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Purpose. We have assessed the use of an ultrasonic nebulization system (UNS), composed of ultrasonic

nebulizer and diffusion dryer filled with charcoal, for the effective delivery of beclomethasone to the

airways in a murine asthma model.

Methods. Solution of beclomethasone in ethanol was aerosolized using an ultrasonic nebulizer. Passage

of the aerosol through a drying column containing charcoal and deionizer produced dry beclomethasone

particles. Particles were delivered to BALB/c mice placed in a whole-body exposition chamber 1 h before

intranasal challenge with ovalbumine. Efficacy of beclomethasone delivery was evaluated by examining

bronchoalveolar lavage fluid (BALF) cytology.

Results. Effect of three UNS system parameters on aerosol particle size was investigated. The critical

parameter affecting the size of dry particles was beclomethasone concentration in aerosolized solution

and solution flow rate while power level of ultrasonic nebulizer generator had no effect. Administration

of beclomethasone at calculated dose of 150 mg/kg to mice significantly decreased total cell number and

relative eosinophil number in BALF.

Conclusions. The UNS system produces a monodisperse aerosol that can be used for inhalative delivery

of poorly water soluble substances to experimental animals. The UNS system minimizes formulation

requirements and allows rapid and relatively simple efficacy and toxicity testing in animals.

KEY WORDS: asthma; beclomethasone dipropionate; dry powder; inhalation delivery; mice; ultrasonic
nebulization system.

INTRODUCTION

Asthma and chronic obstructive pulmonary disease
(COPD) are among the most common chronic diseases and
the prevalence of both diseases is increasing. It is estimated
that asthma and COPD each affects approximately 4 to 10%
of the population (1Y4) and they represent an important
pharmacoeconomic burden to society. In the treatment of
asthma and COPD, as well as other pulmonary disorders,
localized delivery of drugs to the respiratory tract is an
important and effective therapeutic method. Inhalation
delivery for the treatment of lung disorders has the clinical
advantages over systemic therapy since it requires relatively
small doses for effective therapy, minimizes possible side
effects, and facilitates delivery of macromolecules that are
poorly absorbed from the gastrointestinal tract (5,6). Inhala-

tion delivery is dependent on dispersion of solid and liquid
particles suspended in gas, i.e., aerosol generation.

In human medicine, systems used for drug delivery by
inhalation include pressurized metered-dose inhalers
(pMDI), dry powder inhalers (DPI), and jet pneumatic or
ultrasonic nebulizers, as well as recently developed small
volume liquid inhalers (7Y9). pMDI was the most frequently
prescribed aerosol delivery system because they were effec-
tive and convenient for a large proportion of patients (10).
However, the most widely used propellants for pMDI
operation, chlorofluorocarbons, were prohibited in the year
2000 by the Montreal Protocol. Although new pMDIs that
use environmentally benign propellants have been devel-
oped, alternative devices, such as DPI and ultrasonic
nebulizers, have gained in popularity. DPI are breath-
activated inhalers that rely on the patient’s inspiratory flow
to deliver the micronized drug particles to the respiratory
tract (10). Dry powder generation is often hindered by
aggregation of drug particles, which is exacerbated by the
electrostatic charge of micronized particles and the hygro-
scopic nature of the drug (10). In contrast to DPI, nebulizers
produce aerosols from drug solutions. Ultrasonic nebulizers
utilize conversion of high frequency electrical pulses to
mechanical vibrations which then convert liquid into a fine
mist (11). In comparison to pMDI and DPI, nebulizers offer
several advantages: they produce narrow-sized particles that
enable uniform delivery of drug into the small airways.
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Nebulizers could also be used for administration of biomo-
lecules in aqueous formulations to the respiratory tract
(11Y13).

Many of new therapeutics for asthma and COPD are
intended to be delivered locally to the respiratory tract. In
preclinical testing of these compounds drop wise application
of solutions or suspensions intranasally (14,15), intratracheal
instillation (16,17) and delivery by dry powder or liquid
aerosols are used (17,18). It is preferable to use the same
mode of respiratory drug delivery in preclinical testing as
well as in clinical development. To be effective in animal
studies, the system should reproducibly produce and deliver
aerosol particles with a well-defined and narrow size
distribution over a wide range of concentrations (19,20).
Since breathing of conscious animals in animal exposure
studies cannot be controlled, drug particle deposition
depends almost exclusively on the aerodynamic properties
of the aerosol. Restraints imposed by most commonly used
dry powder generators for inhalation delivery in various in

vivo models include the limited choice of possible drug
formulations, the requirement for a relative large quantity of
substance and the considerable costs associated with drug

micronization. Potential new medications could alternatively
be tested as aerosols produced by nebulization of their
solutions (21,22), but medications that are used for treatment
of asthma and COPD (i.e., corticosteroids) are frequently

poorly water-soluble and must therefore be dissolved in
organic solvents such as methanol or ethanol prior to
nebulization (23). It was recently reported that passing an

ethanol aerosol stream through a diffusion drier containing an
annular ring of charcoal significantly reduces ethanol content
and produces dry inhalable particles (23Y25). The system

composed of an ultrasonic nebulizator and a diffusion dryer
was reported to have a constant and controllable substance
output (23Y25), but was not formally used for efficacy and
toxicity testing of drugs in animals.

In this study we compared characteristics of aerosol
generation system composed of ultrasonic nebulizer and
diffusion dryer to the UNS systems described earlier
(23Y25) and determined parameters for effective delivery of
a drug to mice. Applicability of the system for delivery and
efficacy testing of anti-asthma drugs in the murine model of
asthma was tested by delivering standard corticosteroid,
beclomethasone dipropionate, and measuring the reduction
in airway eosinophilia.

MATERIALS AND METHODS

Animals

All studies were performed on 8Y12 weeks old male
BALB/c mice (Charles River Laboratories Inc., Wilmington,
MA, USA). Mice were kept on wire mesh floors with
irradiated maize granulate bedding (Scobis Due, Mucedola,
Italy) and maintained under standard laboratory conditions
(temperature 22 T 2-C, relative humidity 55 T 10%, about 20
air changes per hour filtered on HEPA 99.97%, artificial
lighting cycle of 12 h). Food (Mucedola, Italy) and tap water
were provided ad libitum.

All procedures on animals were performed in accor-
dance with (a) the Principles of Laboratory Animal Care
(NIH publication #85-23, revised in 1985); (b) the EEC
Council Directive 86/609 of 24th November 1986 on the
approximation of laws, regulations and administrative provi-
sions of the Member States regarding the protection of
animals used for experimental and other scientific purposes;
and (c) Statute of Republic Croatia, Animal welfare law, NN
081-99-266/1 of 9th February 1999.

Chemicals

Beclomethasone dipropionate (Q99%; beclomethasone),
phosphate buffered saline (PBS) and chicken egg ovalbumine
grade VI (õ99%; OVA) were obtained from Sigma Chemical
Co. (St Louis, MO, USA). Charcoal, 4- to 8-mesh, was ob-
tained from ALDRICH Chemical Company, Inc. (Milwau-
kee, WI, USA), ethanol and toluene were from Merck
(Darmstadt, Germany) and Alu-Gel-S was from SERVA
Electrophoresis GmbH (Heidelberg, Germany). Diff-Quick
staining set was purchased from Dade Behring Inc. (Newark,
DE, USA).

Murine Asthma Model

To develop pulmonary eosinophilia, mice were sensi-
tized with OVA on experimental days 0 and 14. Sensitization
was done by intraperitoneal application of 10 mg of OVA
dissolved in 2% Alu-Gel-S in a total volume of 0.2 ml/mouse.
On experimental day 20, mice, under light anesthesia
(combination of ketamine hydrochloride [2 mg/mouse;
Narketan\ Vetoquinol, Bern, Switzerland) and xylazine-
hydrochloride (0.07 mg/mouse; Rompun\, Bayer, Leverkusen,
Germany)], were intranasally instilled with 25 mg of OVA
dissolved in PBS in a total volume of 50 ml. A control group
of mice received 50 ml of PBS (negative control group). One
group of mice was challenged with OVA and left untreated
or treated with vehicle (positive control group). All aerosol
treatments with beclomethasone were done also on
experimental day 20, ending 1 h before the challenge with
OVA. Conscious mice were placed into the exposure
chamber of the UNS system and simultaneously exposed to
beclomethasone aerosol (treated group). On experimental
day 22, approximately 48 h after OVA instillation, mice were
euthanized, tracheas were cannulated and lungs were lavaged
three times with PBS in a total volume of 1 ml (0.4, 0.3 and
0.3 ml, respectively). Bronchoalveolar lavage fluid (BALF)
was cytocentrifuged for 10 min at 250 rpm (Cytospin-3,
Shandon Instruments, UK). Percentage of eosinophils was
determined by morphological examination of at least 200
cells on smears differentially stained with Diff Quick. In one
experiment total number of cells in BALF was counted in a
hemocytometer (Sysmex SF 3000).

In order to combine results from different experiments,
percent inhibition of eosinophil accumulation in BALF
induced by beclomethasone was calculated with the formula:

% eosinophil inhibition in BALF ¼ 100%

� % BALF eosinophil in aerosolized group

% BALF eosinophil in positive control group
� 100%

� �
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Ultrasonic Nebulization System (UNS)

The ultrasonic nebulization system (UNS) was con-
structed as described previously (19,23,24) with several
modifications (Fig. 1). The system consisted of an ultrasonic
nebulizer, drying column, deionizer and animal exposure
chamber. Solutions were pumped into the nebulizer with a
syringe pump (Model 74900, Cole-Parmer Instrument Co.,
Vernon Hills, IL, USA). The nebulizer, an ultrasonic spray
nozzle system (Sono-Tek Corp., Milton, NY, USA) was
driven by an ultrasonic generator operating at a fixed
frequency of 125 kHz. The nebulizer was attached to an air
supply device that injects a stream of air (3 l/min) around
nozzle of the nebulizer. The nebulizer and air shaped device
were mounted on the upper conical portion of a 500 ml
round-bottom flask. On the side arm of the round-bottom
flask a 45 cm long drying column (TSI Inc., Shoreview, MN)
was connected using the tygon tube. Spray drying of the
aerosol was attained by passing of aerosol through the inner
cylinder of drying column surrounded by charcoal. The outlet
of the drying column was connected through the deionizer
(TSI Inc.) to an animal exposure chamber (chamber for
guinea pig, cat. no. PLY3215, Buxco Electronics, Inc.,
Wilmington, NC, USA). Air pumps (Buxco Electronics, Inc.)
attached to the exit of the exposure chamber (flow 6 l/min)
supplied a continuous flow of fresh air and supported passing
of the aerosol through the system.

Determination of the Dry Powder Particle Properties

To determine number of particles, their aerodynamic di-
ameter, width of distribution (expressed as geometric standard
deviation, GSD) and fine particle fraction with aerodynamic
diameter of <2.20 mm [FPF( <2.20 mm)] the aerosol was
delivered to an Aerosizer 3220 (TSI Inc.) attached to the UNS
instead of the animal exposure chamber. The Aerosizer is a
time-of-flight particle sizer spectrometer that automatically
measures number of particles and their aerodynamic diameter
and calculates GSD and FPF(<2.20 mm) (19,26,27).

To determine the morphology of the produced particles,
they were collected on a microscopic cover glass exposed to
the aerosol stream in the exposure chamber. Samples of dry
particles were coated with gold in S150 Sputter coater
(Edwards) and examined by a scanning electron microscope
(JSM-5800, Jeol).

Determination Ethanol Removal by Drying Column

Concentration of ethanol in aerosol generated by UNS
was determined in vapors present before and after drying
column by using gas chromatography coupled with mass
detector (GC-MS, Varian Saturn 2000). Aerosol that contains
ethanol vapors produced by UNS system had constant flow
which was maintained by UNS. After the system was stably
equilibrated for about 5 min, the exact volume (10 ml) of the
aerosol was captured by syringe that did not produce
resistance or disturbance in overall pressure of the system
before and after the drying column. After the sample was
collected, additional 1 ml of toluene was drown into the
syringe and stopper was closed. Syringe was vigorously shaken
for 20 s, placed in the upright position and content transferred

to the 2 ml glass vial through the needle attached to the
syringe. By performing the transfer in this manner, the toluene
solution was placed first in the vial and then remaining syringe
volume was emptied by slowly bubbling it through the toluene.
Amount of ethanol was determined by GC-MS analysis and on
the basis of standard calibration curve. Efficacy of drying
column was expressed as % ethanol removal and was calcu-
lated according to the formula: % ethanol removal = (1-(con-
centration of ethanol in vapors after the drying column/
concentration of ethanol in vapors before the drying column))
� 100%.

Calculation of Beclomethasone Dose

The dose administered to the mice was estimated
according to the formula described in Wattenberg et al. (21):

DL ¼
C �MV � T

BW
ð1Þ

where DL is the estimated dose level of substance (mg/kg
body weight), C is the substance dry powder concentration in
the exposure chamber (mg/l), T is the duration of exposure
(min), BW is the mean group body weight (kg) and MV is the
minute volume (l/min) estimated according to the formula of
Guyton (28): MV ¼ BW0:75 � 2:10:

The concentration of beclomethasone dry powder in the
exposure chamber (mg/l) was calculated according to the
formula

C ¼ 4� ��N � r3 � �
3� Va

ð2Þ

where r is the estimated substance density (1.2 kg/dm3), N is
the number of dry powder particles per minute, r is the
substance dry powder particle diameter (m) and Va is the air
volume pumped into the system per minute (3 l).

The inherent assumptions of this approach are that the
produced particles are spherical and that all the inhaled
particles are completely deposited in the lung. It was
assumed that particles from UNS are spherical since it was
reported that spray-drying technique produces small spheri-
cal particles with narrow size distribution (29).

Fig. 1. Schematic diagram of the ultrasonic nebulization system

(UNS) used for inhalation drug delivery. For details see text.
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Data Analysis and Statistical Evaluation

Properties of the measured dry powders produced by the
UNS system were compared by one-way ANOVA, followed
by the TukeyYKramer multiple comparison test. Relative
eosinophil number in BALF from the positive control and
individual beclomethasone-treated groups were compared by
unpaired t-test. Statistical analysis was performed using the
statistical program GraphPad InStat (version 3.05, GraphPad
Software Inc., San Diego, CA, USA). Level of significance
was set at p < 0.05 in all cases.

RESULTS

Previous investigations indicated that dry powder parti-
cle size produced by UNS depends not only on the intrinsic
properties of the solute and test compound, but is also
determined by parameters such as solution flow rate, power
level and frequency of the ultrasonic nebulizer. Since the
frequency of the ultrasonic nebulizer in the system employed
is fixed, the effects of changes in (a) concentration of
beclomethasone solution used for nebulization, (b) solution
flow rate, and (c) power level of ultrasonic nebulizer
generator on aerosol particle properties were tested prior to
animal studies in order to determine parameters which
ensure production of drug particles optimal for lung deposi-
tion in mice. Particle properties were measured by time of
flight particle sizer spectrometer through determination of
dry particle number, aerodynamic diameter (size), fine
particle fraction [FPF(<2.20 mm)] and width of distribution
described by geometric standard deviation (GSD).

Effect of Liquid Flow Rate on Dry Powder Particle
Properties

The effect of liquid flow rate on the properties of the dry
powder was measured using a constant concentration of
beclomethasone solution (1 mg/ml) with the power level of

ultrasonic nebulization generator set at 2.8 arbitrary units.
Small, non-significant changes in the number of produced
particles, their size and GSD were observed as liquid flow
rate increased from 0.3 to 1.2 ml/min (Fig. 2). However,
increasing liquid flow rate above 1.2 ml/min markedly
decreased the number of particles produced, as well as their
size, with a concomitant increase in GSD (Fig. 2). Since
increase in liquid flow rate above 1.2 ml/min led to
deterioration of UNS performance, all subsequent measure-
ments were done at this flow rate.

Effect of Ultrasonic Nebulizer Generator Power Level
on Dry Powder Particle Parameters

Effect of ultrasonic nebulizer generator power level on
particle parameters was measured using a constant concen-
tration of beclomethasone dipropionate solution in ethanol
(1 mg/ml) and the liquid flow rate at 1.2 ml/min. In contrast
to effects of liquid flow rate, variation of ultrasonic nebuli-
zation generator power level in the available range had no
significant effect on number, aerodynamic diameter or GSD
of dry particles (Table I).

Although the difference was not significant, the aerosol
with the narrowest particle distribution (GSD) was produced
when the power level of the ultrasonic nebulizer generator
was set at 2.8 arbitrary units. Therefore, a power level of 2.8
was used for subsequent testing of the UNS system.

Effect of Nebulized Beclomethasone Solution Concentration
on Dry Powder Particle Properties

To test the effect of the concentration of the nebulized
solution on dry powder particle properties, solutions with
increasing concentrations of beclomethasone in ethanol were
nebulized with the ultrasonic nebulization generator power
level set at 2.8 arbitrary units and at a constant liquid flow
rate of 1.2 ml/min. An increase in the concentration of the
nebulized beclomethasone solution increased number and
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Fig. 2. Effect of liquid flow rate on aerosol particle size, geometric standard distribution

(GSD) and their number. All measurements were done by nebulizing 1 mg/ml of

beclomethasone dipropionate solution in ethanol with the power level of the ultrasonic

nebulizer generator set at 2.8 arbitrary units. All data are means T SD (n = 5). Significant

differences (p < 0.05) versus measurements taken at liquid flow rate of 0.3 ml/min are

marked with an asterisk (*).
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aerodynamic diameter of the dry particles (Fig. 3). The
smallest GSD, although not significantly different, was
recorded after nebulization of 1 mg/ml beclomethasone
solution (Fig. 3). Thus, the concentration of nebulized
solution seems to be an important parameter that can be
used to obtain an aerosol with different particle number, size
and width of distribution.

Use of UNS to Deliver Beclomethasone Dipropionate
in a Murine Asthma Model

The particle size that is optimal for lung deposition in
mice is approximately 1.5 mm (30,31 and references therein).
The results from UNS characterization experiments indicated
that for optimal delivery of dry particles to mice, the
following parameters should be used: beclomethasone solu-
tion concentration of 1 mg/ml, liquid flow rate of 1.2 ml/min
and nebulizer power level set at 2.8 arbitrary units. Particle
aerodynamic diameter distribution from UNS system set as
described was determined by time-of-flight analyzer (Fig. 4a).
Produced particles had normal and well-defined distribution
with 90% of the produced particles in the range from 0.89 to

1.67 mm, and FPF(<2.20 mm) was 98.95 T 1.88%. Examination
of the particle morphology by scanning electron microscopy
revealed that particles produced by UNS are spherical
(Fig. 4b).

To ensure that ethanol is efficiently removed and does not
unduly interfere with determination and interpretation of
beclomethasone efficacy, removal of ethanol by the drying
column was tested both analytically and functionally. To
measure the efficacy of ethanol removal by drying column in
the vapors before and after the column, ethanol quantity was
determined by GC-MS analysis. Obtained results indicate that
the drying column removes 66% of ethanol initially present in
the aerosol. In functional experiments, mice were exposed to
60 or 100 ml of nebulized ethanol, corresponding to volumes of
ethanol used for dissolution and delivery of two highest doses
of beclomethasone, 1 h prior to antigen challenge (Table II).
OVA sensitized and challenged groups treated with ethanol
had practically identical relative number of eosinophils in
BALF (32 T 9 and 47 T 11) as the non-treated positive control
group (33 T 8 and 48 T 11), respectively. Obtained results
demonstrate that remaining ethanol even at the highest
tested dose had no effect on eosinophilia in BALF. However,
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Fig. 3. Effect of concentration of nebulized beclomethasone dipropionate (beclomethasone)

solution in ethanol on aerosol particle size, geometric standard distribution (GSD) and their

number. Liquid flow rate was set at 1.2 ml/min and the power level of ultrasonic nebulizer

generator was set at 2.8 arbitrary units for all measurements. Data are means T SD (n Q 5).

Significant differences (p < 0.05) versus measurements taken with 0.5 mg/ml beclomethasone
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Table I. Effect of Ultrasonic Nebulizer Generator Power Level on Number of Particles, Mean Particle Size and Geometric Standard

Deviation (GSD)

Power Level Setting (Arbitrary Units)

1.4 2.8 4.0

Number of particles/s 13,282.4 T 318.3 13,418.9 T 316.3 13,265.5 T 210.7

Particle size (mm) 1.536 T 0.07 1.561 T 0.07 1.485 T 0.03

GSD (mm) 1.223 T 0.011 1.208 T 0.013 1.216 T 0.006

All measurements were obtained after nebulization of a solution of beclomethasone dipropinate (1 mg/ml) in ethanol at a liquid flow rate of

1.2 ml/min. Data are means T SD (n = 5).
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prolonged nebulization of ethanol (nebulization of volumes
Q200 ml, or for Q140 min) induced initial symptoms of
ethanol intoxication in animals, including irritation of the
nose and throat, dizziness and confusion (data not shown).

Subsequently, the UNS system was used to deliver
beclomethasone to OVA-sensitized mice. Calculation of the
approximate dose delivered to the animals according to
formulas (1) and (2) indicated that nebulization of 15 ml of
beclomethasone solution over 12.5 min delivers õ22.5 mg/kg
(b.w.) to mice. To increase the delivered dose nebulization of
larger volumes of beclomethasone solution was required,
which prolonged exposure time. To test various beclometha-
sone doses in OVA induced eosinophilia in mice a series of
consecutive experiments was conducted. Relative number of
eosinophils in BALF is a good indicator of asthma severity
(32Y35) and was scored as the principal experimental
parameter in this model. In total, ten different experiments
were performed and experimental data are shown in Table
III. In order to compare effects of beclomethasone from
different experiments, inhibition of pulmonary eosinophilia
was calculated as described in Materials and Methods and
graphically depicted in Fig. 5. When lower doses of beclo-
methasone (22.5 or 45 mg/kg (b.w.)) were administered, only
slight inhibition (<20%) of eosinophil accumulation in BALF
was detected. Delivery of beclomethasone by the UNS
system at doses larger than 67.5 mg/kg (b.w.) inhibited
accumulation of eosinophils in BALF by more than 60%,
indicating a relatively steep dose response that is character-

istic for the effect of steroids in asthma. The 150 mg/kg dose
was found to be the most effective in decreasing relative
number of eosinophil and the effect of this dose on BALF
cytology was evaluated in detail (Fig. 6). Beclomethasone
treatment significantly decreased both the total cell number
(Fig. 6a), eosinophil percentage in BALF (Fig. 6b) and
number of macrophages (Fig. 6c). In contrast, treatment with
ethanol, applied in the same volume as beclomethasone, did
not significantly change total cell number or percentage of
individual cell populations in BALF (Fig. 6).

DISCUSSION

Preclinical animal experiments constitute specific chal-
lenges and requirements on the system that is intended for
inhalation drug delivery. This type of delivery to the
respiratory tract is influenced by inhaled particles properties
(i.e., diameter and size distribution) as well as on breathing
patterns of experimental animals (i.e., frequency, tidal
volume and flow) (10). As the respiration of experimental
animals is species-dependent and cannot be controlled,
ability of the system to efficiently deliver drug to the animal
respiratory tract depends very much on inhaled particle
properties. Therefore, such system should be able to con-
trollably and reproducibly produce aerosols that have
particles with precisely defined size, narrow width of
distribution and should require minimal amount of test
substances. This is of critical importance in efficacy testing

Table II. Effect of Ethanol Delivered by the UNS System on the Relative Number of Eosinophils in the Murine Model of Pulmonary

Eosinophilia

Experiment Number Pos. Control (% Eosinophils)
Percent Eosinophils

60 ml Ethanol Administeredb 100 ml Ethanol Administeredc

1 33T8 [8]a 32T9 [9]

10 48T11 [6] 47T11 [6]

Data are given as mean percentage eosinophils in bronchoalveolar lavage fluid T SD.
[ ]a Indicates number of mice per experimental group.
b Corresponds to the volume of ethanol given at a beclomethasone dipropionate dose of 90 2g/kg.
c Corresponds to the volume of ethanol given at a beclomethasone dipropionate dose of 150 2g/kg.

Fig. 4. Size distribution of dry particles produced by UNS and their morphology. Dry powder aerosol was produced by nebulizing solution of

beclomethasone dipropionate in ethanol (1 mg/ml) with liquid flow rate at 1.2 ml/min and the power level of ultrasonic nebulizer generator set

at 2.8 arbitrary units. a Size distribution was determined by Aerosizer 3220 (TSI Inc.). b Scanning electron microscopy picture showing the

morphology of dry particles produced by UNS.
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of new chemical entities, especially in the discovery phase
when drug supply is limited.

Ultrasonic nebulizers described in the literature produce
aerosols with narrow-sized particles from drug solutions and
produce aerosol with suitable characteristics for animal
testing. However, as many medications are poorly water
soluble, organic solvents are required for their dissolution.
Before such aerosol is applied to experimental animals
organic solvent should be removed as much as possible. It
was shown recently that dry and inhalable drug particles
could be produced by aerosolizing organic solution of drug
and passage of aerosol stream through a drying column filled
with charcoal (23,24). With the use of scanning electron
microscopy we demonstrated that spray drying of such
droplets in the drying column surrounded by charcoal results

in small spherical dry particles with uniform size distribution.
This is in good agreement with earlier investigation (29).
Therefore, system composed of ultrasonic nebulizator and
drying column could fulfill requirements for inhalation drug
delivery to experimental animals (23,24). This led us to test
whether UNS system could indeed be applicable for delivery
and efficacy testing of poorly water-soluble compounds such
as corticosteroids and its representative beclomethasone in
the murine model of asthma.

The UNS systems described in the literature have a very
similar design and are composed of basic components such as
syringe pump, ultrasonic nebulizer, drying column, deionizer
and air pumps. However they may differ in their particle
generation properties since components could be provided by
various suppliers (23,24,36). Therefore, each UNS system should

Fig. 5. Effect of beclomethasone dipropionate (beclomethasone) delivered by ultrasonic nebulization

system on the relative number of eosinophils in the bronchoalveolar lavage fluid (BALF) in the murine

asthma model. Data are represented as percent eosinophil inhibition calculated in each experiment

according to the formula described in Materials and Methods is labeled as (q) and mean percent

inhibition observed with the same beclomethasone dose from different experiment is marked as (V).

Asterisk indicates significant differences (p < 0.05) between beclomethasone treated groups and

appropriate positive control groups (untreated mice challenged with ovalbumine).

Table III. Effect of Beclomethasone Dipropionate Delivered by the UNS System on Pulmonary Eosinophilia in the Murine Model Asthma

Experiment Number Pos. Control (% Eosinophils)
Percent Eosinophils at Different Beclomethasone Doses (mg/kg)

22.5 45 67.5 90 150

1 33T8 [8]a 25T6 [8] 6T5*[9]

2 32T12 [7] 28T11 [9] 27T9 [9]

3 56T16 [8] 20T17* [5]

4 37T16 [7] 17T11* [7]

5 43T11 [9] 4T7* [9]

6 46T13 [9] 8T8* [9]

7 46T10 [9] 26T16* [9]

8 46T8 [10] 31T16* [8]

9 51T10 [8] 51T15 [8] 37T17 [8]

10 48T11 [6] 4T9* [6]

Data are given as mean percentage eosinophils in bronchoalveolar lavage fluid T SD.
[ ]a Indicates number of mice per experimental group.
*Indicates significant differences (p < 0.05) versus appropriate positive control group.
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be carefully tuned for production of applicable dry particles
for delivery of effective dose to experimental animals. To
obtain particles with suitable properties, parameters such as
nebulizer frequency, solvent with its surface tension and
density properties, flow rate of liquid solution through
nebulizer, concentration of drug in the nebulized solution

and power level of ultrasonic nebulizer generator should be
evaluated and accordingly adjusted when possible.

The size of particle after drying is directly correlated to
the initial aerosol particle size produced by ultrasonic
nebulizator, which in turn are a function of the nebulizer
frequency and the properties of the solvent used in nebuli-
zation (surface tension and density). It would be ideal to have
ultrasonic nebulizer with adjustable frequency, but nebulizer
frequency is usually predetermined and cannot be changed.

Although earlier studies used various organic solvents
(methanol, ethanol, ethyl acetate) for aerosol production
(23Y25), we had used ethanol as the solvent of choice since it
has excellent liquid properties for ultrasonic nebulization
(23), is already present in therapeutic inhalation prepara-
tions, it generally facilitates dissolution of poorly water
soluble compounds and in this particular case because
steroids, including beclomethasone, dissolve well in it.

Changing of liquid flow rate from 0.3 to 1.2 ml/min did
not significantly affect number of dry particles, their size or
GSD. These findings are in good agreement with earlier
investigation (24). Increasing of liquid flow rate over 1.2 ml/
min deteriorated dry particle properties (decreased number
of particles and their size and increased GSD), most probably
since the drug solution was passing too fast through the
nebulizer and was not nebulized efficiently.

In our experiments changes in the UNS power level have
no significant effect on investigated dry powder properties.
The exact value of power required for nebulization depends
on the (a) nozzle type, (b) liquid characteristics (i.e.,
viscosity), and (c) flow rate (37). Therefore, it is possible
that in other investigations, using different nozzle, solvent
and/or flow rate this parameter would significantly affect dry
powder properties.

The critical parameter affecting particle size and deliv-
ery of dry powder to the animals seems to be concentration
of the drug in nebulized solution. Increase of solute
concentration increases particle size, which is in good
agreement with previous studies (23,24,36).

Monodisperse aerosols, defined as aerosols with well-
defined and narrow distribution of particle sizes (GSD e 1.2 mm)
(38), are preferred for inhalation delivery of drugs. In human
medicine, application of monodisperse aerosols was found to
increase efficacy of inhalation therapy and eliminates side
effects attributed to particles that are either too large or too
small (39,40). Application of monodisperse aerosols of
appropriate size in animal exposure studies is even more
critical since breathing of conscious animals cannot be
controlled. However, the means to produce monodisperse
were hitherto restricted to complicated laboratory equip-
ment, like spinning top, vibrating orifice and SinclairYLaMer
generators, and by recently described system based on
electrohydrodynamic atomization (19,38). Our UNS system
produces dry particles with GSD (õ1.2 mm) that achieve the
limit of monodisperse aerosol.

The dose of aerosolized drug applied to animals depends
on the concentration of dry particles and on exposure time
(21). The number of dry particles produced by UNS system
and, consequently, their concentration is largely dependent
on liquid flow rate while particle size is a function of
substance concentration. Therefore, beclomethasone dose
applied through the UNS system can be varied by changing

Fig. 6. Effects of beclomethasone administered by UNS system on

BALF cytology. Beclomethasone solution in ethanol (õ150 mg/kg) or

the same volume of vehicle (100 ml of ethanol) was applied to groups

of six mice by nebulization. Experimental groups are labeled with

clear bars (negative controlVsensitized, PBS challenged mice), solid

bars (positive controlVsensitized, OVA challenged mice), hatched

bars (vehicle controlVsensitized, OVA challenged mice exposed to

nebulized ethanol) and gray bars (beclomethasoneVsensitized, OVA

challenged mice exposed to nebulized beclomethasone solubilized in

ethanol). A Total number of cells in BALF (106/ml). B Macrophage,

eosinophil and neutrophil percentage in BALF. C Total number of

macrophages, eosinophils and neutrophils in BALF. Data are given

as mean T SD (n = 6 mouse per group). Significant differences

(p < 0.05) versus positive control group [sensitized and ovalbumine

(OVA) challenged mice] are marked with an asterisk (*).
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either exposure time or air flow rate and thereby increasing
or decreasing dry powder particle concentration.

Efficacy of UNS System in Delivery of Beclomethasone
in Mice Asthma Model

Several earlier investigations have described a UNS
system with a drying column filled with charcoal and proposed
its use for the delivery of dry powders to experimental animals
(23,24,36). However, in none of these reports was the UNS
system actually used for delivery of dry powders to experi-
mental animals, and to the best of our knowledge, this is the
first description of the use of a UNS system to deliver a
poorly water-soluble compound (beclomethasone) to the
airways in a murine asthma model. Another previously
described system that used an ultrasonic nebulizer to deliver
beclomethasone and budesonide to mice to prevent lung
carcinogenesis used a series of condensers heated to 60-C to
remove the ethanol from dry particles (21,22).

As expected, nebulization of pure ethanol in volumes
equivalent to those used in the beclomethasone solution ad-
ministration (nebulization of volumes e100 ml up to 70 min)
had no effect on relative number of eosinophils in BALF.

Previous reports indicated that the drying column
efficiently removes ethanol even after 3 h of nebulization
(23Y25). In our system, prolonged nebulization of ethanol for
more than 2 h induced initial symptoms of ethanol intoxica-
tion in animals. This discrepancy could be attributed to the
differences in the UNS systems used. One of the parameters
is an air flow rate that propels the aerosol through UNS
system. Pham and Wiedmann (23Y25) showed that the
solvent removal efficiency decreases as the air flow rate
increases. In our experiments relatively large air flow rate
(3 l/min) was used, and it is possible that this parameter
decreased efficiency of ethanol removal. However, air flow
rate of 3 l/min was necessary to ensure enough air for normal
breathing of animals in the exposure chamber. More efficient
ethanol removal could be achieved by increasing the total
length of charcoal exposed to ethanol, either by using a single
longer drying column or serially connecting two shorter
columns. Further, our measurements indicated that the
increase in liquid flow rate from 0.3 to 1.2 ml/min induces
only a small and non-significant decrease in dry particle
number, their size and GSD (Fig. 2). Therefore, a lower
liquid flow rate could be tested in animal exposure studies to
deliver the same beclomethasone dose while reducing the
amount of ethanol vapors produced. By increasing the length
of the charcoal column and reducing the liquid flow rate,
further improved delivery of ethanol-dissolved substances
could be achievable.

The results of present study demonstrate that the UNS
system can efficiently and reproducibly deliver beclometha-
sone to mice and inhibit accumulation of eosinophils in
BALF induced by ovalbumin challenge. The shape of dose-
response curve for beclomethasone delivered through the
UNS system (Fig. 6) is similar to data obtained for inhaled
corticosteroids in human asthma (41,42). Although it may be
argued that the shown effects could be attributed to
swallowed drug absorbed from the gastrointestinal tract, we
consider this explanation highly unlikely. Previous studies
employing whole-body exposure of mice to various aerosols

(thorium and plutonium oxides or ricin) indicated that only
minimal amounts of the substance (1Y3%) are detected in the
stomach (43,44). Furthermore, clinical studies had shown that
the fraction of an oral dose of beclomethasone that reaches
the systemic circulation was only 0.26 (45). Therefore, we do
not suppose that observed anti-inflammatory effect could be
attributed to small amounts of beclomethasone that possibly
reach the gastrointestinal tract.

In order to validate the theoretically calculated beclo-
methasone dose of 150 mg/kg (b.w.) (corresponding to the
dose of 15 mg/g lung tissue) we tried to determine its
concentration in the lungs immediately following the com-
pletion of delivery using the HPLC-MS detection (results
now shown). Since beclomethasone dipropionate is a prodrug
that is rapidly and extensively converted to an active form,
beclomethasone-17-monopropionate (17-BMP) (46,47), both
beclomethasone dipropionate and 17-BMP levels were ana-
lyzed. We had detected signals corresponding to beclome-
thasone dipropinate in two of eight lungs, and signals
corresponding to 17-BMP in all eight lungs. Unfortunately,
all signals were below the limit of quantification of our
method (5 and 2.5 mg/g lung tissue for beclomethasone
dipropinate and 17-BMP, respectively). Although this exper-
iment demonstrates effective delivery of the compound in the
lungs of all mice, due to low exposure levels and limitations
of the analytical method we were unable to determine the
exact amount of delivered beclomethasone.

The theoretically calculated doses of beclomethasone
delivered by UNS are similar to those applied intratracheally
(17,48) and are markedly lower than those required for
therapeutic effects of intranasally applied drug substance in
the form of suspensions or solution (14,15). Additionally, in
comparison to intratracheal administration, UNS system
offers less invasive and more practical way of substance
delivery. Further, in comparison to UNS system dry powder
generators require greater amounts of substances to deliver
the same dose, due to the micronization process and less
optimal particle size distribution. It is worth noting that
calculated inhaled dose of budesonide delivered as dry pow-
der aerosol in murine model of asthma was 12.3 mg/kg (49)
while effective dose using UNS system is only 100Y150 mg/
kg (b.w.). Therefore, a properly adjusted UNS system offers
significant savings in terms of amount of substance needed
formulation development requirements and due to relative
simplicity probably represents one of the best means of
compound administration for inhalation drug delivery in
preclinical drug efficacy testing.

CONCLUSION

A UNS system suitable for delivery and efficiency test-
ing of compounds dissolved in organic solvent is described
and tested for inhalation delivery of beclomethasone to the
airways in a murine model of asthma. The UNS system
produces a monodisperse dry powder particle aerosol. We
found that inhalation delivery of beclomethasone aerosol
produced by the UNS system markedly inhibited eosinophilia
in BALF of the mice. Moreover, the described UNS system
can be used for effective delivery of other poorly water
soluble substances to the respiratory system of experimental
animals where such application is required. Described UNS
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system greatly reduces the amount of substance needed for
efficacy testing, an important factor at an early stage of drug
discovery, minimizes formulation requirements and allows
rapid and relatively simple efficacy testing in animals.
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