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ABSTRACT — Inhalation exposure systems for small experimental animals are necessary evaluation 
tools of efficacy, pharmacokinetics, and safety when developing inhaled drugs. However, the development 
of inhalants is characterized by high technical barriers and costs. This project aimed to develop an aerosol 
generator specialized for a pressurized metered-dose inhaler (pMDI) formulation of ciclesonide (CIC), a 
prodrug-type corticosteroid for asthma. Our results showed that the developed aerosol generator achieved 
approximately 160 mg/m3 in mass concentration, by using 60 bottles of the pMDI within a one-hour inha-
lation exposure study. The CIC used in the study was 672 mg in total. The mass median aerodynamic 
diameter (MMAD) was approximately 1 µm, with less than 2 in geometric standard deviation. Although 
the amount of test article used was less than 1 g, the aerosol generator achieved approximately 160 mg/m3  
in mass concentration, and enough of the CIC was delivered to the rat lungs to allow the visualization 
of its spatial localization by desorption electrospray ionization–time-of-flight mass spectrometry imag-
ing. We concluded that (i) the aerosol generator was able to drive pMDI accurately, and (ii) the CIC aer-
osol was delivered to the rodent under appropriate MMAD and concentration; the device’s performance 
as an excellent nonclinical inhalation exposure system was thus demonstrated. Furthermore, as the device 
is highly versatile, it would be possible to utilize it when conducting nonclinical inhalation studies at the 
optimal conditions for various pMDIs. In the future, aerosol generators could reduce costs and shorten the 
development period of inhaled drugs.
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INTRODUCTION

Inhalation exposure of drugs has several advantag-
es over other routes of exposure. In the case of respira-
tory diseases, inhalants are delivered directly to the tar-
get organs and work well in low doses. Thus, the adverse 
effects of these compounds are reduced because system-
ic exposure can be avoided (Baptist and Reddy, 2009; 
Labiris and Dolovich, 2003). Inhalation exposure is also 

useful for drugs that have pharmacokinetics shortcomings 
when administered via the oral route.

Conversely, the development of inhalants is charac-
terized by high technical barriers and is costly, primari-
ly because of the advancement of technology that trans-
forms drugs into inhalable aerosols. One factor for this 
is the aerosol generator suitable for the drug, and another 
is the large amount of the test substance required for the 
undertaking of a nonclinical study. As the aerosol gen-
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erator for nonclinical studies must be selected or devel-
oped according to the physicochemical properties of the 
test substance, the process requires a time-intensive “trial  
and error” approach. Furthermore, the grinding appara-
tus for these test substances, such as a jet mill, requires 
up to “several kilograms” of the test substance. Howev-
er, only a very small amount of the test substance con-
tributes to the desired inhalation exposure of the experi-
mental animals. This is because in nonclinical inhalation 
studies, the aerosols are not delivered to the animal under 
static conditions in a closed space, but the generated aer-
osol is mixed with clean air and fed at a constant flow 
rate into the chamber containing the animals. This system 
is essential to maintain appropriate oxygen concentration 
and temperature in the chamber that hosts the animal.

Consequently, conducting nonclinical studies impli-
cating inhalation exposure and focusing on drug effi-
cacy, pharmacokinetics, or safety evaluation, requires  
special experimental equipment and a great deal of time 
and money.

To improve the efficiency of nonclinical studies, we 
developed a novel nonclinical inhalation exposure system 
combined with an existing “nose-only” inhalation appa-
ratus. This system is intended to apply to drugs inhaled 
as powders, especially those in the development stage 
whose formulation has been established. In this study, 
ciclesonide (CIC), an inhaled corticosteroid indicated 
for the treatment of bronchial asthma that has attracted 
attention as a candidate for the treatment of COVID-19 
(Iwabuchi et al., 2020; Matsuyama et al., 2020; Yamasaki  
et al., 2020), was used as a model compound for the 
developed aerosol generator for a pressurized metered-
dose inhaler (pMDI).

MATERIALS AND METHODS

Materials
Ciclesonide (Alvesco® 200 μg Inhaler of 56 puffs, 

pMDI), an inhaled corticosteroid, was purchased from 
Teijin Pharma Ltd. (Tokyo, Japan). The commercially 
available pMDI was attached to the developed inhalation 
exposure device and used without modification.

Animals
Sprague–Dawley female rats were purchased from 

Charles River Laboratories Japan (Kanagawa, Japan). The 
animals were housed in an environmentally controlled 
conventional animal care facility in the National Institute 
of Health Sciences (NIHS). The room temperature, rela-
tive humidity, and light cycle were 25 ± 2°C, 50 ± 20%, 
and 12-hr light/dark, respectively. Rats were kept in indi-

vidually ventilated cages (Lab Product Inc., Seaford,  
DE, USA) and were allowed free access to water and stand-
ard laboratory food (CRF-1, Oriental Yeast Co., LTD.,  
Tokyo, Japan). After acclimation for 2 weeks, 7-week-
old rats (n = 3) were used in this study. The guidelines 
established by the ethical committee for animal experi-
ments of the NIHS were followed for the care and use of 
animals. The animal facility was approved by the Health 
Science Center for Accreditation of Laboratory Animal 
Care, Japan (from 21 March 2009 valid until 24 March 
2024). All experimental protocols involving laboratory 
rats used in this study were reviewed and approved by the  
Committee for Proper Experimental Animal Use and  
Welfare (a peer review panel established at the NIHS) 
with the experimental code #744.

The nose-only CIC exposure system
Figure 1 shows the overview of the nose-only CIC 

exposure system. The key device of this nose-only inhala-
tion exposure system was the aerosol generator of pMDI, 
which we have originally developed. In this study, the 
aerosol generator was optimized for use with commer-
cially available pMDI.

The aerosol generator comprised a holder for pMDI 
and plunger (Fig. 2). When installing or uninstalling the 
pMDI, we pulled the knob to tilt the holder horizontally. 
Then, we inserted the adapter of the pMDI into the holder 
or pulled out the adapter of pMDI from the holder.

The aerosol generator was supplied with two sys-
tems of compressed air: one for driving the plunger and 
the other for carrying the aerosol. The plunger was driv-
en by a pneumatic cylinder consisting of a single-acting 
cylinder with a spring return. When the compressed air of  
0.4 Mpa was supplied to the pneumatic cylinder, the 
plunger moved down and pushed the aluminum bottle of 
the pMDI to eject the CIC aerosol. When the compressed 
air was discharged from the cylinder, the plunger returned 
to its original position facilitated by spring, and then the 
pressure to the aluminum bottle was released. The aerosol 
generator was operated by the control unit that was incor-
porated with a timer and a sequencer to set the injection 
time, the injection interval, and the number of injections.

The aerosol generator was combined with a nose-
only inhalation exposure system (SIS-B, Sibata Scientific  
Technology, Saitama, Japan) to deliver the CIC aerosol 
to the rodent. The nose-only inhalation exposure system 
consisted of an inner cylinder and an outer cylinder. The 
flow rate of each part was 10 L/min (LPM) in the inner 
cylinder and 20 LPM in the outer cylinder, respectively. 
The CIC aerosol flowed into the inner cylinder and was 
then sprayed around the nasal area of the rodent via an 
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Fig. 1.      Illustration of the developed aerosol generator for pMDI, combined with a nose-only inhalation exposure system   .

Fig. 2.      Graphic display of the developed aerosol generator for pMDI. A: External view of the developed aerosol generator of 
pMDI. The aerosol generator was supplied with two systems of compressed air: one for driving and the other for remov-
ing aerosols. When installing or uninstalling the pMDI, the knob is pulled to tilt the holder horizontally (yellow arrow) and 
then to insert the pMDI adapter into the holder (blue arrow) or to pull out the pMDI adapter from the holder (red arrow). 
B: Cross-section of the developed aerosol generator for pMDI. The plunger is moved up and down by a pneumatic cylinder 
driven by compressed air and pushes the bottle of pMDI to eject the aerosol. The CIC aerosol ejected from the pMDI is 
mixed with compressed air and fl ows down to the nose-only inhalation system.   
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exhaust nozzle connected to the inner cylinder; the fl ow 
rate of each exhaust nozzle was 1 LPM. To balance the 
air fl owing into the inner cylinder and the air fl owing out 
from the inner cylinder, 10 nozzles (including the sam-
pling port of the aerosol) were opened.   

   The rats were housed in a 50-mm-diameter holder, 
with only their nasal part facing the nozzle spraying the 
CIC aerosol; then, the holder was connected to each port 
of the outer cylinder. The clean air that passed through 
the HEPA fi lter was supplied to the outer cylinder. Sub-
sequently, the clean air was mixed with the CIC aerosol 
and exhaled air of rat discharged from the port of holder, 
and then fl owed down to the bottom of the outer cylinder. 
Finally, the CIC aerosol fl owed into both the inner and 
outer cylinders and was trapped by a cascade impactor 
connected to the air-sampling pump. All the exhaust air 
was brought to a house vacuum, while the internal pres-
sure of the inhalation system was kept at 50 Pa negative 
to prevent leaking of the aerosol to the ambient.   

    Figure 3  shows the airfl ow block diagram of the devel-
oped aerosol generator for pMDI combined with a nose-
only inhalation exposure system.   

   Performance test of CIC aerosol generation and 
inhalation exposure  

  pMDI of Alvesco ®  200 μg Inhaler of 56 puff s injects 
with 200 μg of CIC at a time, and a single bottle can pro-
vide 56 injections. In this experiment, the target concen-
tration and duration of inhalation exposure were set to 
100 μg/L and 1 hr, respectively.   

   The target concentration was set as high as possi-
ble after considering the following facts: first, the fact 
that CIC has an extremely low sensitivity for evaluation 
via spatial localization by mass spectrometry imaging 
(MSI) in lung tissues, as it is a neutral compound; sec-
ond, the fact that the NOAEL of CIC in a safety pharma-
cology study applying intravenous administration to rats 
was 20 mg/kg, as stated in the data of Interview Form 
( http://www.info.pmda.go.jp/ ); third, the fact that the fea-
sibility condition ought to consider the amount of pMDI 
available as well as the exchange time for each new bottle 
of the pMDI required.   

   One can estimate that the systemic exposure of the rats 
to the CIC was 3.84 mg/kg and that the lung burden of 
CIC was 600 μg/g under these experimental conditions 
and according to the specifi c respiratory parameters of the 

Fig. 3.   Block diagram of the airfl ow of the developed aerosol generator for pMDI combined with a nose-only inhalation exposure system   .
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rats ( Phalen, 2008 ); their body weight, respiratory rate, 
the minute volume of ventilation, and lung weight were 
0.25 kg, 97/min, 0.16 L and 1.6 g, respectively.   

   To achieve the target CIC concentration, pMDI was 
sprayed every 1.0 sec with a duration of 0.5 sec. Sprayed 
50 times per single bottle for 50 sec; then, the bottle was 
replaced with a new one within 10 sec. Eventually, 60 
bottles of pMDI were used for a total of 1 hr of inhalation 
exposure.  Figure 4  shows the schematic diagram of the 
procedure and the time sequence of the inhalation expo-
sure applied in this study.   

   The experimental conditions (airflow, tempera-
ture, humidity, and the concentration of CIC aerosol) in 
the inhalation chamber were continuously monitored 
throughout the exposure period. Chamber air samples 
were taken in the vicinity of the breathing zone of animals.   

   Aerosol concentrations were measured in two ways: (i) 
in particle number concentration (cpm; counts per min-
ute) as real-time monitoring of the aerosol, and (ii) in 
mass concentration (mg/m 3 ) obtained after a 10-min aer-
osol sampling during the inhalation exposure. The par-
ticle number concentration was measured using a dust 
meter (Digital Dust Indicator, LD-3B, Sibata Scientifi c 
Technology) after mixing the sampled chamber air with 
clean air to achieve a three-fold dilution of the first. 
Conversely, the mass concentrations were determined 
by gravimetric analysis by using in-line filter hold-
ers (Model NWPS-254, Sibata Scientific Technology) 
with glass microfiber filters (GF/A, Whatman, GE 
Healthcare Japan, Tokyo, Japan) attached to an air-sam-

pling pump (MP-Σ300NII, Sibata Scientifi c Technology). 
The weight of the filter after filtration and collection 
was subtracted from the weight of the fi lter, which was 
weighed beforehand to obtain the weight of the spec-
imen, and the mass concentration per 1 m 3  was calcu-
lated. The sampling airfl ow rate and durations were 1.0 
LPM and 10 min, respectively. A microbalance (XP26V, 
Mettler Toredo, OH, USA) was used to weigh the fi lters. 
Three measurements were conducted over 1 hr during 
each inhalation exposure experiment. The mass median 
aerodynamic diameter (MMAD) and geometric stand-
ard deviation (GSD, ϭg) were measured and calculated 
by using a cascade impactor (Andersen sampler, Model 
AN-200, Sibata Scientifi c Technology). Briefl y, the indi-
vidual impactor stages were covered by a glass fi ber fi l-
ter treated with polytetrafl uoroethylene (TF98, φ80 mm, 
Sibata Scientific Technology) as sampling media. The 
sampling media were pre-conditioned and weighed on a 
digital balance (AW220, Shimadzu Corporation, Kyoto, 
Japan) before and after use. The sampling airfl ow rate for 
the cascade impactor was 28.3 LPM.   

   RESULTS AND DISCUSSION  

   The mass concentration of the CIC aerosol was 
161.6 ± 2.7 mg/m 3 . Since the particle concentration was 
very high, it was measured following a three-fold dilu-
tion; however, it still exceeded the upper limit of the dust 
meter, 100,000 cpm. The MMAD of the CIC aerosol 
ranged from 0.918 µm to 1.168 µm, and the GSD ranged 

Fig. 4.      Schematic diagram of the procedure and time sequence of the inhalation exposure by using the developed aerosol generator 
for pMDI   .
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from 1.837 to 1.982.  Figure 5  shows particle size distri-
bution curve and  Table 1  summarizes these results.   

   We used 60 bottles of the pMDI and, considering that 
each bottle contained 11.2 mg of CIC, 672 mg of CIC was 
consumed during an hour-long inhalation exposure study. 
Although the amount of the test article used was less 
than 1 g, the aerosol generator achieved approximately 
160 mg/m 3  in mass concentration, and suffi  cient amounts 
of the CIC aerosol were delivered to the rat lungs to allow 
the visualization of the compound’s spatial localization, 
including its metabolites, via desorption electrospray ion-
ization-time of fl ight mass spectrometry imaging (DESI-
MSI). Briefly, the actual average concentration of CIC 
in the lung was 1302 ng/g (n = 3), whereas the average 
total contents of CIC and desisobutyryl-CIC per pixel in 
DESI-MSI were 8.5 fg and 4.3 fg, respectively. Detailed 
information on the CIC pharmacokinetics in the rat lungs 
can be found elsewhere (Yamamoto et al., 2021).   

   Inhalants are mainly used for the treatment of res-
piratory diseases, such as bronchial asthma and chronic 
obstructive pulmonary disease, by delivering beta2-adr-
energic agonists, anticholinergic drugs, or corticoster-
oids. Inhaled corticosteroids are the most important drugs 
for the treatment of asthma, and two types of devices are 
mainly used for this purpose: the pMDI and the dry pow-

der inhaler. Airway infl ammation, which is the primary 
cause of asthma, extends from the central to the peripher-
al airways ( Carroll et al., 1997 ). Particles with an MMAD 
of less than 3 μm are thought to be optimal for effi  cient 
drug delivery to the lung ( Labiris and Dolovich, 2003 ).   

   Inhalation exposure has several advantages over oth-
er routes of exposure. In the case of respiratory diseas-
es, inhalants deliver directly to the target organs and work 
well in smaller doses, at the same time, avoiding systemic 
exposure brings safety. Inhalation exposure is also useful 
for drugs that lose their activity or have pharmacokinet-
ic shortcomings when administered orally. For example, 
insulin, a peptide hormone, does not work by oral admin-
istration because it is inactivated in the stomach; how-
ever, inhaled insulin is taken up well by the lungs and is 
thereafter transferred into the bloodstream and allowed to 
act rapidly ( Mohanty and Das, 2017 ). Zanamivir, a neu-
raminidase inhibitor, is potently active against infl uenza 
A and B viruses (Woods et al., 1993); however, it is also 
characterized by a low absolute bioavailability (BA) after 
oral administration ( Schade et al., 2015 ). Inhaled zanami-
vir not only improves the drug’s BA (as compared with 
the oral route) but also exerts a rapid eff ect against the 
infl uenza virus, as the latter mainly infects and propagates 
in the upper respiratory tract.   

   Conversely, the development of inhalants is charac-
terized by high technical barriers and is costly. Moreo-
ver, because inhalants cannot be inhaled by animals in the 
same way that humans can, it is diffi  cult in their case to 
predict their performance in clinical trials based on non-
clinical data.   

   The results of this study demonstrate the excellent per-
formance of the newly developed aerosol generator, as it 

Fig. 5.      Particle size distribution curve obtained from the cascade impactor   .

Table 1.       Summary of the CIC particle characteristics in 
the developed inhalation exposure procedure .

 Mass concentration  161.6 ± 2.7  mg/m 3

 Particle number concentrations  > 100,000  cpm 
 Mass median aerodynamic diameter (MMAD)  0.918 ~ 1.168  µm 

 Geometric standard deviation (ϭg)  1.837 ~ 1.982
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allows the CIC aerosol to be delivered to the rodents with 
the appropriate MMAD via the exact device as a human. 
Notably, the aerosol generator was able to achieve suffi-
cient inhalation exposure in our experiments at 1/1,000 or 
less of the sample volume required for conventional non-
clinical inhalation exposure studies. Furthermore, because 
the device is highly versatile, by changing the settings of 
the injection time, the injection interval, or the number of 
injections, as well as through the development of adapters 
for each formulation, it would be possible to conduct a 
nonclinical inhalation study at the optimal conditions for 
a variety of other pMDIs. In the future, aerosol generators 
could reduce costs and shorten the development period of 
inhaled drugs.
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