceutical industries, particle electrification has been associated
with solid handling processes such as in the powder pneumatic
conveying (1–3), gas–solid fluidized bed (4–5), melt agglom-
eration process (6), powder blending (7), and spry drying
process (8). Electrostatic charges can greatly alter the particle
flow dynamics, and hence the system performance.

Electrification of aerosol particles in dry powder inhaler
(DPI) and metered dose inhaler (MDI) has recently emerged as
an important subject in the pulmonary drug delivery research as
electrostatic charges have been shown to influence the efficiency
of pulmonary drug delivery by their effects on powder adhesion

or retention on inhalers, deaggregation of drug from carrier
particles, and lung deposition of the active drug particles (9–11).
In the formulation of dry powder inhalation products, mixing is
regarded as a key process for preparing fine drug particles with
coarse carrier particles to form a homogeneous mixture.
Electrostatic charges were found to be generated and accumu-
lated as a result of continuous collisions between the particle
and the wall of mixer container as well as between particles,
which affected binding between the particle and the container
wall as well as between particles and hence influenced the
quality of final products (12). These electrostatic charges, if not
dissipated, were shown to enhance the inter-particle interaction
forces leading to a reduction in the dose of delivered
medications (13–15). In addition, electrostatic charges were
reported to be generated during aerosolization processes as
well (9–10). These electrostatic charges were shown to not only
influence the motion of drugs in the respiratory tract but also
the deposition of aerosol particles in the lungs (16,17), and
therefore the therapeutic effect. Knowing the importance of
electrostatic charges in the inhalation drug delivery systems
(14,18–20), many researchers have investigated various aspects
of electrostatics in the pulmonary drug delivery systems.
Electrostatic charges carried by aerosols in the pulmonary
drug delivery systems were characterized (11,21). Carrier
property (8), device material (22), and environmental condi-
tion during storage or aerosolization processes (14–15) were all
reported to have important influences on the electrostatic
charges of the aerosols. In spite of its importance in the
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pulmonary drug delivery, our understanding on the electro-
static charge is still limited.

Particle size is one of the key parameters for inhalation
drug delivery. To be effective for the pulmonary drug delivery,
particles should have a narrow size distribution ranging from 1
to 5 μm (23). The aerodynamic diameter distribution is
normally determined using an inertia impactor (24). Recogniz-
ing the importance of particle size and electrostatic property of
inhalation aerosols, devices that allow simultaneous measure-
ment of these two properties are of great importance.
Electrostatic charges could be measured using a direct method
such as a Faraday cage method. Charged particles were
introduced into a Faraday cage and the total or net charges
were measured. The charge to mass ratio was then calculated if
the mass introduced into the Faraday cage was known.
However, no information on the relation between electrostatic
charge and particle size can be determined using this method
alone. In addition to direct charge measurement techniques,
electrical mobility analyzer (25–26) and Electric Single Particle
Aerodynamic Relaxation Time (E-SPART) (27–28) employed
indirect measurement techniques to determine the electrostatic
charges on particles. In the electrical mobility analyzer, the
particle was exposed to an electrical field while particle motion
in response to the field was monitored optically or by other
means. The average size and charge could be found from the
deflection of the particle. However, particles larger than a few
micrometers are not easily handled by electrical mobility
analyzers, which require relatively high electric fields. E-
SPART acquired images of tracks of aerosol particles falling
through an oscillating electric field, located pixels in each
image that formed the individual tracks, and created non linear
curve fits of the tracks in order to determine track parameters.
These parameters were then used to estimate the size and
charge of each particle. However, this device may be physically
very large and costly to build. Electrical Low Pressure
Impactor (ELPI) (29), primarily designed for particle sizing
through the combination of electrical detection and impaction
collection, has been recently explored for charge measurement
of inhalation powders (14,21,30,31). Operating at 30 LPM and
a maximum cutting size of about 10 μm, ELPI without
modification may not be applicable for dry powder inhaler
testing which normally operates at 60 LPM, and cannot be
used to characterize electrostatic charges of carrier particles
that are normally of about a few tens of microns.

There is a need to have a simple device that can dynam-
ically measure electrostatic charges and aerodynamic diameters
simultaneously of drug particles. To be effective, the device
should be able to operate over a wide air flow range, at a high
sampling rate, and over a wide range of particle sizes. The
purpose of this study is to develop a system for measuring
electrostatic charge and particle aerodynamic diameter simulta-
neously during aerosolization. The new system is composed of a
liquid impinger with which particle aerodynamic diameters were
measured and an independent add-on device to non-intrusively
measure electrostatic charges simultaneously. A Twin Stage
Impinger (TSI) was chosen in the current study as an
illustration, although the same measuring principle can be
applied to other impingers. The new system can accept any size
range and air flow condition that the liquid impinger can
operate. In the current study, the TSI can be operated from 30
to 90 LPM and larger carrier particles of several tens micron are

separated at upper stage. And the sample frequency is also
much higher, for example, in the current work the sampling
frequency used was 100 HZ. The accuracy of the electrostatic
charge measurement of the new system was evaluated using the
Faraday cagemethod. Effects of the incorporation of the add-on
device and change of collection liquid on the performance of the
TSI were evaluated with respect to the fine particle fraction
(FPF). The reliability in the charge to mass ratio measurement
of the device was illustrated using the model DPI system. The
device developed may be useful in the inhalation drug delivery
research.

MATERIALS AND METHODS

Materials

Two grades of lactose monohydrate, namely Inhalac
230® and Sorbalac 400® (Meggle, Germany), were used.
Inhalac 230® was sieved to 63 to 90 μm size fraction using a
jet sieve (Hosokawa Micron, USA) under vacuum pressure of
20–25 cm water for 120 s. Sorbalac 400® was used as
supplied. Salbutamol sulphate, purchased from JunDa
Pharma (ChangZhou, PRC), was micronized to 1–5 μm using
an air jet mill. These particles were sealed in a glass bottle
and stored in a desiccator over silica gel at room temperature
until further required. Throughout the investigation, high purity
water produced by the reverse osmosis (MilliQ, Millpore,
France) was used.

Particle Characterization

Particle size distributions were measured with a laser
diffraction technique with the wet dispersion mode using
Malvern Mastersizer 2000 (Malvern Instruments, UK).
Butan-1-ol and cyclohexane were used as the dispersion
media for lactose monohydrate and salbutamol sulphate
respectively. Before each measurement, the sample was
sonicated for about 30 s. The aerodynamic diameter distribu-
tion was determined using the Aerosizer PSD 3603 (TSI
Incorporated, US). A small amount of powder (about 5 mg)
was placed in the sample cup of the aerosol disperser. Particle
size distribution measurement was carried out at the prede-
termined air flow rate and using the 100% sample feeding
mode. Time-of-flight (TOF) data were processed with the
operating software package (TSI Incorporated, US) and the
true particle densities of Inhalac 230®, and Sorbalac 400®
and salbutamol sulphate at 1.53, 1.52, and 1.32 g/ml respec-
tively, which were measured using Ultrapcynometer 1000
(Quantachrome, USA). Both the number- and volume-based
particle size distributions (PSD) were obtained. All PSD
measurements were done in triplicate to ensure reproducibil-
ity. Bulk particle density was determined using autotap
density meter (Quantachrome, USA).

Blend Preparation and Uniformity Testing

Milled salbutamol sulphate (0.75 g) and 14.25 g sieved
Inhalac 230® (63–90 μm) were blended in a glass bottle using
a T2F Turbula mixer (Switzerland) at 49 rpm for 30 min.
Content uniformity of blends was ascertained by withdrawing
5 samples from different locations in the powder bed. Four of
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them were taken at locations evenly distributed around the
bottle wall, and the fifth sample was taken from the center. The
sample was weighed and dissolved in water for HPLC analysis
according to the method described in the following section.

HPLC Analysis of Salbutamol Sulphate

Salbutamol sulphate content was analyzed using HPLC
with a mixture of 5.4% (w/v) sodium acetate anhydrous and
2.4% (w/v) acetic acid as the mobile phase at the flow rate of
1 ml/min and a UV detector at the wavelength of 276 nm. A
15 cm×4.6 mm i.d. column packed with 3.5 μm C-18 was used
throughout the measurements. The measured retention time
for salbutamol sulphate was approximately 2.6 min. Standard
solutions were prepared for drug concentrations ranging from
0.1 to 15 μg/ml, in order to construct a calibration curve of
drug concentration against the peak area. The calibration was
considered to be acceptable when R2>99.99%.

Capsule Filling and Storage

Hard gelatin capsules (#3) were manually filled with 20±
1 mg of the binary mixture. Twenty filled capsules were
placed in a labelled bottle stored inside an environmental
chamber (Model 518, ETS, USA) at 20% relative humidity
and 25°C for 24 h prior to in vitro analysis.

In vitro Study

In vitro analysis of the formulation was performed with a
TSI (Copley Scientific, Nottingham, UK) using the method
according to the British Pharmacopoeia. Seven and 30 ml of
appropriate solvents were introduced in the stages I and II of
the TSI respectively. A filled capsule was inserted into the
Rotahaler® (GlaxoSmithKline, Ware, UK), and the cap and
body of the capsule were separated after rotating the cap of
Rotahaler®. The Rotahaler® was then mounted to a
specially built mouthpiece adapter. Before switching on the
vacuum pump, the assembly was firstly checked for air
tightness. The test was performed for 5 s at the pump air
flow rate of 60 LPM, which was verified prior to the test using
a digital flow meter (Copley Scientific, UK). The capsule
shells were removed from the inhaler device after testing. The
deposition test was carried out for 20 capsules with the method
just described. The drug fractions retained at DPI, coated at the
glass throat, and deposited at both stages of TSI were collected
by washing with water five times. These collected solutions were
then made up to 250 ml, and the concentrations of salbutamol
sulphate in these solutions were analyzed using HPLC. All the
measurements were carried out at the pre-selected RH and at
25°C inside a walk-in environmental chamber.

Charge Measurements

Figure 1 shows the schematic diagram of the experimen-
tal setup. In the present study, a glass type twin-stage
impinger (TSI) was used to as an illustration. The principle,
however, could be well applied to other multi-stage
impingers. The TSI, composing of throat (2), stage 1 (3),
stage 2 (4) including the second impinging tube, was
connected to a vacuum pump (7) via a control valve (5) and

a flow meter (6). Two sensors were installed on the outside of
the bottom wall of both stages 1 and 2 of TSI. Upon
aerosolization at specific velocity, particles were deposited at
either stage 1 or 2 depending on their aerodynamic diameters.
If particles were charged, the same amount of charges would
be induced at these two electrodes upon particle deposition.
The rate of induction charge build-up was measured as
induction current by connecting the electrodes to the ground
via a charge sensitive amplifier (8), for example, electro-
meters, and recorded by a computer (9). An independent
method, the Faraday cage method, was used to measure the
particle charges after aerosolization to ensure the accuracy of
charge measurement with the proposed method using Inhalac
230®, Sorbalac 400®, and salbutamol sulphate particles that
were stored in a silica filled dessicator for at least 48 h prior to
measurements.

Add-on Device and Solvent Effects

It is very crucial to learn whether the installation of the
charge measurement system or the change of collection
liquid will affect the performance of the TSI with respect to
the characterization of the DPI drug delivery system. This
was done through a series of experiments employing a two-
factor and two-level full factorial experiment design method.
The two factors were the add-on device and the solvent
type. Dummy factor was employed according to following:
“−1” refers to no add-on device was installed or the
collection liquid was water, and “1” refers to the add-on
device was installed and activated during TSI operating
process, or the solvent was silica oil. The full factorial two-
factor and two-level design yielded four experiments. To
examine the experimental reproducibility, three extra tests
were carried out for the setup using silica oil as the
collection solvent and with the charge measurement system
installed and activated.
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Fig. 1. Schematic diagram of the experimental setup.
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Statistics

Statistical analysis was performed for electrostatic charge
measurements. To evaluate the accuracy of the current
method against the faraday cage method, F test and t test
were employed to evaluate whether these two methods were
significantly different. One-way ANOVA test was used to
analyze the reproducibility using three independent measure-
ments on the electrostatic charges at upper/lower stages of 20
actuations. The significance level was specified at p<0.05.

THEORETICAL

In the present study, the add-on device was designed and
incorporated with a standard liquid impinger to simultaneous-
ly measure particle charges and aerodynamic diameters of
inhalation particles. Particles can be separated into different
size fractions upon passing through the liquid impinger
according to their inertia. The operational principles of the
liquid impinger are well known and can be found elsewhere
(24,32). Compared to normal cascade impactors, liquid
impingers use liquid to collect particles upon their inertia
impaction. The use of liquid for collection overcomes the
problems of particle re-bounce and inter-stage loss, common-
ly present in normal cascade impactors. Upon deposition of
particles on the surface of the collection vessel, the electro-
static charges carried by the particle can be detected via the
charge induction method through the electrode attached to
the bottom of the particle collection vessel.

When particles are deposited at the dielectric collection
vessel from the inhalation air stream, the corresponding
electrostatic charges carried by these particles will be taken
by the layer of collection liquid. The amount of the charge
accumulated at the layer of collection liquid depends on the
number of particles collected, the amount of electrostatic
charges carried by each particle, and the amount of charge
dissipated, which can be expressed as:

Q ¼
XN

p¼1

qp �Qd ð1Þ

Where,
Q is the total amount of charges trapped in the collection

liquid due to particle deposition;
N is the total number of particles deposited;
qp is the charge carried by particle p;
Qd is the amount of charge dissipated.

When an electrode is installed at the bottom wall of the
collection vessel, an equal amount of charge will be induced at
the electrode. The amount of charge can be detected through a

charge sensitive amplifier. During inhalation tests, many
particles continuously impact and deposit in the collection
liquid. The charge accumulation rate in the collection liquid
can be evaluated using the induction current, iind, which is
obtained by differentiating equation (1) with time:

iind ¼ dQ
dt

¼ d
dt

XN

p¼1

qp

 !
� dQd

dt
ð2Þ

If the charge dissipation rate is low, the induction current
can be approximated to the accumulation rate of electrostatic
charges at the particle collection vessel as follows:

iind ¼ dQ
dt

ffi d
dt

XN

p¼1

qp

 !
ð3Þ

By installing the charge measurement devices to the
various stages of the multi-stage impinger, induction currents
associated with particle deposition at the various stages can be
determined according to the method just described. Integra-
tion of this add-on device with the multi-stage impinger can
then give valuable information on both the particle aerody-
namic diameters and aerosol electrostatic charges.

As the transient induction current is measured, both the
magnitude and polarity of the electrostatic charge can be
detected dynamically. Provided that the temporal resolution
is high enough, the current method may also detect bipolar
charge distributions.

The charge profile of aerosols is obtained through integra-
tion of the induction current over detection time. The profile of
the electrostatic charge can provide valuable information on
how drug particles are emitted from the inhaler, which may be
used to evaluate the emission behaviour of the drug formulation
and inhaler design. Using either a weighing or chemical analysis
method, the mass of particles deposited at various stages can be
obtained, and the charge to mass ratio of various size fractions
can be calculated in a straightforward manner.

RESULTS AND DISCUSSION

Particle Characterization

The particle physical properties of Inhalac 230®, Sorbalac
400® and salbutamol sulphate were summarized in Table I.
The tapping densities were 0.37, 0.65, and 1.04 g/ml and the
volume mean particle diameter were 4.06, 8.41, and 80.21 μm
for salbutamol sulphate, Sorbalac 400®, and Inhalac 230®
respectively. Compared to Inhalac 230® particle, salbutamol
sulphate and Sorbalac 400® particles had smaller tapping
densities. The loose packing of salbutamol sulphate and Sorbalac
400® particles was probably due to their cohesive characteristics.

Table I. Physical Property Salbutamol Sulphate, Sorbalac 400®, and Inhalac 230®

Material Tapping densitya (g/ml) True densityb (g/ml) Mean diameterc (μm)

Salbutamol sulphate 0.37 1.32 4.06
Inhalac 230® 1.04 1.53 80.21
Sorbalac 400® 0.65 1.52 8.41

aTapping density was measured using an autotap density meter (Quantachrome, USA).
bTrue density was determined using a Ultrapycnometer 1000 system (Quantachrome, USA).
cMean diameter was characterized using a particle size distribution analyzer via time-of-flight technique (PSD 3603, TSI, USA).
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System Evaluation

Add-on Device Charge Measurement Evaluation

The accuracy of the charge measurements using the add-
on device was ascertained against the Faraday cage method.
Table II compares the results of electrostatic charge measure-
ments by the proposed method with those by the Faraday
cage method for salbutamol sulphate, Sorbalac 400®, and
Inhalac 230® particles, respectively. The charge to mass ratios
measured by the proposed method were found to be −82.4±
11.4, −137.2±27.3, and −442.9±85.7 nC/g for Inhalac 230®,
Sorbalac 400® and salbutamol sulphate respectively. The
corresponding charge to mass ratios characterized using the
Faraday cage method were −87.3±6.3, −104.6±17.5, −348.0±
54.7 nC/g. The difference between these two measurement
methods were 5.6%, 31.2%, and 27.3% for Inhalac 230®,
Sorbalac 400®, and salbutamol sulphate respectively.

The variations in the particle electrostatic charges mea-
sured employing the Faraday cage method are commonly found
to be about several tens percent. For example, Elajnaf et al. (33)
reported the covariance of charge to mass ratio for five
measurements using Faraday cage was about 50% in some
cases in their investigation on the effect of contact surface and
relative humidity on particle charge accumulation and adhe-
sion of powders used for inhalation from DPIs. Telko et al. (30)
also found that the covariance of at least three repetitive
measurements using ELPI was about 50% in some cases in
their characterization of the electrostatic charges of aerosols
delivered by dry powder inhalers. In the present study, the
differences in the charge to mass ratios measured using the
proposed add-on device and the Faraday cage method were
well within the variance range of repeated measurements using
the Faraday cage method reported in the literature, which
suggests that the accuracy of the proposed add-on device is
comparable to the Faraday cagemethod. Comparing the current
method to the faraday cage method, t-Test (95% confidence
level) indicated no significant difference in precision and F test
(95% confidence level) suggested no significant difference in
accuracy.

Effect of Add-on Device and Collection Solvent

The coded experimental design matrix together with the
experimental results is shown in Table III. The order of
testing was carried out randomly. A generalized linear model
was used to evaluate the significance of the two factors. The
linear regression equation was ~y ¼ 8:2þ 0:17� x1 þ 1:5�
10�3 � x2 . The replicate and lack-of-fit errors were 0.18 and
1.1×10−2 respectively. The ratio of lack-of-fit to the replicate
errors was found to be about 0.06, which indicated that the
model prediction error was negligible compared to the

experimental errors. The variations in the fine particle
fractions arising from the change of collection solvent
from water to silica oil and/or the installation of add-on
device were therefore not greater than the experimental
errors, which suggested that the two factors had negligible
effects on the performance of the TSI with respect to the
fine particle fraction characterization.

CHARACTERIZATION OF THE BINARY
FORMULATION

Induction Current Profile

The cutting size of the TSI at the current testing condition
(60 LPM) was 6.4 μm. Therefore the materials deposited at the
upper stage were inhalac 230® and the undispersed salbutamol
sulphate, while those deposited at lower stage were salbutamol
sulphate. Electrostatic charges, introduced to the collection
solvent accompanying the particle deposition, would induce
the same amount electrostatic charges of opposite polarity at
the detection sensors (34). Therefore induction current of the
same polarity as the electrostatic charges carried by the de-
posited particles would flow to the ground through the
detection sensors, and the electrostatic charges can be
evaluated through integration of the induction current over
time. The current profile could provide information on the
deposition pattern of the particles. The typical induction
current profile is shown in Fig. 2A. The solid line shows the
signal from first stage (upper stage) of TSI which measures
the charge accumulation rate associated with the deposition
of lactose carrier and un-dispersed salbutamol sulphate
particles. The broken line is the signal from second stage
(lower stage) of TSI which reflects the rate of charge trapped
due to the deposition of salbutamol sulphate drug particles.
As shown in the figure, both signals were very strong with
small noise to signal ratios. The current profiles probably
reflected the particle deposition pattern provided the electro-

Table II. Validation of the Charge Measurement of the Add-on Device Against the Faraday Cage Method at the Same Environmental
Conditions: 25°C and 20% RH

Materials Present method (nC/g) Faraday cage method (nC/g) Difference%

Inhalac 230® −82.4±11.4 −87.3±6.3 5.6
Sorbalac 400® −137.2±27.3 −104.6±17.5 31.2
Salbutamol Sulphate −442.9±85.7 −348.0±54.7 27.3

Table III. Effect of Solvent/charge Measurement on the Performance
of TSI

Testing Factor 1 Factor 2 Response

1 −1 −1 8.42
2 −1 1 7.58
3 1 −1 8.01
4 1 1 7.87
5 1 1 8.2
6 1 1 8.55
7 1 1 8.36

Factor 1 Solvent type (−1 water, 1 silica oil); Factor 2 using charge
measurement system? (No −1, Yes 1); Response fine particle fraction, %
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static charges were uniformly distributed over particles. The
sharp peaks in the induction current profiles indicated that
the deposition of the particles was in impulse fashion, and it
was clearly shown that the duration for the particle pulse to
deposit at the respective stage was less than 2 s. Apparently, the
net charge of particles deposited in the first stage was positive,
and that of particles deposited at the second stage was negative.
The negative charge polarity of salbutamol sulphate is in
agreement with previous studies which have reported that the
salbutmol sulphate carried negative charges when dispersed
from a lactose carrier based formulation (9,14). The magnitude
of net charges associated with particles on the first stage was
almost one order larger than that on the second stage. Lactose

carrier and drug particles carried electrostatic charges with
opposite polarity, which enhanced the particle adhesion force
and may lead to poor aerosol dispersion efficiency.

In addition to the impulse in the current profile described
above, two-pulse (Fig. 2B) and three-pulse (Fig. 2C) current
profiles were also observed in the current study. These multiple
peaks in the current profiles were unlikely due to some
disturbance from the measurement system because multi-
peak signals from both first and second stages were almost
simultaneously detected. The double- and/or triple-distinct
pulses in the current profiles suggest the discontinuous
release of the formulation in the pulse fashion. The total
charge for the two-pulse profile shown in Fig. 2B was 2.38
and −0.32 nC for the first and second stages respectively.
And the corresponding electrostatic charges for the first and
second stages of the triple-pulse profile shown in Fig. 2C was
2.54 and −0.18 nC. The total charges for the two-pulse and
three-pulse current profile were in the same order as those
of single pulse current profiles, for example, the net charge
of single pulse profile shown in Fig. 2A was 1.75 and
−0.19 nC for the first and second stages respectively. The
time evolution of the current profile can provide important
information on the formulation release profile from the
inhalers, which might be useful for optimization of the drug
formulation and/or inhalation device design.

(A)

(B)

(C)
Fig. 2. Induction current profiles measured at the upper and lower
stage of Twin Stage Impinger for single actuation. Solid line Upper
stage; dashed line lower stage. A One-pulse profile; B double-pulse
profile; C triple-pulse profile.

(A)

(B)
Fig. 3. Electrostatic charge characterization results using the pro-
posed method for three independent tests composed of 20 actuations
each at 25°C and 20% RH. A Upper stage; B lower stage.
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Electrostatic Charge Measurement

The net electrostatic charge of particles deposited in each
stage during each actuation was obtained by integrating the
induction current over inhalation time. This was done
automatically using an in-house program written in MatLab.
Three tests, each composing of 20 actuations, were performed
at the same conditions but different days to evaluate the test
to test and actuation to actuation variations in the electro-
static charge measurements.

Figure 3 shows the electrostatic charges associated with
particles deposited in the first (Fig. 3A) and second (Fig. 3B)
stages for 20 actuations of the three different tests. The three
tests were performed on three different days in the walk-in
environmental chamber at the temperature of 25°C and the
relative humidity of 20%. There was no clear trend on the
dependence of the charge on the inhalation test sequence
although effect of repeated use of inhaler on the charge
measurement results was reported in literature (9). As no
effort was made for optimizing the performance of the inhaler
and/or the formulation, it was likely that the delivered dose
might vary a bit from actuation to actuation, which contrib-
uted to the variation of electrostatic charge of each actuation.
Therefore the variation in electrostatic charge from actuation
to actuation could arise from the variation in delivered dose
and/or the effect of inhaler. In the upper stage, the net
electrostatic charges of deposited particles were ranged from
1.55 to 5.03 nC, 0.85 to 4.44 nC, and 1.85 to 4.81 nC for the
testing a, b, and c respectively. The corresponding coefficients
of actuation to actuation variations in the electrostatic charge
were 28.3%, 38.5%, and 23.8%. For the lower stage, the net
electrostatic charges of deposited particles were ranged from
−80 to −343 pC, −94 to −272 pC, and −113 to −503 pC with
the corresponding coefficients of actuation to actuation
variations in the electrostatic charges of 32.8%, 33.4%, and
42.7% for the testing a, b, and c respectively. ANOVA
analysis (95% confidence level) indicated that the three
independent measurements were not significantly different.

The average electrostatic charges per actuation of the total
20 actuations were 3.33, 2.77, and 3.46 nC for the first stage and
−0.21, −0.18, and −0.26 nC for the second stage for the three
tests a, b, and c respectively. The mean electrostatic charges of
the three tests were 3.18 and −0.22 nC for the first and second
stages respectively, and the corresponding coefficient of varia-
tion for the three tests were found to be 11.4% and 18.6%.

The results of charge measurements are summarized in
the Table IV. The mass of salbutamol sulphate deposited in the

second stage were analyzed by the HPLC method described
earlier and were 1.02, 1.06, and 1.11 mg for the total 20
actuations of testing a, b, and c respectively. The average mass
for the three tests was 1.06 mg with the coefficient of variations
of 4.24%. The small coefficient of variation indicated good
experimental reproducibility with respect to the fine particle
dose. Dividing the net electrostatic charges by the corresponding
mass of particles, the charge tomass ratios of the three tests were
found to be −4.04, −3.34, −4.70 μC/g for test a, b, and c
respectively, which led to the mean charge to mass ratio of
−4.03 μC/g and the coefficient of variance of 16.9%.

The results indicated that, using the proposed add-on
device, actuation to actuation and testing to testing variations
in electrostatic charge measurement were reasonably small,
which suggested that electrostatic charge measurements using
the proposed method were reliable and consistent for the DPI
system investigated.

DISCUSSION

In the current study, the principle and method to measure
the electrostatic charges of inhalation drug particles were
illustrated using the twin-stage impinger. The same principle
and method can also be extended to particle charge character-
ization in general. For example, milled particles can be

Table IV. Summary of the Charge to Mass Ratio Measurements of the Inhalation Drugs Using the Proposed Method upon Aerosolization of
the Salbutamol Sulphate-lactose Formulation from the Rotahaler®

Tests

Q (nC) CV (~) %

Mass of SS (mg) Q/M (μC/g)Upper Lower Upper Lower

A 66.6 −4.12 28.3 32.8 1.02 −4.04
B 55.4 −3.54 38.5 33.4 1.06 −3.34
C 69.2 −5.22 23.8 42.7 1.11 −4.70
Average 1.06 −4.03
STD 0.05 0.68
CV % 4.24 16.9

Testing was performed under walk-in chamber at 25°C and 20% RH.

t0
t1 t2 t3

(a) (b) (c)

Fig. 4. Electrostatic charge measurement procedures. a Measure-
ment of current before formulation testing; b measurement of
induced current from the deposited particles; c measurement of
current after formulation testing.
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directed into single liquid particle trapping system so that the
effect of milling on the particle electrification can be studied.
Other applications include particle electrification in process
equipments. Particles can be directed through a tube made of
the same material as the equipment and collected in a single
stage, where the particle charges can be measured using the
current method and particle electrification can be investigated.

One concern of the present charge measurement method
is about the influence of residual charges from previous
measurements. In the present device, the charge was mea-
sured through the induction current. It is true that the
residual charge of previous measurements will distort current
measurement, and this distortion, mainly due to the charge
dissipation, is reflected in the second term on the right-hand-
side of equation (2). Physically this term can be evaluated as
following:

dQd

dt
¼ kQ ¼ id;ind ð4Þ

The charge dissipation rate is directionally proportional
to the total charge trapped in the liquid layer, and can be
measured and evaluated as the induction current. This
suggests that the device itself actually provides a way to
estimate the extent of the influence of charge dissipation on
the measurement. In some cases if the induction current due
to residual charge dissipation, id,ind, is too large to be ignored,
one simple method is just to wait for a short while until the
dissipation current is negligibly small.

The charge measurement procedures were divided into
three steps: (a), (b), and (c) as illustrated in Fig. 4. After
loading the dose to the inhaler and installing the inhaler to
the TSI, the charge measurement was started as follows:

Step (a): t=0, started charge measurement unit, and
recorded the data for a few seconds till t=t1;

Step (b): at t=t1, introduced air flow at specified flow
rate, performed TSI and electrostatic charge
measurements for the formulation for 5 s, t=t2;

Step (c): at t=t2 stop air flow, continue electrostatic charge
measurement for a few seconds until t=t3.

In the above three steps for charge measurement, only
step (b) measured the electrostatic charge of particles via
induction current method together with particle aerodynamic
diameter characterization. Step (b) and (c) measured the
induction current before and after particle deposition respec-
tively, namely charge dissipation rate before and after testing.
Therefore the induction current signals detected at steps (a)
and (c) can be used to evaluate the magnitude of charge
dissipation rate. In the current work, the dissipation currents
were all very small and negligible compared to the aerosol
charge signals, as can be seen in the Fig. 2.

The above observation indicated that the charge dissipa-
tion rate (measured as induction current when no particle
impaction took place) immediately before and after dose
testing was indeed very small. Therefore the charge dissipa-
tion was unlikely to affect the charge measurement for the
current system studied, and approximation using equation (3)
was valid.

Another concern is regarding the effect of the evapora-
tion of the liquid on the charge measurement. The evapora-

tion can be mitigated by using more viscous liquid, for
example silicon oil. The extent of the liquid evaporation on
charge measurement can also be evaluated using the induc-
tion current, as discussed above regarding the influence of the
residual charge.

CONCLUSIONS

In the current study, a system for simultaneous measure-
ment of electrostatic charges and particle sizes has been
presented. Evaluation using the Faraday cage method showed
that the accuracy in the chargemeasurement using the proposed
system was satisfactory. Experimental results confirmed that the
integration of the add-on device had no effect on the perfor-
mance of TSI with regard to its FPF characterization. The
developed systemwas applied to characterize aDPI formulation
composed of Inhalac 230® and salbutamol sulphate. The
measurement results indicated that salbutamol sulphate carried
negative charges upon aerosolization from the lactose-based
formulation that is consistent with those reported in literature.
The net charges of Inhalac 230® and the un-dispersed
salbutamol sulphate were positive. Charge to mass ratio results,
calculated using the fine particle dose obtained from TSI
measurements and charge data from the add-on device,
suggested good reproducibility for the DPI system investigated.

The present integrated system provided a simple solution
to simultaneously measure electrostatic charges together with
particle aerodynamic diameter characterization for pulmo-
nary drug delivery. The system can be used to characterize
electrostatic charges for inhalation formulations, and to study
electrostatic properties of carrier particles, inhaler materials,
and other powders in general.
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