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Influence of Calu-3 permeability on in silico pharmacokinetic prediction of inhalation products    
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Summary 

Simulation of pulmonary drug delivery systems is a very complex and challenging process. However, the use of 
predictive in silico models is always a valuable approach during drug formulation development. The current study was 
designed to investigate the impact of Calu-3 permeability on the in silico pharmacokinetic (PK) prediction of inhalation 
products. Formoterol was chosen as model API and its permeability on Calu-3 cells was measured in vitro. An in silico 
physiologically based pharmacokinetic (PBPK) model of formoterol from an inhaled formulation (Foster

®
 pMDI) was 

firstly built using Gastroplus
TM 

(Simulation Plus, Inc.), based on in vitro physio-chemical characteristics, physiological 
input parameters and published in vivo lung deposition data. In order to assess the predictability of the current model 
without using in vivo lung deposition data, the software calculated lung deposition results based on formulations 
characteristics were utilized for the PK prediction in the second part of this study. The variation of predicted plasma 
profiles of marketed inhaled formulations containing formoterol (Foster

®
pMDI, Symbicort

®
 pMDI and Foradil

®
DPI) 

were estimated and compared with in vivo plasma profiles obtained from published clinical data. As shown in this 
study, using in vitro Calu-3 permeability can help to build and to optimize the PBPK models of inhaled formoterol 
formulations.  

Introduction 

Inhalation is one of the most important non-invasive routes for administration of drugs, as it has the potential to avoid 
the gastrointestinal and hepatic first pass effects, minimize the systemic side effects and to provide a rapid onset of 
action, with high local therapeutic concentration. The delivery of a drug to the lungs consists of several complex 
processes such as deposition, dissolution, clearance and absorption of the drug in the airways. These processes are 
affected by various physico-chemical and physiological factors; therefore, the in vivo performance of an inhaled drug 
cannot be easily predicted from in vitro data [1]. Nevertheless, predictive inhalation models are useful in selecting 
compounds, designing clinical studies, and developing formulations [2]. Weber and Hochhaus have developed a 
compartmental model for simulating the pharmacokinetic (PK) of four inhaled corticosteroids (budesonide, flunisolide, 
fluticasone proprionate, and triamcinolone acetonide) and demonstrated the capability of their model to accurately 
predict the PK results [3]. Jones and Harrison predicted the PK profiles of inhaled drugs in humans from rats’ 
preclinical data [4]. Recently, Chaudhri et al. successfully modeled the systemic exposure of budesonide, morphine, 
fentanyl and fluticasone propionate based on the mechanistic and physiology-based compartmental absorption and 
transit model Gastroplus

TM 
(Simulation Plus, Inc.) [5, 6, 7, 8]. The authors recommended in some cases to apply 

mathematical modification of pulmonary permeability in order to improve the model. One important reason for this 
modification might be the absence of predictive permeability models for the lung compartment, due to the lack of in 
vivo human data.  

We aimed to estimate the effect of in vitro Calu-3 permeability on the in silico pharmacokinetic prediction of formoterol 
in different formulations (Foster

®
pMDI, Symbicort

®
 pMDI and Foradil

®
DPI) using the software Gastroplus

TM 
combined 

with PBPK Plus
TM

 and the Additional Dosage Routes Module (Simulation Plus, Inc.). Formoterol PBPK model from 
Foster

®
 pMDI formulation was built based on in vitro physico-chemical properties, formulation characteristics and in 

vivo lung deposition data. This model was then applied to investigate how in vitro permeability obtained from Calu-3 
cells affects the PK predictions. 

Material and methods 

Cell culture and permeation assay 

Calu-3 cells were seeded and exposed to formoterol fumarate under two different culture conditions. Cells were 
cultured in submersion and exposed with dissolved formoterol fumarate (Fig. 1A liquid culture, LC). Alternatively, 
medium was removed from the apical compartment and the cells further cultivated with medium only from the basal 
side. These cells were also exposed to the dissolved drug (Fig. 1B, air-liquid interface exposure, ALI). During the 
entire culture time of 10d medium was changed and transepithelial electrical resistance measured every other day.  
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For the transport studies 1 mM formoterol fumarate dissolved in 500 µL Krebs-Ringer buffer was applied to the upper 
chamber and 1500 µl of Krebs-Ringer buffer were filled in the lower chamber. 100 µL samples were taken from the 
lower chamber at 0-30-60-90-120 min and replaced by pre-warmed Krebs-Ringer buffer. Prior to the measurements, 
samples were diluted 1:10 with Krebs-Ringer buffer. Cell monolayer integrity been checked before and afterwards. 

A                                      B  

Fig. 1: Exposure conditions: A) conventional submersed culture and liquid exposure (LC), and B) culture in the air-liquid 
interface and liquid exposure (ALI)  

Formoterol fumarate was quantified in test solutions by high-performance liquid chromatography electro spray 
ionization mass spectrometry (HPLC-ESI-MS). Apparent permeability (Papp) values were calculated as according to 
the following equation:  

      
  

      
   

In which dQ/dt (µg/s) is the permeability rate of API, A is the surface area (cm
2
) of the cells and c (µg/ml) is the initial 

concentration of API. 

Modeling of Foster
®
pMDI using in vivo lung deposition data 

No intravenous plasma profile of formoterol in human is available from the literature, to our knowledge. Therefore, a 
PBPK model of formoterol in human was built based on the input data listed in the Table 1. The Vss of formoterol was 
calculated by the software. Clearance of formoterol from the literature was used in the simulation [9,10]. The lung 
deposition values of Foster

®
 pMDI were obtained from literature [11]. The default permeability for each compartment 

was calculated by the software based on the in vitro physico-chemical properties of each drug. The obtained Papp from 

permeation studies was entered as input datum and scaled up across the whole lung compartments using the Papp 
and cell layer thickness. The remaining in-built pulmonary and gastrointestinal physiology data within GastroPlus

TM
 

were used without further modification. The simulated results were compared to the observed in vivo values from the 
clinical study published in the literature [12]. 

Modeling of Foster
®
pMDI, Symbicort® pMDI and Foradil®DPI using predicted lung deposition data 

The lung deposition of formoterol delivered from three formulations (Foster
®
 pMDI, Symbicort

®
 pMDI and Foradil

®
DPI) 

was estimated with Gastroplus
TM

 in-built lung deposition model. Particle size distribution and delivered dose to the 
patient were kindly provided by Chiesi S.p.A (Table 2). The simulated results were compared to the observed values 
obtained from in vivo clinical studies found in the literature [13,14]. 

Formoterol     Foster
®
 Symbicort

®
 Foradil

®
 

MW(g/mol) 344.4 Delivered Dose (µg) 19.7 14.7 98.3 

LogP 1.1 MMAD(µm) 1.42 3.5 3.05 

pKa 9.2  and 7.9 GSD 1.94 1.45 2.25 

Solubility (g/L) 
2.3 at pH4; 2.1 at pH 7; 3.6 
at pH 9 

Residue in device 9% 14.6% 20.5% 

Papp(A-B)x 10
-6
 cm/s 0.19 (Caco-2 cells) Body weight*  80

[12]
  72

[13]
  78

[14]
 

Plasma fu 0.55 human
[4]

 Air flow (L/min) 28 28.3 100 

B:P ratio 1.4 human
[4]

 Table 2.  Formulation specified input in vitro data used in the 
simulation. *Bodyweight corresponds to the mean in vivo 
value as obtained from each published clinical study.  

Systemic clearance 1.4 L/min
[9]

 

Renal clearance 150 ml/min
[10]

 

Table 1. Physico-chemical and pharmacokinetic 
parameters used in the simulation. 

  

Results and Discussion 

Permeation results  

Increased permeability across the monolayer cultured in air-liquid interface compared to liquid exposure was 
observed. Papp values of formoterol fumarate increased to 1.60 ± 0.1x10

-6
 and 2.98 ± 0.6x10

-6
 cm/s for LC and ALI 

cultures, respectively. 
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Modeling of formoterol formulation for Foster
®
pMDI using in vivo lung deposition data 

The plasma concentration of formoterol after delivery from Foster
®
pMDI was relatively well estimated (within 2-fold of 

the observed data) without further fitting by using the in vivo lung deposition data as input parameter (Fig 2A). Since 
the study aimed to investigate the effect of permeability on the simulation, optimization for perfect fitting with observed 
plasma profiles was not performed here, because it could mask the effect of using Calu-3 permeability on the 
simulation. As shown in the figure, without modification of other input parameter, the predicted Cmax was the closest to 
the in vivo value when LC Papp was used in the simulation. 

Modeling of Foster
®
pMDI, Symbicort

®
 pMDI and Foradil

®
DPI using software predicted lung deposition 

Figure 2B shows the plasma profiles of formoterol from Foster
®
pMDI predicted by using the in-built lung deposition 

model and the three measured Papp, in comparison with the in vivo published data. The prediction of formoterol from 
Foster

®
pMDI was found to be well fitted to the in vivo values when using all three permeability data, which were 

overall within 2-fold of the observed data. Similar to the simulation using in vivo lung deposition data in last scenario, 
the predicted Cmax was closest to the in vivo observed value when LC app was used. 

A  B  

Fig 2. Predicted plasma profile of Foster
®
pMDI using different pulmonary Papp   (A. Prediction using in vivo lung deposition 

B. Prediction using software predicted lung deposition)      predicted plasma concentration using software default Papp, …. 
predicted plasma concentration using LC Papp,---- predicted plasma concentration using ALI Papp, ♦  observed in vivo data) 

The simulated plasma profile of formoterol from Symbicort
®
pMDI fitted very well the first phase of the in vivo plasma 

curve for all the Papp used, with closer match when using ALI Papp (Figure 3A). However, the differences between all 
three Papp were not distinct. The predicted Cmax were all close to the observed value. The predictions of formoterol 
plasma concentration delivered from Foradil

®
DPI is shown in Figure 3B and were overall within 2-fold of the observed 

data. Simulation using ALI Papp fitted well the in vivo profile in the first phase. Prediction using LC Papp value showed a 
relative underestimation of the plasma concentration, but the predicted Cmax was also closer to the in vivo Cmax.  

A  B  

Fig 3. Predicted plasma profile of Symbicort
®
 pMDI and Foradil

®
DPI using different pulmonary Papp (A.) Predicted plasma 

concentration of Symbicort
®
 pMDI. (B.) Predicted plasma concentration of Foradil

®
DPI.      predicted plasma concentration 

using software default Papp, …. predicted plasma concentration using LC Papp,---- predicted plasma concentration using ALI 
Papp, ♦  observed in vivo data) (Standard deviation of in vivo data for Symbicort

®
 pMDI is not available from literature [12]) 

As shown in the study, experimental Papp data mainly affect the initial phase of the plasma curve, while the second 
absorption phase observed from the in vivo data was predicted neither using default permeability data nor using the 
experimental Papp values. It can be postulated that the underestimation of the plasma profile in the second phase is 
due to an underestimation of the swallowed portion after inhalation. Thus, further optimization with oral absorption 
might be necessary with the aim to further improve the prediction quality of the model. In general, the PBPK model 
provided a good prediction for formoterol in the tested formulations. The predicted values were overall within 2-fold of 
the observed data. Simulation using LC or ALI Papp provided a better estimation of the in vivo plasma concentration. 
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More data are required in order to suggest which cell culture system could be the most suitable to predict the plasma 
profile of inhaled APIs, and further studies with other APIs and formulations are needed to complete the picture. 

Conclusion 

The present study demonstrated how in vitro Calu-3 permeability values affect the in silico modeling of plasma profiles 
for the model drug formoterol from three commercially available inhalation products. The use of Calu-3 permeability 
was found to be helpful to estimate the in vivo performance of the formulations. More compounds and formulations 

are needed to demonstrate that this approach could be applied in future PK simulations. 
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