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Summary 

Inhalation is an important route of exposure to particulates; both through medicinal and occupational exposure, and 
there is increasing awareness of the need for bio-relevant exposure models to assess the biopharmaceutics and 
toxicology following of particulate exposure.   The aim of this study was to assess the potential effects of airflow in 
the twin stage impinger (TSI), the next generation impactor (NGI) and the Andersen cascade impactor (ACI) on the 
air liquid interface fluid in tissue culture models; as a guide for selection of appropriate aerosol exposure models for 
alveolar deposition. 

Cell culture medium was applied to Transwell/Snapwells which were placed into the impinger/impactors and 
subjected to a range of flowrates (30-90 L/min) and volumes (0.5-6.0 L) of air. The weight of the cell culture inserts 
before and after airflow treatment were recorded to assess fluid phase loss by evaporation and/or ballistic removal 
from the insert. Fluorescein sodium solution was also applied to inserts and the remaining mass of fluorescein after 
the airflow was measured by fluorescence spectroscopy to identify ballistic fluid phase loss.  

The evaporation and fluorescein studies resulted in loss of mass of cell culture medium and fluorescein with the 
TSI at airflows above 30 L/min while the NGI and ACI showed minimal loss under all airflow conditions up to 90 
L/min.  Airflow volume was not observed to be a significant contributor to fluid phase loss from the inserts.  The NGI 
and ACI may be a viable option for aerosol delivery, however, the impact of evaporation on cell health must be 
determined.  

Introduction 

Inhalation is an important route of administration for pharmaceutical therapies and is also considered the most 
important exposure route in humans to environmental particles.  For both pharmaceutical therapies and 
environmental particles there are two areas of interest: as a local target area and as a systemic delivery pathway 
to allow entry to the other areas of the body.  The desirable outcome of the pharmaceutical therapies is to enable 
delivery into the lung with minimal toxicity, whereas environmental particles are unwanted in the lung and therefore, 
any damage likely to occur needs to be investigated.  For both therapeutics and particles the aerodynamic diameter 
is an important issue in determining where in the lung they will be deposited and, subsequently, the cell-types which 
will respond to those particles. Therefore bio-relevant exposure models may require an element of size-classification 
of particles for better prediction of how the respiratory tract will respond. 

In traditional in vitro toxicity testing of particles and inhaled drugs, the particles are suspended in media which 
enables a dose to be used in testing.  However, problems arise with poorly soluble particles as suspension can 
result in agglomeration, thus an accurate dose cannot be maintained. Agglomeration in suspension may result in in 
vitro testing poorly reflecting the true physicochemistry of aerosol exposure.  Dosing systems have become an issue 

in testing toxicity of poorly soluble inorganic environmental materials and inhaled pharmaceuticals, especially in 
relation to administering an appropriate dose. Because many smaller particles are deposited by sedimentation, and 
because environmental exposure is usually to pre-existing aerosol clouds, there are currently many different dosing 
systems available (VITROCELL, Cultex and NAVETTA), that are starting to be used to investigate alveolar 
deposition of particles[1-3]. However, within pharmaceutical development, high airflows are usually required to 
achieve aerosolization and/or size-fraction of aerosols. The majority of deposition systems available that are used 
in pharmaceutical studies currently employ inertial separation techniques (e.g. impingement or impaction). This 
study aims to assess the effect of the higher airflows required in inertial systems on the air-liquid interface in cell 
culture models, since the cell-lining fluid is a key point of interaction for aerosolized particles during deposition 
studies.  

Materials and Methods 

All reagents were purchased from Sigma Aldrich (Poole, Dorset, UK). Polycarbonate Transwells (6.5 mm) with 0.4 
µm pore size and 12 mm polycarbonate Snapwells with 0.4 µm pore size were also purchased form Sigma Aldrich 
(Poole, Dorset, UK).  The TSI, NGI, ACI, breath actuator controller, vacuum pump and flow meter were purchased 
from Copley Scientific (Nottingham, Nottinghamshire, UK).  A Glomax Multi detection system from Promega 
(Southampton, UK) was used for fluorescein quantification.   

An air flow matrix was produced giving a range of flow rates and air flow volumes in a range of 22-90 L/min and 
0.5-6 L respectively.   

TSI: For the initial experiment to determine the evaporation of Dulbecco’s modified eagle’s medium complete culture 
medium (DMEM CCM), 50 µl of DMEM CCM was pipetted into the Transwell and weighed.  The Transwell was 
then attached to connecting tube in the lower impingement chamber using parafilm and the selected airflow and 
volume were then passed through the system.  The Transwell was then detached and weighed again for 
comparison. 
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NGI and ACI: A similar experiment to the TSI was carried out using the NGI with the exception of 100 µl being 
pipetted into a Snapwell and placed in to a position of the NGI/ACI and the same airflow and volumes were passed 
through the system.  This was repeated for all seven positions of the NGI and ACI.  The Snapwells were weighed 
before and after the airflow for comparison. 

Fluorescein:  Once the initial evaporation experiments were completed, a design of experiments approach (3-factor 
central composite model with 10 centre points) was used to produce high, medium and low range of randomized 
airflow rate and volume conditions to be tested.  Stages 2 and 5 of the NGI were selected to represent particles 
with a size applicable for bronchial and alveolar deposition, respectively. The equivalent stages in the ACI were 
also tested.  A 10 µM solution of Fluorescein with PBS was prepared and 50 µl and 100 µl were pipetted into the 
Transwell and Snapwell respectively.  Once the airflow had passed through the apparatus, the Transwell, 
connecting tube and glass flask were all rinsed with 10, 5 and 15 ml respectively of PBS for the TSI, and the 
Snapwell and NGI tray were rinsed with 20 and 5 mL respectively of PBS.  100 µl of the rinsing solution was then 
placed into a black 96 well plate in triplicate.  The fluorescence intensity was then measured with appropriate 
calibration, and the amount of fluorescein remaining on the Transwell or Snapwell insert as a fraction of the applied 
dose was determined.   

Results and Discussion 

Airflow resulted in the significant (Tukey’s test, p<0.05) loss of mass from the Transwells for all volumes of air drawn 
through the TSI at flow rates of 30 L/min or higher (Figure 1). This was assumed to be due to the evaporation and/or 
ballistic removal of liquid phase from the Transwell.  The results from the NGI and ACI however, showed minimal 
change in mass (i.e. fluid phase loss) across all the flow rates with >85% of the mass of DMEM CCM applied to the 
Snapwell being retained after being subjected to airflow. The volume of airflow had no significant effect (p>0.05) on 
any of the NGI or ACI stages. It is important to note that although minimal liquid loss was observed with the NGI 
and ACI, the reduction of ~15 % of  lining fluid mass during the impaction runs has potential to affect particle 
aggregation, dissolution and cell exposure, since the relative volume fraction of deposited particles would be higher 
than assumed. In addition, it is unknown whether the aerodynamic shear experienced by the cell layers would 
contribute to adverse cellular health effects [4].   

 

 

 

 

Figure 1 - Results of the weight loss experiment of DMEM CCM with the TSI (A), NGI position 2 (B), NGI position 5 (C), 
ACI equivalent of NGI position 2 (D) and position 5 (E).  All data shown represents mean ± SD of n=3. % weight of liquid 
remaining shows remaining fluid after airflow has passed through deposition system in comparison to initial weight. 
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In order to assess whether weight loss was due to evaporation or ballistic loss of the liquid phase from the 
Transwells/Snapwells, the distribution of fluorescence through the impactor/impinger was assessed, and a 
response surface of mass of retained fluorescein as a fraction of the loaded dose (%) as function of airflow rate 
and volume was constructed. The response surface revealed airflow volume had no effect on the loss of 
fluorescein from the Trans/Snapwells in the TSI, NGI or ACI (Figure 2A and Figure 2B, respectively).  
In the case of the TSI, significant loss of fluorescein from the Transwell to the stage 2 flask was observed at 56 
and 90 L/min, and therefore a significant effect of airflow rate on ballistic fluid loss was observed (p < 0.05).  The 
model equations and model summary produced for the TSI and NGI were:  
 

TSI    Well (%LD) = 129.3 - 2.266 Flow + 0.00926 Flow*Flow (p < 0.037;R2 =0.912) 
  

NGIS2  Well (%LD) = 118.9 - 1.006 Flow + 0.00926 Flow*Flow (p < ;R2 =0.912) 
  

NGIS5  Well (%LD) = 118.1 - 1.027 Flow + 0.00926 Flow*Flow (p < 0.037;R2 =0.912) 
 
The analysis allowed a prediction of the loaded dose with 86.72% certainty based on the predicted R-squared 
value.  The adjusted R2 value of 89.55% showed good fit of the response surface model. This showed that the 
flow had an effect on the TSI and NGI but at a greater magnitude for the TSI.  This model did not however reveal 
any significant effects for the ACI. This demonstrated the potential for substantial loss of the cell culture medium 
from the TSI during aerosol particle delivery, but not the NGI or ACI, where only evaporative weight loss was 
observed. There is much discussion of stage-loss of deposited drug in impactors due to particle bounce [5], 
however, this work has revealed the potential loss of aerosol particles post-deposition in the TSI, due to the loss 
of cell culture medium from the cell layers. 

 

 

 

 

Figure 2 – The surface response curves for the loaded dose % of TSI (A), NGI position 2 (B). 

 

Conclusion 

The use of the TSI to deliver aerosol to tissue culture layers on Transwell inserts as a model for particulate exposure 
would not be advisable for flow rates > 30 L/min based on these results. The NGI and ACI may be a viable option 
for aerosol delivery, however the impact of evaporation on cell health must be determined. 
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