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Summary 

Formulations for inhalation have to be screened in animal studies for therapeutic efficacy and safety aspects and 
both may be significantly affected by the dose and the particle size distribution (PSD) of the administered aerosol. 
A frequently used apparatus for pulmonary delivery of powder formulations in mice studies is the PennCentury™ 
DP-4M dry powder insufflator. To make researchers of future preclinical animal studies with the DP-4M insufflator 
aware of the pitfalls regarding the conclusions to be drawn from their data, we investigated the dispersion 
behaviour of the insufflator using different powder preparation techniques for four different compounds. The 
primary PSDs of the different formulations were determined by laser diffraction analysis. To measure the PSDs of 
the aerosols obtained with the insufflator, the same diffractometer was used in combination with an in-house 
constructed adapter. The dispersion efficiency and delivered dose were highly affected by the amount of air 
available for dispersion; the 200 µl of air recommended for the type of insufflator for mice used was insufficient for 
adequate dispersion. In contrast, the weighed dose did not have a profound effect on the dispersion behaviour 
and the delivered dose. Also the physico-chemical powder properties and the applied particle preparation 
technique influenced the amount and PSD of the delivered aerosol only to a limited extend, with a few exceptions. 
We advise researchers to investigate the performance from the insufflator with the formulation under investigation 
prior to in vivo studies and it may be necessary to optimise the formulation for administration to mice. 
 
Background 

The feasibility testing of pulmonary drug administration starts with preparing suitable formulations for nebulisation, 
pressurized metered dose inhalers or dry powder dispersion. Such formulations have to be screened for 
therapeutic efficacy and safety aspects that are significantly affected by the efficacy of the administration which 
for pulmonary administration correlates with parameters such as delivered dose and the particle size distribution 
(PSD) of the aerosol that is given

1
. Testing of pulmonary drug efficacy mostly starts in small rodents like mice and 

rats, in spite of the fact that such small animals have a completely different lung morphology and geometry 
compared to humans

2
. Intratracheal instillation is frequently used for the experiments and it is assumed that the 

total lung is targeted with this technique. However, instillation does not take account of the possible effect of the 
aerosol properties on the drug distribution over the respiratory tract which is highly relevant to the desired 
systemic or local drug effect. Therefore, alternative methods are reported in the literature of which insufflation with 
a wet or dry aerosol generator seems to approach inhalation best

3
. Different principles for insufflation of wet and 

dry aerosols have been developed for different animal types
3
. One of the most frequently used apparatus is the 

PennCentury™ DP-4M Dry Powder Insufflator for mice
4
. 

 
Although many studies with the DP-4M insufflator provide valuable information about the drug efficacy and even 
seem to enable a rough estimation of the dose needed for humans, they also may leave many questions 
unanswered. For instance, frequently the PSD of the aerosol administered with the insufflator is not known. This 
increases the uncertainty about the aerosol penetration depth into the lungs and the drug distribution over the 
lung tissue, which are parameters known to influence the drug efficacy significantly. Although the lung 
morphology in mice is completely different from the morphology of humans and the insufflator is inserted into the 
trachea, based on particle dynamics it is still clear that particles with a diameter much larger than 5 µm do not 

evenly distribute over the different lung lobes or even enter all the lung lobes. A notorious miscomprehension in 

this respect is the assumption that the primary PSD of the powder is the same as the PSD of the aerosol 
generated by the insufflator. Obviously, not knowing the properties of the delivered aerosol could result in 
incorrect data interpretation for studies in which these insufflators are used. At least the uncertainties mentioned 
make drawing conclusions about the preferred site of deposition and extrapolation towards the dose needed for 
humans impossible. Also the efficacies of the insufflator and the future inhalation device with respect to powder 
dispersion may be completely different. This may result in differences in delivered fine particle dose and aerosol 
properties, which results in different total lung doses and different drug distributions over the lung between both 
delivery devices. Knowing more details in this respect increases the predictive value of insufflator studies and it is 
the objective of this manuscript to address these aspects. 
 
We investigated the dispersion performance of the DP-4M insufflator with two to three physical variants of four 
different compounds. We measured the effect of dose weight and volume of the air pulse on the dispersion 
behaviour and delivered dose and compared the PSDs of the aerosols from the insufflator with the primary PSDs 
of the powders from RODOS dispersion, using the same laser diffraction technique. Furthermore, the variations in 
delivered dose were investigated. 
 
Materials and Methods 
 
Materials 



Colistimethate sodium (CMS) was purchased from Xellia Pharmaceuticals ApS  (Copenhagen, Denmark), 
tobramycin as free base (TOB) from BUFA (IJsselstein, the Netherlands), inulin (INU) with a degree of 
polymerization of 23 from Sensus (Roosendaal, The Netherlands) and mannitol (MANN) from Sigma-Aldrich 
(Steinheim, Germany). Four DP-4M Dry Powder Insufflators, an AP-1 air pump and a 3 mL syringe were 
purchased from PennCentury

TM
 (Wyndmoor, USA). 

 
Methods 
Three different powder preparation techniques, commonly used to achieve the desired aerodynamic PSD for 
inhalation, were applied to investigate their effect on delivery with the DP-4M Dry Powder Insufflator. All four 
model compounds were micronised with a 50 AS spiral jet mill (Alpine, Germany), spray dried with a Mini Spray 
Dryer B-290 (Büchi Labortechnik AG, Switzerland) and spray freeze-dried through a 0.7 mm two-fluid nozzle 
directly into liquid nitrogen to rapidly freeze the droplets which were next vacuum dried in a Christ model Epsilon 
2–4 lyophiliser (Salm en Kipp, The Netherlands). 
 
Next to different model compounds and particle preparation techniques, two additional experimental parameters 
were varied to evaluate the dispersion efficiency of the insufflator. The amount of air for dispersion was initially set 
to the recommended 200 µL for the DP-4M, but to investigate whether dispersion depends on the air volume, also 
500 and 1000 µL were tested. Furthermore, three different dose weights were tested based on the information 
provided by PennCentury

TM
 (recommending a dose between 1-2 mg) and the literature

4,5
). 

 
The PSDs of the different formulations were determined in duplicate by laser diffraction analysis (LDA) after 
RODOS dispersion at 1, 3 and 5 bar using a HELOS BR laser diffractometer (Sympatec, Germany). For the 
measurement of the PSDs of the aerosols from the insufflator, using the same diffractometer, the DP-4M 
insufflator was connected to a special mounting plate to keep the tip of its capillary at a constant distance from the 
laser beam. The dispersion efficiency was determined in triplicate for all experiments and the DP-4M insufflator 
connected to the AP-1 air pump or a 3 mL syringe was fired up to four times (if needed) per dose. Trigger 
conditions were adjusted to start the measurement with a 100 mm (R3)  lens (measuring range 0.45-175 µm) at 
the moment the aerosol passed the laser beam and the PSDs were calculated based on the Fraunhofer theory. 
 
The amount of powder retained in the DP-4M insufflator was determined after 1 to 4 pulses of air, depending on 
the number of pulses for which a PSD could be measured accurately with the laser diffractometer. In combination 
with the dose weight measured into the insufflator this enabled calculation of the delivered dose. Measuring was 
carried out gravimetrically for the doses of 1 mg and higher for all four compounds and by chemical analysis for 
the 0.5 mg doses (only applied for MANN and INU). 
 
Results and discussion 

In our study CMS was selected as a reference, because we found in earlier work (unpublished data) that 
micronised CMS can efficiently be dispersed with the DP-4M insufflator when sufficient air for dispersion is used. 
TOB was selected because of its unfavourable physico-chemical properties for dispersion in a dry powder inhaler 
due to its high hygroscopicity and extreme cohesiveness. The polyol MANN was chosen, because it is often used 
to increase the dispersion efficiency of dry powder formulations for inhalation or to stabilise proteins or vaccines in 
dry powder formulations. INU is a polysaccharide also used to stabilise proteins or vaccines in dry powder 
formulations. 
 
Figure 1 shows that the primary PSDs (from RODOS dispersion) of the powders differ between the different 
compounds when using the same preparation technique and conditions. As to be expected, they also differ 
between different preparation techniques for the same compound. Most micronised formulations are finer than the 
spray dried formulations, except for CMS. It is assumed that the results obtained at 3 to 5 bar represent the 
primary PSDs and the volume median diameters (X50-values) at these pressures are fairly well within the desired 
range for inhalation (1-3 micron). Figure 1 also shows that the laser diffraction diameters of the spray-freeze dried 
particles are considerably larger than those of the micronised and spray dried particles. As a result of the rapid 
droplet cooling in liquid nitrogen as part of the spray-freeze drying technique, the PSD of the frozen droplets is 
almost the same as the original droplet size from the two-fluid nozzle and the PSD remains the same during 
sublimation of the solvent too. The lower density and larger diameter of spray freeze-dried particles compensate 
widely for each other however, as a consequence of that the PSDs of these powders differ aerodynamically not to 
the same extent from the PSDs of the micronised and spray dried powders as they differ optically. 
 
As a measure for the dispersion efficiency of the DP-4M insufflator, X50-values of the PSDs of the aerosols from 
the insufflator are compared with the X50-values obtained from RODOS dispersion. The X50-values presented in 
Figure 1 for the aerosols from the insufflator are only for the first air pulse, because weighing the insufflators after 
each air pulse showed that the vast majority of the delivered dose from the insufflator was already released in the 
first. The error bars In Figure 1 (and 2) show that the differences between triplicates in most of the experiments is 
considerable. This indicates that the performance of the DP-4M insufflator with the investigated powders, is poorly 
reproducible. Remarkably TOB, selected for its poor dispersion behaviour in inhalers, dispersed most efficiently 
with the DP-4M insufflator, whereas MANN, known from the literature as a compound used to improve the 
dispersion behaviour

6
, dispersed worst. This difference is probably caused by the rather unique dispersion 

mechanism of the insufflator with an external source (air pressure) and a valve system that together are 



responsible for dispersion of the powders. Studies have shown there is no significant difference in lung deposition 
between 1 or 3 µm particles in mice

2
, but these studies are mostly performed with nose-only or whole-body 

methods and therefore during tidal breathing of an obligate nose breathing animal. This data is hard to translate to 
administration by insufflation however, but based on particle dynamics it is clear that particles with an 
aerodynamic diameter smaller than 5 µm are needed to effectively penetrate the lung lobes of mice. Particles 
(much) larger than 5 µm (Figure 1), particularly at the high velocity with which they are released from the 
insufflator, do not enter or evenly distribute over the different lung lobes, regardless of the fact that the insufflator 
is inserted into the trachea. Figure 1 shows that particles with a median diameter smaller than 5 µm can in most 
cases only be obtained with air volumes of 500 and 1000 µL. Only for the lowest doses of spray dried MANN, 
TOB and INU (0.5 and 1 mg) the X50-values are smaller than, or approach 5 µm with an air volume of 200 µL. 
Aerosols of micronised and spray-freeze dried powders and the high dose (3 mg) spray dried samples contain 
significant amounts of agglomerates from the insufflator when operated with a 200 µL air pulse (for which the DP-
4M insufflator is actually designed). Although this study shows that the DP-4M insufflator can easily be operated 
with higher air volumes, and much better results are obtained with these higher volumes, practically they cannot 
be used for mice, because the maximum air pulse that can safely be used in mice is around 250 µL

4
. In many 

animal studies the PSDs of the powders administered with DP-4M insufflators are not known. Instead of 
measuring the PSDs in the aerosols from the insufflators, highly effective dispersion principles (e.g. RODOS or 
Aero S) are used

7
. It is then assumed that the PSDs from both types of dispersers are the same. Cascade 

impaction analysis is another technique described in the literature to characterize the aerosol cloud of  
formulations to be administered with the insufflator, but instead of using the insufflator itself for dispersion of the 
powder, a standard capsule based inhaler is used

8
. From the results presented in Figure 1, it can be concluded 

that RODOS experiments have little predictive value for the aerosol properties from the insufflator. Particularly for 
the prescribed 200 µL air pulse differences in the PSD between the aerosol from the insufflator and that from 
RODOS dispersion are extreme for all four powders and all preparation techniques. 
 

 
Figure 1: Comparison of the X50 values of micronised (Micro) and spray dried (SD) CMS (A) and TOB (C) and 
micronised, spray dried and spray-freeze dried (SFD) MANN (B) and INU (D). RODOS1/3/5: pressure used in 
bar. 200/500/1000: volume of air used for dispersion in µL per pulse of air. 0.5/1/3: dose in mg. The missing bars 
indicate that the dose did not fit in the dose compartment, so the measurement could not be performed. The error 
bars indicate the standard deviation from the mean and all measurements were performed in triplicate. 
 
Figure 2 shows that mostly the dose weight does not have the same huge effect on the delivered dose as the 
amount of air used for delivery of the dose. Also the technique used to prepare the powders and thus, the 
physico-chemical powder properties seem of lower importance than the air volume. Using 500 or 1000 µL pulses 
of air for dispersion in general increases the dispersion efficiency and delivered dose consistency. This could 
indicate that larger rodents like rats and guinea pigs or larger animals like dogs, sheep and monkeys are more 
appropriate for in vivo toxicology, lung deposition and pharmacokinetic studies of dry powder formulations for 
inhalation than mice. Mice are often selected for initial studies in pharmaceutical and pharmacological research, 
because relatively large numbers of these animals can be used for statistical validity

3
. Mice are also cheaper to 

purchase and easier to house and handle than larger animals. Alternatively, early efficacy and safety studies 
could be performed with an effective wet nebulisation method like the MicroSprayer® or by instillation. 
 



 
Figure 2: Comparison of the retention values of micronised (Micro) and spray dried (SD) CMS (A) and TOB (C) 
and micronised, spray dried and spray-freeze dried (SFD) MANN (B) and INU (D). 200/500/1000: volume of air 
used for dispersion in µL per pulse of air. 0.5/1/3: dose in mg. The missing bars indicate that the dose did not fit in 
the dose compartment, so the measurement could not be performed. The error bars indicate the standard 
deviation from the mean and all measurements were performed in triplicate. 
 
Conclusions 

Our aim was to make researchers of future mouse studies with the DP-4M insufflator aware of the pitfalls 
regarding the variations in delivered dose and aerosol generation efficiency of this type of insufflator. It must be 
anticipated that these variations largely affect the conclusions to be drawn from such studies. It was shown for 
four different model compounds (prepared with different techniques) that the dose weight does not have the most 
dominant effect on the dispersion behaviour and the delivered dose of the DP-4M insufflator. Also the physico-
chemical powder properties (i.e. the applied particle preparation technique) influence the amount and properties 
of the delivered aerosol to only a limited extent, with a few exceptions. In contrast, the dispersion efficiency and 
delivered dose were highly dependent on the amount of air available for dispersion. The findings in our study can 
shade conclusions drawn from the animal studies with regard to the efficacy or safety of dry powder formulations. 
Therefore, it is advised to investigate the dispersion efficiency and delivered dose from the DP-4M insufflator with 
the formulation under investigation prior to the in vivo study and it may be necessary to optimise the formulation 
for administration to mice with the DP-4M insufflator. 
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