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Abstract 

Understanding the biological processes that control pulmonary drug retention 

is essential for designing novel inhaled therapeutics with optimized target site 

exposure in the lungs. However, due to lack of suitable experimental methods 

drug disposition in the lungs following inhalation remains poorly characterized. 

Establishing human airway cell culture models for such investigations may 

help creating microenvironment of the lungs allowing to gain understanding of 

inhaled drug distribution in the lungs at a cellular and subcellular level. In this 

direction, the current thesis aimed at applying a physiologically relevant human 

bronchial epithelial cell model Calu-3, for improving understanding of the role 

of two biological factors, i.e., transporter proteins and lysosomal sequestration, 

on the pulmonary disposition of inhaled molecules. 

Calu-3 cell layers grown under air-liquid interface culture conditions for 21 days 

were used for investigating inhaled drug uptake and permeability mechanisms. 

Lysosomal sequestration of inhaled molecules was assessed by measuring 

their cellular partition coefficient (Kp) in the presence of cytosol-lysosomal pH 

gradient disruptors. A cell-fractionation approach was also used for directly 

determining inhaled compound association with lysosomes. Lung retention 

following intra-tracheal administration in rats was determined for various 

molecules. Compound concentrations in in vitro and in vivo samples were 

quantified using liquid chromatography - tandem mass spectrometry.  

With an objective to study the transporter-mediated cellular disposition, 

ipratropium bidirectional transport as well as accumulation and release studies 

were performed in Calu-3 layers in presence or absence of a range of 

transporter inhibitors. Ipratropium showed a polarized transport across Calu-3 

layers with a significantly higher permeability (Papp) in the basolateral to apical 

direction than in opposite side. The presence of efficient carrier-mediated 

uptake and efflux mechanisms for ipratropium was evident on the apical side 

of the cell layers. Acting in concert, apical transporters seem to promote the 

‘luminal recycling’ of the drug and due to limited flux across the basolateral 

side, ipratropium appeared to permeate the airway epithelium predominantly 

through paracellular diffusion. Thus, these results in Calu-3 layers were able 
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to reconcile conflicting absorption data in undifferentiated lung epithelial cells 

and in intact lungs previously reported for ipratropium.  

Measurements of Kp in Calu-3 cells for monobasic, dibasic, quaternary and 

zwitterion molecules reflected their lung tissue affinity and were in agreement 

with unbound drug volume of distribution (Vu, lung) reported in a rat lung slice 

model. Further, inhaled drug uptake and permeability in Calu-3 layers following 

pH-gradient disruption demonstrated the role of lysosomal sequestration as a 

retention mechanism across the airway epithelium. Finally, the cellular 

disposition mechanisms of compounds investigated in Calu-3 cell model, i.e. 

permeability and lysosomal association successfully explained their lung 

retention in vivo in rats.  

Overall, this work supports the application of the Calu-3 cell line for identifying 

compounds that are likely to be retained in the lung following pulmonary 

delivery, as an alternate to animal-based experiments. As Calu-3 model only 

represent cell types present in the bronchial epithelium, further studies with 

complex co-culture systems consisting of different cell types is advocated to 

simulate the complex lung physiology in vitro at the cellular level. 



Acknowledgements         IV 
_____________________________________________________________ 

ACKNOWLEDGEMENTS 

I am profoundly grateful to my supervisor, Dr Cynthia Bosquillon, for providing 

the opportunity to pursue my PhD studies. Her words of encouragement, 

enthusiasm and patience have always been great help during the time of 

laboratory work and writing of this thesis.  

I would also like to thank Dr Michael J Stocks, for his supervision, scientific 

inputs and for providing novel chemical moieties synthesised in his lab along 

with their in vivo lung absorption data generated elsewhere.  

I gratefully acknowledge the vice-chancellor’s scholarship from the University 

of Nottingham. Without this support, it would have been difficult for me to 

undertake my PhD. 

Many thanks also to my internal assessor, Dr Pavel Gershkovich for his 

valuable comments on my work which helped to improve and extend my 

research ideas. I am very thankful to Dr Catherine Ortori and Dr Sarmad Sarir 

for their assistance during LC-MS/MS method development and analysis. 

I would like to express my gratitude to Ms Erhel Bodiou for her support towards 

validating Calu-3 model for the purpose of lysosomal sequestration studies. I 

also greatly appreciate Mr Ali Alazzo for his help with investigations using 

confocal microscopy. I also thank current and previous members of the cell 

culture lab, Dr Richard Argent, Dr Almulathanon Ammar, Dr Emanuela 

Cingolani, Dr Robert Cavanagh, Dr Rosa Catania, Elhuni Ibteisam, and Alali 

Muqdam for their friendship and support provided over the period of my PhD 

studies.  

My sincere thanks to Dr Richard Weaver, director, XenoGesis Ltd and Dr 

Manfred Ismair, chief scientific officer, XenoGesis Ltd, for their participation in 

scientific discussions. I am deeply grateful to Rina Mistry, research scientist, 

XenoGesis Ltd, for her bioanalytical support for in vivo lung absorption studies. 

 

A very special thanks to my wife Sravanthi Bellamgari, who made this possible 

for me through constant support, sacrifices and encouragement. Finally, I 

would like to dedicate this thesis to the memory of my mother, Suguna 

Panduga and my grandmother, Rambai Nerella who played an immense role 

in my life. 



Contents         V 
_____________________________________________________________ 

1. INTRODUCTION ................................................................................. 1 

1.1. Lung anatomy and physiology ............................................................. 4 

1.2. Factors affecting the disposition of inhaled therapeutics in the lungs .. 6 

1.2.1. Non-absorptive clearance mechanisms .............................................. 6 

1.2.1.1.Mucocliliary clearance ........................................................................ 6 

1.2.1.2.Metabolism ......................................................................................... 6 

1.2.2. Absorptive clearance mechanisms ...................................................... 7 

1.2.3. Physicochemical properties of molecules............................................ 8 

1.2.4. Tissue binding and intracellular sequestration ..................................... 9 

1.2.5. Drug transporters .............................................................................. 10 

1.2.5.1.ABC transporter family ..................................................................... 11 

1.2.5.2.SLC transporter family ..................................................................... 13 

1.3. Experimental methods for studying the disposition of inhaled drugs in 
the lungs ............................................................................................ 18 

1.3.1. In vivo whole animal models ............................................................. 18 

1.3.2. Ex vivo models .................................................................................. 20 

1.3.3. In vitro models ................................................................................... 22 

1.3.3.1.Precision-cut Lung Slice Model ........................................................ 22 

1.3.3.2.Cell culture models .......................................................................... 22 

1.3.3.3.16HBE14o- ...................................................................................... 23 

1.3.3.4.Calu-3 .............................................................................................. 24 

1.3.4. Other strategies for an improved understanding of inhaled drug 
disposition in the lungs ...................................................................... 25 

1.3.4.1.Imaging techniques .......................................................................... 25 

1.3.4.2.Transfected cell lines ....................................................................... 27 

1.3.4.3.Knockout models ............................................................................. 27 

1.4. Summary ........................................................................................... 29 

1.5. Aims and Objectives of this PhD ....................................................... 29 

2. MATERIALS AND METHODS .......................................................... 31 

2.1. Materials ............................................................................................ 31 

2.2. Methods ............................................................................................ 35 

2.2.1. Cell culture ........................................................................................ 35 

2.2.2. Trans-epithelial electrical resistance (TEER) measurements ............ 36 

2.2.3. Drug transport studies ....................................................................... 36 

2.2.4. Drug uptake studies .......................................................................... 38 



Contents         VI 
_____________________________________________________________ 

2.2.5. Drug release studies ......................................................................... 38 

2.2.6. Bioanalysis ........................................................................................ 39 

2.2.6.1.In vitro study samples ...................................................................... 39 

2.2.6.2.In vivo study samples ....................................................................... 39 

2.2.7. Lysosomal sequestration studies ...................................................... 40 

2.2.7.1.Confocal microscopy ........................................................................ 40 

2.2.7.2.Quantitation of LysoTrackerTM Green accumulation in Calu-3 cells . 41 

2.2.8. Cellular partition coefficient (Kp) ........................................................ 42 

2.2.9. Isolation of lysosomes from Calu-3 cells and quantification of lysosome 
associated concentrations ................................................................. 43 

2.2.10.Unbound fraction of compounds in Calu-3 cell lysates ..................... 45 

2.2.11.Lung retention of compounds, in vivo ............................................... 45 

2.2.12.Cytotoxicity assessment.................................................................... 46 

2.2.13.Total protein quantitation................................................................... 46 

2.2.14.Statistical analysis ............................................................................. 47 

3. CELLULAR DISPOSITION OF ANTICHOLINERGIC 
BRONCHODILATORS - ROLE OF DRUG TRANSPORTERS ........ 48 

3.1. Introduction ....................................................................................... 48 

3.2. Aims .................................................................................................. 50 

3.3. Results .............................................................................................. 51 

3.3.1. Barrier properties of Calu-3 layers .................................................... 51 

3.3.2. Drug transport studies ....................................................................... 54 

3.3.3. Uptake studies .................................................................................. 59 

3.3.4. Drug release studies ......................................................................... 61 

3.3.5. Effect of organic cations on FITC-dextran permeability ..................... 63 

3.4. Discussion ......................................................................................... 64 

3.5. Conclusion ........................................................................................ 70 

4. APPLICATION OF CALU-3 CELLS FOR LYSOSOMAL 
SEQUESTRATION STUDIES ........................................................... 71 

4.1. Introduction ....................................................................................... 71 

4.2. Aims .................................................................................................. 73 

4.3. Results .............................................................................................. 74 

4.3.1. Suitability of Calu-3 cells for lysosomal sequestration studies – Confocal 
microscopy ........................................................................................ 74 

4.3.2. Quantification of LTG sequestration in Calu-3 cells .......................... 77 

4.3.2.1.Optimisation of LTG concentration and incubation time ................... 77 



Contents         VII 
_____________________________________________________________ 

4.3.2.2.Effect of cytosol-lysosomal pH gradient disruptors on LTG 
accumulation ..................................................................................... 78 

4.3.2.3.Effect of various compounds on LTG accumulation ......................... 80 

4.3.3. Isolation of lysosomes from Calu-3 cells ........................................... 83 

4.4. Discussion ......................................................................................... 86 

4.5. Conclusion ........................................................................................ 89 

5. UNDERSTANDING THE ROLE OF LYSOSOMAL 
SEQUESTRATION IN THE CELLULAR DISPOSITION OF INHALED 
COMPOUNDS. ................................................................................. 90 

5.1. Introduction ....................................................................................... 90 

5.2. Aims .................................................................................................. 92 

5.3. Results .............................................................................................. 93 

5.3.1. Cellular partition coefficient (Kp) ........................................................ 93 

5.3.2. Unbound fraction of compounds in Calu-3 cell lysate ....................... 97 

5.3.3. Quantification of lysosomal associated compound concentrations ... 98 

5.3.4. Cellular retention and permeability of compounds in Calu-3 layers . 101 

5.3.5. Effect of bafilomycin A1 on cellular retention and permeability of 
compounds in Calu-3 layers ............................................................ 101 

5.3.5.1.Effect of bafilomycin A1 in the absorptive direction ........................ 102 

5.3.5.2.Effect of bafilomycin A1 in the secretion direction .......................... 103 

5.3.5.3.Effect of bafilomycin A1 on the efflux ratio of various molecules .... 104 

5.3.6. Influence of structural modification on intracellular accumulation, 
permeability and lung retention ....................................................... 108 

5.4. Discussion ....................................................................................... 114 

5.5. Conclusion ...................................................................................... 118 

6. GENERAL DISCUSSION ............................................................... 120 

6.1. Conclusions ..................................................................................... 123 

 
  



Contents         VIII 
_____________________________________________________________ 

Appendix A. Chromatographic conditions, calibration curve range and lower 

limit of quantitation (LLOQ) for various compounds ................................... 124 

Appendix B. Effect of various compounds on Calu-3 cell viability. ............. 125 

Appendix C. Calibration curve generated using known concentrations of 

bovine serum albumin for determining the total protein concentrations of cell 

lysates collected from inserts of a 12-well Transwells® plate and 24-well tissue 

culture plate. .............................................................................................. 126 

Appendix D. Multiple reaction monitoring (MRM) transitions, cone voltage and 

collision energy for all the compounds ....................................................... 127 

Appendix E. Representative calibration curve of formoterol ...................... 128 

Appendix F. Representative calibration curve of DS81 .............................. 128 

Appendix G. Representative calibration curve of indacaterol ..................... 129 

Appendix H. Representative calibration curve of imipramine ..................... 129 

Appendix I. Representative calibration curve of ipratropium ...................... 130 

Appendix J. Representative calibration curve of salmeterol ....................... 130 

Appendix K. Representative calibration curve of DS12 .............................. 131 

Appendix L. Representative calibration curve of DS13 .............................. 131 

Appendix M. Representative calibration curve of DS86 ............................. 132 

Appendix N. Representative calibration curve of tiotropium ....................... 132 

Appendix O. Representative calibration curve of glycopyrronium .............. 133 

Appendix P. Representative calibration curve of salbutamol ..................... 133 

Appendix Q. Stability of compounds in Hank’s balanced salt solution (pH 7.4) 

following storage in a freezer (- 20oC) for 7 days. ...................................... 134 

Appendix R. Expression of OCT\OCTN transporter genes in Calu-3 cells 

assessed using semi-quantitative PCR. ..................................................... 134 

          

References……………………………………………………………………….135 

 



          IX 
_____________________________________________________________ 

 

 

PAPERS DISCUSSED 

 

This thesis is based on the following papers, 

 

1. Panduga V, Stocks MJ, Bosquillon C. Ipratropium is 'luminally recycled' by 

an inter-play between apical uptake and efflux transporters in Calu-3 

bronchial epithelial cell layers. Int J Pharm. 532: 328-336, (2017). 

2. Panduga V, Erhel Bodiou, Richard Weaver, Stocks MJ, Bosquillon C. 

Cellular and subcellular distribution in bronchial epithelial cells influence 

the lung retention properties of inhaled drugs. (Manuscript under 

preparation) 

 



Tables         X 
_____________________________________________________________ 

LIST OF TABLES 

 

Table 2-1. Chemical structures, molecular weight, predicted LogP   (cLogP) 

and pKa (cpKa)  for various compounds ...................................................... 32 

Table 5-1. Effect of bafilomycin A1 on the efflux ratio of inhaled compounds in 

Calu-3 layers .............................................................................................. 112 

Table 5-2. Coefficient of apparent permeability (Papp) across Calu-3 layers, 

lysosomal accumulation and lung absorption half-lives in rats for DS12, DS13, 

DS81 and DS86. ........................................................................................ 113 

 



Figures         XI 
_____________________________________________________________ 

LIST OF FIGURES 

Figure 1-1. Inhalational drug delivery for local or systemic effects ................. 4 

Figure 1-2. Schematic representation of cell types across the airway epithelium

 ....................................................................................................................... 5 

Figure 1-3. Factors influencing the fate of inhaled particles in both central and 

peripheral airways .......................................................................................... 8 

Figure 1-4. Mechanisms of inhaled drug absorption across the airway epithelial 

membrane .................................................................................................... 10 

Figure 1-5. Predicted secondary structure for organic cation transporter 1 

(OCT1) ......................................................................................................... 15 

Figure 3-1. TEER profiles for Calu-3 layers ................................................. 52 

Figure 3-2. Permeability characteristics of paracellular (FITC-dextran) and 

transcellular (metaprolol) markers across Calu-3 layers .............................. 53 

Figure 3-3. Permeability of anticholinergic bronchodilators across Calu-3 

layers. .......................................................................................................... 55 

Figure 3-4. Concentration-dependent permeability of ipratropium across Calu-

3 layers. ....................................................................................................... 56 

Figure 3-5. Effect of various transporter inhibitors on the permeability of 

ipratropium across the Calu-3 layers. .......................................................... 58 

Figure 3-6. Uptake of ipratropium across the Calu-3 layers. ........................ 60 

Figure 3-7. Release of pre-loaded ipratropium from Calu-3 layers. ............. 62 

Figure 3-8. Permeability of FITC-Dextran across Calu-3 layers in presence of 

various organic cations ................................................................................ 63 

Figure 3-9. Schematic representation of ‘luminal recycling’ of inhaled organic 

cation, ipratropium involving various transporter proteins. ........................... 67 

Figure 4-1. Confocal microscopic images of Calu-3 cells treated with 

LysoTrackerTM Green. .................................................................................. 75 

Figure 4-2. Confocal microscopic images of Calu-3 cells treated with 

LysoTrackerTM Green in presence of various inhaled compounds ............... 76 



Figures         XII 
_____________________________________________________________ 

Figure 4-3. Time and concentration-dependent accumulation of LysoTrackerTM 

Green (LTG) in Calu-3 cell. .......................................................................... 77 

Figure 4-4. LysoTrackerTM Green accumulation in Calu-3 cells under various 

incubation conditions. .................................................................................. 79 

Figure 4-5. LysoTrackerTM Green (LTG) accumulation in Calu-3 cells in the 

presence of compounds representing various chemical classes ................. 81 

Figure 4-6. LysoTrackerTM Green accumulation in Calu-3 cells in the presence 

of various inhaled compounds representing various chemical classes. ....... 82 

Figure 4-7. Recovery of acid phosphatase activity in various supernatant 

fractions following ultracentrifugation of cell lysate. ..................................... 84 

Figure 4-8. Imipramine concentrations associated with lysosomes ............. 85 

Figure 5-1 Cellular partition coefficient (Kp) of various compounds in Calu-3 

cells. ............................................................................................................. 95 

Figure 5-2. Cellular partition coefficient (Kp) for compounds in Calu-3 cells in 

the presence of cytosol-lysosomal pH gradient disruptors. .......................... 96 

Figure 5-3. Relationship between cLogP and unbound fraction (fu) of 

compounds in Calu-3 cell homogenate ........................................................ 98 

Figure 5-4. Lysosomal associated concentrations of various compounds. 100 

Figure 5-5.  TEER values across Calu-3 layers following their incubations with 

HBSS alone (control) or HBSS containing bafilomycin A1. ........................ 102 

Figure 5-6. Cellular retention of various compounds in Calu-3 layers in the 

presence or absence of bafilomycin A1 (Bfm A1). ..................................... 105 

Figure 5-7. Permeability of various compounds in Calu-3 layers in the 

presence or absence of bafilomycin A1 (Bfm A1). ..................................... 106 

Figure 5-8. Fold-change in the permeability of inhaled compounds across 

Calu-3 cell layers in the presence of bafilomycin A1. ................................. 107 

Figure 5-9. Comparative cellular partition coefficient (Kp) of basic (DS12 & 

DS81) and their quaternary pairs (DS13 & DS86) in Calu-3 cells. ............. 110 



Figures         XIII 
_____________________________________________________________ 

Figure 5-10. Percentage of administered dose remaining in the lungs at 

various time points for various novel compounds in male SD rats following 

intratracheal administration. ....................................................................... 111 

 



Abbreviations              XIV 
_____________________________________________________________ 

LIST OF ABBREVIATIONS 

A-B   apical to basolateral 

ABC   ATP binding cassette 

ALI   air-liquid interface 

ATP   adenosine-5’-triphosphate 

B-A   basolateral to apical 

BCRP   breast cancer resistance protein 

BSA   bovine serum albumin 

COPD   chronic obstructive pulmonary disease   

DMEM  Dulbecco’s modified Eagle’s medium 

DMSO  dimethyl sulphoxide 

FBS   fetal bovine serum 

FITC   fluorescein isothiocyanate 

HBSS   Hank’s balanced salt solution 

HEK   human embryonic kidney 

HPLC   high-performance liquid chromatography 

LC-MS/MS  liquid chromatography – tandem mass spectrometry 

MDCK   Madin-Darby Canine Kidney 

MDR   multi drug resistant protein 

MRP   multi drug resistance associated protein 

OAT   organic anion transporter 

OATP   organic anion transporting polypeptide 

OCT   organic cation transporter 

OCTN   organic cation/carnitine transporter 

Papp   apparent permeability 



Abbreviations              XV 
_____________________________________________________________ 

PBS   phosphate buffered saline 

PCR   polymerase chain reaction 

P-gp   p-glycoprotein 

qPCR   quantitative polymerase chain reaction (real-time PCR) 

SLC   solute linked carrier 

TEER   transepithelial electrical resistance 

Triton X-100  t-ocylphenoxypolyethoxyethanol 

 

           

  

  

  



Chapter 1 – Introduction       1 
_____________________________________________________________ 

Chapter One 

 

1. Introduction 

Inhaling medicines has been practiced for more than 3500 years for treating 

respiratory ailments based on the concept of ‘local drug delivery for local action’ 

(Hickey 2013; Stein and Thiel 2017). Successful management of various 

respiratory diseases such as asthma, chronic obstructive lung disease (COPD), 

cystic fibrosis and lung infections through inhalation demonstrates its ability to 

deliver drug molecules directly to the site of action (Hickey 2013). Also, 

advances in inhalational formulation and drug delivery technologies facilitate 

delivering complex molecules, beyond lungs for diseases affecting the heart 

(pulmonary arterial hypertension, PAH), the brain (Parkinson’s, migraine and 

epilepsy) and diabetes mellitus (Figure 1-1) (de Kruijf and Ehrhardt 2017).  

For locally acting drugs, inhalation results in better therapeutic indices through 

achieving higher local lung tissue concentrations with lower systemic exposure 

(Backman et al. 2014). However, as respiratory diseases continue to be one 

of the leading causes of morality worldwide, a tremendous opportunity for 

developing novel and disease modifying therapeutics exists (Barnes et al. 

2015). For instance, currently used therapeutics for COPD could not halt the 

progression of the disease; inhaled corticosteroids are effective only in 

managing mild-moderate asthma and there exists a severe unmet medical 

need for novel therapeutics for treating corticosteroid-insensitive inflammation 

in patients with severe asthma. Furthermore, there is a great need for 

designing inhaled anti-infective agents for viral, bacterial and fungal infections 

of the lungs, with suitable properties for achieving high lung retention (Strong 

et al. 2018). 

In contrast to the increasing medical need, the development of innovative 

inhaled therapies for respiratory diseases is inadequate and suffers from a 

higher attrition rate in comparison to other delivery routes (Barnes et al. 2015).   

One of the barriers for developing inhaled therapeutics is hypothesised to be 
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the lack of understanding of drug distribution in the lungs following their 

deposition in airways (Backstrom et al. 2018). While excellent progress has 

been made with respect to inhalational devices and formulations for effective 

drug delivery, consequent interaction of inhaled therapeutics with luminal 

components of the lungs is poorly understood (Ehrhardt 2017). This is primarily 

due to a lack of suitable experimental methods which allow delineating the 

various mechanisms of lung disposition. For instance, the traditional 

inhalational drug development process consists of various pre-clinical and 

clinical investigations with a major focus on ensuring safety and efficacy of 

investigational molecules (Backman et al. 2017). Drug concentrations 

available for pharmacological action in the lungs is determined by various 

factors such as dissolution in lung fluids, mucociliary clearance, absorptive 

clearance into the systemic circulation, interaction with transporter proteins, 

and affinity for lung tissues such as non-specific binding and sequestration in 

sub-cellular organelles (Cooper, Ferguson, and Grime 2012). However, as 

lung disposition of inhaled therapeutics has historically been characterised 

based on total lung concentrations or their appearance in the blood circulation, 

the fate of drug molecules within the lung tissues and the effect of molecular 

properties on cellular disposition in airways remain elusive (Cooper, Ferguson, 

and Grime 2012). Optimising compound properties for high lung retention 

without understanding local drug distribution at the target site could lead to a 

lack of efficacy (Perry et al. 2017). 

Drug exposure at the target site in quantities sufficient for eliciting a 

pharmacological activity for a desired period of time is one of the essential 

requirements for the successful development of drug molecules. Various 

research strategies such as the ‘Three Pillars of Survival’ and ‘5R frame work’ 

included ‘establishing target site exposure’ as one of the key determinants in 

decision making for progression of molecules. In cases where measuring drug 

exposure at the target site is not feasible for practical and ethical reasons and 

the target site is separated by physiological barriers such as the blood-air 

barrier, it is essential to demonstrate the ability of therapeutics to cross these 

barriers (Cook et al. 2014; Morgan et al. 2018; Morgan et al. 2012). Also 

studying drug distribution and disposition at the cellular level is essential for 
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understanding how drug molecules reach their target site. In addition, various 

mechanisms affecting target site exposure is considered highly valuable as 

this information could facilitate designing novel molecules with better and 

optimised exposure (Hann and Simpson 2014). 

In vitro epithelial cell models have been recognised as valuable tools for 

modelling biological barriers and allow, as opposed to in vivo models, 

investigating the role of molecular mechanisms affecting drug disposition in a 

less complex environment (Schneider et al. 2013). In contrast to the area of 

oral drug delivery where human epithelial colorectal adenocarcinoma cell line, 

Caco-2 is considered as a gold standard for studying drug absorption, no in 

vitro airway epithelial model has been agreed upon as a standard model for 

inhalational drug disposition studies (Ehrhardt 2017). As the airway epithelium 

is considered to be the primary barrier for the absorption of inhaled molecules, 

various airway cell cultures models are in place for characterising their 

permeability (Forbes et al. 2015). The use of specialised cell culture inserts 

such as Transwells® allows to mimic the in vivo physiological situation, such 

as air-liquid interface (ALI) for pulmonary models, where cells remain 

submerged in cell culture medium basally while being exposed to the 

atmosphere, apically (Marshall et al. 2015; Sakolish et al. 2016). For instance 

under such conditions, Calu-3, a bronchial adenocarcinoma cell line 

resembled the bronchial epithelium in terms of cell structure, secretory and 

barrier properties (Grainger et al. 2006). However, these models have 

predominantly been applied for studying the absorptive clearance of inhaled 

molecules and for establishing in vitro to in vivo correlations (Forbes et al. 2015; 

Mathia et al. 2002). Their suitability for studying non-specific binding, 

transporter-mediated uptake and lysosomal sequestration as lung tissue 

retention mechanisms has not yet been reported and various investigations 

presented here are aimed in that direction. These efforts are in the spirit of the 

3R (replace, refine and reduce) principle and validation of human airway in 

vitro model for lung disposition studies would allow reductions in the labour 

intensive animal experiments and avoid interspecies differences.  
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Figure 1-1. Inhalational drug delivery for local or systemic effects 

Inhalation is well-established for delivering therapeutic molecules across the 
airways for local lung diseases (1, 2 and 3) such as asthma, COPD and 
inflammation. Large surface area of the airways and low drug metabolising 
enzymes facilitate delivering small and large molecules through inhalation to 
major organs such as brain and heart and for the management of various 
systemic conditions such as diabetes (4, 5 and 6). Image taken from de Kruijf 
and Ehrhardt, 2017 with permission from the publisher. 

1.1. Lung anatomy and physiology 

The human respiratory system is characterised by an inverted tree structure, 

in which airways repeatedly bifurcates for about 23 times between the trachea 

and the alveolar sacs, and is situated within the space of the chest cavity 

(Hastedt et al. 2016). The respiratory tract is broadly divided into two 

components: the conducting and respiratory zones, according to their 

functional role. The conducting airways, represented by the trachea, bronchi, 

bronchioles and terminal bronchioles, are responsible for the conditioning of 

inspired air (Liu et al. 2013). The respiratory bronchioles, alveolar ducts and 

alveolar sacs constitute the respiratory zone, where oxygenation of blood 

takes place with the removal of carbon dioxide. The alveolar region and 

respiratory bronchioles receive the entire cardiac output through the 

pulmonary circulation, while the systemic circulation supplies blood to larger 

airways which receive only 1% of the cardiac output (Upton and Doolette 1999).  

The composition of airway epithelia across the respiratory tract show regional 

differences in terms of cell type, structure and functional role (Figure 1-2) (Klein 

et al. 2011). For instance, the epithelium of conducting airways consists of 
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various metabolically active cells which are covered with a thick (>50 µm) 

mucus layer while the alveolar epithelium forms a very thin (< 1 µm) barrier 

between the alveolus and blood circulation (Darquenne et al. 2016). Based on 

their ultrastructural, functional and biochemical properties, airway epithelial 

cells could be categorised as of a basal, ciliary or secretory type (Knight and 

Holgate 2003).  

With ~ 300 cilia/cell, ciliated epithelial cells are the major cell type of the 

tracheal region and represent 50% of airway epithelial cells (de Souza 

Carvalho, Daum, and Lehr 2014; Klein et al. 2011). Goblet or mucous cells are 

responsible for secreting a sufficient amount of mucus with optimal 

viscoelasticity properties. Basal cells are present throughout the airway 

epithelium and the number of basal cells decrease with airway size. Basal cells 

are considered to play an important role in generating mucous and ciliary cells 

of the airway epithelium (Knight and Holgate 2003).  Cellular components of 

the alveolar region include, type-I cells, type-II cells and macrophages. Type-I 

cells are flat and thin which occupy ~ 90% of the alveolar region and are 

responsible for gas exchanges, while type-II cells are involved in the secretion 

of pulmonary surfactant (de Souza Carvalho, Daum, and Lehr 2014).    

 

Figure 1-2. Schematic representation of cell types across the airway 
epithelium  

The airway epithelial layer shows region specific cell types and changes from 
a pseudostratified layer in the bronchial region to cuboidal cells in the 
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bronchiolus and finally to a thin squamous epithelium in the alveolus. Image 
taken from Klein et al. 2011 with permission from the publisher. 

1.2. Factors affecting the disposition of inhaled 

therapeutics in the lungs 

Handheld devices such as pressurised metered-dose inhaler (pMDI), dry 

powder inhaler (DPI) or soft mist nebulizer are used for delivering a fixed dose 

of drug to the airways. Inhaled particles, depending on the location of their 

deposition in airways, are subjected to various non-absorptive and absorptive 

clearance mechanisms (Backman et al. 2014; Ruge, Kirch, and Lehr 2013). 

1.2.1. Non-absorptive clearance mechanisms 

1.2.1.1. Mucocliliary clearance 

The conducting region of the respiratory tract acts as a physical defence 

system, in which repeated branching of airways form a ‘sifting zone’ where the 

large particles (> 10 µm in size) are captured due to impaction. Together with 

cilia, the mucus secreted by the submucosal glands and goblet cells of the 

upper and lower airways constitute the mucociliary clearance mechanism 

(Figure 1-3) (Ruge, Kirch, and Lehr 2013). Mucus is responsible for trapping 

or absorbing particulates or gases, respectively. Cilia with a beating frequency 

of 1,000 to 1,500 cycles/minute move the particulate containing mucus 

towards pharynx for swallowing or expectoration (Hastedt et al. 2016).   

As a result of the mucociliary clearance mechanism, most of the particles 

deposited in the trachea and/or the initial bronchial region of the respiratory 

tract are cleared with a half-life of 30 minutes. However, clearance half-lives 

for particles deposited in the deeper airways range in hours, where the 

mucociliary mechanism is absent. Those particulates which enter the alveolar 

region of airways, after escaping the first line of defence, will be subjected to 

cellular defence mechanisms mediated by alveolar macrophages(Harada and 

Repine 1985).  

1.2.1.2. Metabolism 

Drug metabolising enzyme belonging to CYP1, CYP2 and CYP3 families are 

responsible for Phase I reactions which increases the hydrophilicity of 
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xenobiotics by introducing various functional groups. These reactions are in 

general followed by Phase II metabolic reactions facilitating conjugation with 

glucuronic acid, glutathione, acetylation, methylation or sulfation. CYP 

enzymes are considered to provide an additional line of defence and contribute 

towards non-absorptive clearance, through detoxification of inhaled 

xenobiotics (Bo Olsson 2011; Somers et al. 2007). Most common CYP 

isoforms expressed in the lung include CYP1B1, CYP2B6, CYP2E1, CYP3A5 

and CYP1A1 (Ding and Kaminsky 2003). In comparison with CYP enzymes, 

less information is available regarding phase II enzymes in the lungs. The 

lungs were found to show similar expression and activity of sulfotransferases 

as that of the liver, while an intermediate activity was detected for esterases 

and epoxide hydrolases (Somers et al. 2007).  

Various lung diseases such as lung cancer and COPD are associated with 

exposure to inhalational toxicants, including tobacco smoke. Catalytic 

enzymes belonging to CYP families could activate and enhance the 

deleterious effect of these inhalational toxicants (Hukkanen et al. 2002). 

However, comparatively lower levels of CYP enzymes are found to be 

expressed in the lungs than in the liver and intestine (Bo Olsson 2011; Somers 

et al. 2007). The low metabolic activity in the lungs is reflected by a rapid and 

complete absorption of small molecules following their administration into the 

lungs (Brown and Schanker 1983; Patton 1996; Tronde, Norden, Jeppsson, et 

al. 2003). It is also utilised for a pro-drug approach as demonstrated in the 

case of ciclesonide and beclomethasone dipropionate. Inhalation of these pro-

drugs is followed by a slow release of their corresponding active form in the 

lungs leading to an extension of their duration of action (Mukker, Singh, and 

Derendorf 2016; van den Brink et al. 2008). The differences in the metabolic 

activity between the lungs and the systemic circulation has also been targeted 

for achieving higher concentrations in the lung with minimal blood exposure 

(Bo Olsson 2011). 

1.2.2. Absorptive clearance mechanisms 

Inhaled particles interact with various lung luminal components including the 

surfactant layer, the epithelial lining fluid, the epithelium and its basement, the 
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interstitium and the endothelium. Of all these, the epithelial cell membrane is 

considered to pose a significant barrier for the permeation of molecules across 

the air-blood barrier (Bo Olsson 2011). The permeability characteristics of 

inhaled compounds across the airway epithelium determine their rate of 

disappearance from the lungs through absorptive clearance (Backman et al. 

2017). Rapid absorption into the systemic circulation may subject inhaled 

molecules to a quicker elimination through kidneys and liver, shortening their 

duration of local or systemic pharmacological action (Patton and Byron 2007). 

Understanding the various factors affecting drug absorption across the lung 

epithelium may aid in designing molecules with longer lung retention and 

hence extend their duration of action.  

 

Figure 1-3. Factors influencing the fate of inhaled particles in both central 
and peripheral airways 

Following deposition, aerosol particles come in contact with airway fluids and 
get dissolved. Depending on their physicochemical properties, molecules get 
absorbed into the systemic circulation. Undissolved aerosol particles may be 
subjected to either mucociliary or macrophage clearance.  Image taken from 
Ruge, Kirch, and Lehr 2013 with permission from the publisher. 

1.2.3. Physicochemical properties of molecules 

Respiratory drugs are characterised by their lower lipophilicity and higher polar 

surface area, hydrogen bonding capacity, and molecular weight in comparison 

with their oral counterparts (Ritchie, Luscombe, and Macdonald 2009).   

These physicochemical properties influence their mode of transport across the 

airway epithelial barrier i.e. through para-cellular and/or transcellular 
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mechanisms (Figure 1-4) (Salomon and Ehrhardt 2012). Lipid soluble 

molecules cross epithelial barriers using the transcellular pathway, due to their 

inherent ability to traverse the lipid bilayers of cellular membranes. In general, 

lipophilic compounds show rapid absorption from the lungs with a half-life (t1/2 

~ time taken for the absorption of 50% of the administered dose) of around 1 

minute in rats following intra-tracheal administration (Brown and Schanker 

1983; Patton, Fishburn, and Weers 2004). In contrast, lipid-insoluble 

compounds show a slower absorption from the lungs with absorption t1/2 of 

about 60 minutes. Hydrophilic molecules cannot diffuse through lipid 

membranes and hence make use of aqueous pores of the inter-cellular 

junctions for crossing the airway epithelium, which represents the para-cellular 

pathway (Patton, Fishburn, and Weers 2004). However, a higher absorption 

from the rat lungs (50 and 17% of administered dose within 1h) than the small 

intestine (~2% of the administered dose) for lipid insoluble mannitol and inulin 

suggests a lower tightness of the airway epithelium than that in the gastro-

intestinal tract (Schanker 1978). On the other hand, various transporter 

proteins expressed on cell membranes may influence the trans-epithelial 

permeability of both moderately hydrophobic and hydrophilic molecules 

through facilitating their entry and/or exit into and out of cells, respectively 

(Wagner, Hu, and Wang 2016). 

1.2.4. Tissue binding and intracellular 

sequestration 

Binding to tissue components, specifically or non-specifically and 

sequestration in intracellular organelles such as mitochondria and/or 

lysosomes could attribute ‘lung tissue affinity’ for inhaled compounds. These 

factors lower the free drug available for absorptive or metabolic clearance and 

thus enhance their tissue retention (Backman et al. 2017).  Also, lipid 

membranes could work as ‘cellular depot’ for various compounds with 

moderate and high lipid solubility and increase their lung tissue accumulation 

following inhalation (Anderson, Linden, and Rabe 1994; Lombardi, Cuenoud, 

and Kramer 2009).  Comparatively basic compounds achieve higher lung 

tissue retention than acidic and neutral compounds, which could be attributed 
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to sequestration in acidic lysosomal compartments due to an ion trapping 

phenomenon (Cooper, Ferguson, and Grime 2012). 

 

Figure 1-4. Mechanisms of inhaled drug absorption across the airway 
epithelial membrane 

Inhaled molecules, depending on their physicochemical properties, permeate 
the airway epithelial membrane either transcellularly or through the 
paracellular route. Various transporter proteins (e.g., organic cation 
transporters (OCT) or organic cation/carnitine transporters (OCTN) may 
facilitate cell uptake and/or permeability of various organic cations across the 
airway epithelium which are otherwise intrinsically poorly permeable due to 
their charge at physiological pH. Image was adapted from Salomon and 
Ehrhardt, 2012 with permission from the publisher. 

1.2.5. Drug transporters 

Transporters are specialised membrane proteins whose major function is to 

control the movement of molecules into and out of cells (Xiong et al. 2015). 

Approximately 10% of the human genome encodes for transporter proteins, 

reflecting their importance in managing various cellular functions (Hediger et 

al. 2013). These transporter proteins are expressed on cells of various organs 

with barrier function such as intestine, brain, liver, kidney and placenta (You 

and Morris 2006). The lungs were found to express the highest transporter 

related gene levels after the liver and kidney (Bleasby et al. 2006).  

Physiologically, transporters work as gatekeepers of cellular membranes and 

facilitate influx and efflux of nutrients or endogenous substrates including 

sugars, amino acids, peptides, and nucleotides (Cesar-Razquin et al. 2015; 
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You and Morris 2006). Transporters could interact with various drug molecules, 

depending on their structural similarity with the endogenous substrates. This 

could lead to altered drug disposition across biological barriers affecting target 

tissue exposure, and efficacy of therapeutic molecules (You and Morris 2006). 

At the mechanistic and molecular level, these transporters are categorised 

within either the ABC (ATP-Binding cassette) or SLC (solute carrier) 

transporter families (You and Morris 2006). ABC transporter proteins with ATP-

binding domain, utilise ATP hydrolysis as a source of energy for transporting 

molecules across membranes. Solute carrier (SLC) transporters, which 

transport substrates based on their electrochemical potential difference, are 

classified as facilitated transporters (You and Morris 2006). Transporters 

belonging to both the SLC and ABC super families are shown to be expressed 

in the lungs (Bosquillon 2010). Both transporter expression along the airway 

tract and their functionality i.e. uptake (influx/bidirectional), or efflux could 

influence local drug distribution including exposure to submucosal target sites, 

residence time in the lungs and also modulate lung absorption into the 

systemic circulation (Gumbleton et al. 2011). 

1.2.5.1. ABC transporter family 

ABC transporters are characterised by their ability to use energy from ATP 

hydrolysis for pumping various substrates across biological barriers against a 

concentration gradient (Higgins 1992). Based on their sequence homology, 

ABC transporters have been categorised into seven families, ABCA to ABCG 

(Xiong et al. 2015).  Immunohistochemical staining studies in lung tissues 

suggest that bronchial and bronchiolar epithelial surfaces express three of the 

ABC transporter sub families, ABCB1 (multidrug resistance protein, MDR1/p-

glycoprotein, P-gp), ABCC1 (multidrug resistance related protein, MRP1) and 

ABCG2 (breast cancer resistance protein, BCRP) (Scheffer et al. 2002). 

Reverse transcription polymerase chain reaction (RT-PCR) studies also 

confirm the presence of ABC-transporters in lung tissues including the trachea 

(Langmann et al. 2003).  
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Typical ABC transporter functional units make use of four membrane-

associated core domains, two transmembrane domains (TMDs) and two 

nucleotide binding domains (NBDs). TMDs are highly hydrophobic with six 

membrane-spanning α-helices and are hypothesised to form the substrate 

binding site (Higgins 1992; Linton 2007). NBDs, also referred as ATP-binding 

domains with characteristic Walker A and B motifs, are responsible for the 

coupling of ATP-binding and hydrolysis providing energy for the translocation 

of substrates (Higgins 1992; Linton 2007).  

Most of the P-gp substrates are amphipathic, and relatively hydrophobic 

molecules which are uncharged or weakly basic molecules, even though acidic 

compounds are also transported. The substrates include both large and small 

molecules, linear and cyclic peptides along with ionophores (Schinkel and 

Jonker 2003; You and Morris 2006). In contrast to P-gp, MRP1 transporter 

substrates include conjugated or unconjugated organic anions (Schinkel and 

Jonker 2003; You and Morris 2006). 

Based on their inherent ability to efflux substrates from cells, ABC transporters 

proteins are assumed to be involved in protecting lung cells from various 

environmental pollutants in addition to other protective mechanisms in the 

upper and lower airways (Leslie, Deeley, and Cole 2005; Nickel et al. 2016). 

The protective role of ABC transporters against respiratory distress was also 

demonstrated in various ABC-knockout mice (Chai, Ammit, and Gelissen 

2017). Even though the precise function of P-gp in the lungs is not yet fully 

understood, their apical expression on the epithelium suggests a role in 

translocation of substrates from the interstitium into the luminal side (van der 

Deen et al. 2005). MRP1 transporter protein could be involved in transporting 

substrates into the interstitial space (Scheffer et al. 2002). Since MRP1 

preferentially transports a proinflammatory cysteinyl leukotriene LTC4, these 

transporter proteins role in various respiratory diseases with inflammatory 

component such as asthma requires further investigation (Scheffer et al. 2002).  
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1.2.5.2. SLC transporter family 

SLC transporters constitute the largest group of membrane proteins and 

second only to G-Protein coupled receptors in the human genome, with around 

52 gene families consisting of 400 transporter genes (Cesar-Razquin et al. 

2015; Rives, Javitch, and Wickenden 2017). Due to their ability to influence 

drug disposition, the SLC22 transporter family has attracted a lot of interest 

and is one of the best studied among SLC transporters (Nigam 2018). With 

transporter sub-families for organic cations (OCTs), organic cations and 

zwitterions (OCTNs) and organic anions (OATs), the SLC22 gene family is 

responsible for the homeostasis of these ions through facilitating their cellular 

uptake, distribution and elimination.  

Organic cation transporter 1 (OCT1), the first member of this family, was 

cloned and characterised by Grundemann et al., using functional expression 

cloning in Xenopus oocytes (Grundemann et al. 1994). Studies in oocytes 

expressing rOct1 demonstrated that 14C-TEA uptake was potential-dependent, 

pH-independent and inhibited by the presence of organic cation of various 

molecular structures (Grundemann et al. 1994). Subsequently, other members 

of the organic cation transporter family, rat OCT2 (rOct2) (Okuda et al. 1996), 

human OCT1 (Zhang et al. 1997), human OCT2 (Gorboulev et al. 1997; 

Grundemann et al. 1998) and rat OCT3 (rOct3) (Kekuda et al. 1998) were 

cloned and characterised in terms of their expression and functional properties. 

Membrane depolarisation or the presence of an outward-driven concentration 

gradient could lead to OCT-mediated efflux of organic cations (Koepsell, Lips, 

and Volk 2007; Volk 2014). 

A cDNA has been cloned for a novel organic cation transporter, OCTN1 from 

human fetal liver. Using 14C-TEA as a substrate OCTN1 mediated organic 

cation transport was found to be pH-dependent, saturable and susceptible to 

the presence of metabolic-inhibitors (Tamai et al. 1997). Also, studies in 

Xenopus oocytes and HEK293 cells transiently expressed with OCTN1 

demonstrated cation exchange mechanism for the bidirectional transport of 

organic cations (Yabuuchi et al. 1999). A lower affinity towards OCTN1 was 

shown for zwitterion carnitine when compared with organic cation TEA (Wu et 

al. 2000). In contrast, OCTN2 with about 75.8% similarity with human OCTN1, 
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showed a higher affinity for carnitine than organic cations. While OCTN2 

mediated carnitine uptake was increased in a sodium-dependent manner, no 

such dependence was seen for organic cation transport (Tamai et al. 1998; 

Wu et al. 1999). These indicate that OCTN2 operate as a Na+ - carnitine co-

transporter as well as Na+- independent transporter for organic cations 

(Koepsell, Lips, and Volk 2007; Volk 2014). 

Gene expression studies using microarray indicate high transcript levels (50-

75% quartile) for both OCTN1 and OCNT2 in human lung tissues while 

transcript levels of OCT1 and OCT3 transporters fell within the 25-50% 

expression quartile and a low expression (0-25% quartile) was seen for OCT2 

(Bleasby et al. 2006). Quantitative RT-PCR studies indicate lower mRNA 

expression levels of OCT1 and OCT3 on airway epithelial cells in comparison 

to human liver and kidney tissue samples, while mRNA expression was 

undetectable for OCT2. Also, higher mRNA expression was seen for OCTN1 

and OCTN2 in airway epithelial cells, with airway epithelial cells showing 

higher OCTN1 immune reactivity than alveolar epithelial cells (Horvath et al. 

2007). Immunohistochemistry studies indicate apical expression of OCT1-3 

transporter proteins in bronchial epithelial cells of mouse, rat and human 

(Kummer et al. 2006; Lips et al. 2007; Lips et al. 2005). Other transporter 

proteins belonging to the SLC family such as PEPT2 (SLC15A2) and ENT1 

(SLC29A1) were shown to be expressed in the lungs, while no levels were 

seen for OAT (SLC22A6) and those of OCT2 (SLC22A2) (Lena Gustavsson 

2016). Expression of multidrug and toxin extrusion protein 1 (MATE1) is also 

confirmed on the apical side of bronchial and bronchiolar cells (Berg et al. 

2018). Among transporters present in the lung, the OCTs are the most 

investigated proteins in terms of their functional role in the lungs (Salomon and 

Ehrhardt 2012).  

Amino acid sequence and hydropathy plot analysis predict a 12 -

transmembrane domain (TMD) containing secondary structure for 

OCT/OCTNs with an amino and carboxy termini on the cytoplasmic side 

(Figure 1-5) (You and Morris 2006). These transporters are also characterised 

by a large extracellular loop and an intracellular loop between TMDs 1 and 2 

and TMDs 6 and 7, respectively. The large extracellular loop consist of 
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conserved cysteine, which form disulfide bridges and play an important role in 

membrane trafficking whereas the transport function of SLC22 transporters is 

regulated by protein kinases present on phosphorylation sites on the 

intracellular loop (Volk 2014). The fourth and tenth transmembrane domains 

are assumed to play an important role in substrate recognition by the 

transporter proteins (Schinkel and Jonker 2003; You and Morris 2006). 

 

Figure 1-5. Predicted secondary structure for organic cation transporter 
1 (OCT1) 

Organic cation transporters are predicted to have a 12 transmembrane 
domains (TMDs) structure with a large extracellular loop containing N-
glycosylation sites between TMDs 1 and 2. A large intracellular loop between 
TMDs 6 and 7 is predicted to have phosphorylation sites. Both TMD4 and 
TMD10 contribute towards substrate recognition by OCTs. Image taken from 
You and Morris, 2006 with permission from the publisher. 

Transporters belonging to OCT or OCTN subgroups are characterised by their 

similar mechanism of drug transport and substrate specificities. Individual 

compounds working as substrates for one subtype transporter could be 

substrates and/or inhibitors of transporters of the other subgroup (Koepsell 

2013). However, their shared substrates and tissue distribution pattern makes 

it difficult to assign specific roles for each transporter protein within subgroups 

of the SLC22 transporter family (Volk 2014). In general, substrates of OCT 

include organic cations and weak bases which are positively charged at 

physiological pH (Koepsell, Lips, and Volk 2007). However, positive charge is 

not an essential attribute for an OCT substrate, as non-charged compounds 

such as cimetidine at alkaline pH, could also be transported by OCTs. In 

addition to organic cations, OCTN1 transports zwitterions such as 
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ergothioneine and L- carnitine. On the other hand, L-carnitine and acetyl-L-

carnitine are preferred substrates of OCTN2 while some of the organic cations 

such as tetraethylammonium (TEA), and choline could also be transported 

(Koepsell, Lips, and Volk 2007). The model cationic compound, 1-methyl-4-

phenylpyridinium (MPP+) is taken up efficiently by all subtypes of OCT 

subtypes and shows comparable Michaelis-Menten Km values (Koepsell, Lips, 

and Volk 2007). While the other cation substrate, tetraethylammonium (TEA) 

shows lower affinity (higher Km) towards the OCT3 subtype than the OCT1 and 

OCT2 subtypes. Even though certain cations (decynium-22, 

tetrapentylammonium and disprocynium), non-charged compounds 

(corticosterone, and β-estradiol) and anions (probenecid and α-ketoglutarate) 

are not substrates of OCT transporters, these compounds inhibit OCT 

mediated transport (Koepsell, Lips, and Volk 2007). Substrates of OCT show 

species differences in terms of their affinity and transport mechanism. For 

instance, a substrate of OCT in one species could be a non-transported 

inhibitor of OCT in other species. This is exemplified by tetrabutylammonium 

which is a substrate of hOCT1 and rabbit OCT1 but a non-transported inhibitor 

of rat OCT1 and mouse OCT1. OCT transported substrates also show a 

mutual inhibition, either in a competitive or non-competitive manner (Koepsell, 

Lips, and Volk 2007). 

Various organic cations manage essential functions in the lungs including fluid 

homeostasis, neurotransmission, immune reactions and response to stress 

situations. These include neurotransmitters (acetylcholine, dopamine, 

epinephrine, histamine and serotonin), antioxidants (ergothioneine), and 

hormones (prostaglandin E2 and prostaglandin F2α). Due to their net positive 

charge at physiological pH, the above cations cannot permeate epithelial 

barriers and OCT/OCTNs facilitate their translocation within the lungs 

(Salomon and Ehrhardt 2012). For instance, luminal release of acetylcholine 

from the airway epithelium was shown to be mediated by organic cation 

transporters (OCT1/2) (Kummer et al. 2006; Lips et al. 2005). Likewise, OCT3 

and/or OCT2 with their expression on basal cells of airway epithelium and on 

bronchial smooth muscle cells, are assumed to modulate the interstitial 

concentrations of various neurotransmitters such as histamine, serotonin and 
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dopamine (Koepsell, Lips, and Volk 2007). While OCTN1 is the primary 

transporter responsible for cellular transport of ergothioneine in response to 

oxidative stress, OCTN2 is essential for translocation of fatty acids in the 

mitochondria (Volk 2014).  

An alternating-access mechanism was proposed to explain the transport of 

organic cations by OCT/OCTNs (Koepsell 2011). As per this model, 

transporter proteins undergo structural changes allowing interaction of 

substrates with the central binding site from either the cytoplasmic side or 

extracellular side (Quistgaard et al. 2016).  Following binding of substrate to 

the transporter protein in outward – open mode, conformational changes 

induce the substrate-transporter complex to pass through a transient occluded 

state, before releasing the substrate onto the cytoplasmic side in inward-open 

mode of the transporter. The transporter could return to outward-open status 

either with an empty binding site or carrying a substrate from the cytosolic side 

for its translocation to the extracellular side (Volk 2014). Rapid inward-to-

outward reorientation of the binding site of substrate-bound transporter protein 

compared to reorientation of an empty transporter, could lead to trans-

stimulation of its carrier function (Koepsell 2011). Structural changes 

associated with OCTs during transport include movement of the six N-terminal 

TMD against the six C-terminal TBD, where a hinge domain in TMD 11 is found 

to be crucial for this movement (Koepsell 2011). At higher substrate 

concentrations, electroneutral cation exchange was proposed as a major OCT 

mediated transport mechanism (Koepsell 2011).  

Currently inhaled therapeutics such as mast cell stabilisers and 

bronchodilators which include β2-agonists and antimuscarinic agents are 

permanently charged, zwitterions or carry a net positive charge. Due to their 

physicochemical properties, permeability across airway epithelium for 

accessing their therapeutic target site i.e. smooth muscle cells could be limited. 

Carrier mediated transport facilitated by OCT/OCTNs could be anticipated for 

these inhaled therapeutics in the lungs (Salomon and Ehrhardt 2012). 
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1.3. Experimental methods for studying the 

disposition of inhaled drugs in the lungs 

Understanding the various factors affecting drug concentrations in the lungs is 

of paramount importance for the discovery and development of novel inhaled 

therapeutics (Cooper, Ferguson, and Grime 2012).  While various procedures 

are well-established for assessing aerosol particle size distribution for effective 

drug deposition in the lungs, characterising lung disposition of inhaled particles 

post-deposition still remains a challenging task (Sakagami 2006). In order to 

delineate the various mechanisms affecting lung disposition, a variety of 

experimental models are available (Liu et al. 2013). These models include in 

vivo, in vitro and ex vivo approaches, 

In vivo - inhaled compound deposition, distribution and retention are studied 

in the lungs along with the rate and extent of inhaled compound absorption into 

the systemic circulation.  

Ex vivo - isolated perfused lung allows investigating the ability of compounds 

to cross epithelial barrier in intact lungs.  

In vitro - understanding of various mechanisms of drug transport and 

permeability at the cellular level is typically studied using airway epithelial cell 

models 

1.3.1. In vivo whole animal models 

In vivo studies allow measuring compound concentrations in the lungs and in 

blood/plasma, representing target organ and systemic exposure, respectively. 

These studies facilitate the understanding of the pharmacokinetics of inhaled 

compounds and help optimising their pharmacological response (Cooper, 

Ferguson, and Grime 2012). Large animals such as rabbits, sheep, dogs and 

monkeys find major applications when formulation and /or device efficiency is 

assessed together with inhalational pharmacokinetics (Sakagami 2006). Most 

frequently, small rodents such as rats and guinea pigs are employed for 

studying lung disposition of inhaled compounds, as they require lower amounts 

of test compounds due to their small size (Liu et al. 2013).  
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For studying lung disposition, intra-tracheal (IT) instillation is one of the most 

extensively used techniques which allows a known amount of compound to be 

administered in the trachea. The typical experimental protocol involves placing 

rodents in a supine position, following anaesthesia, on a board tilted at an 

angle of 45 degrees. With the help of a small animal laryngoscope, the trachea 

is located and the compound is administered either as a solution or suspension 

after inserting a cannula in the trachea (Hendrickx et al. 2017). Alternatively, 

an invasive procedure is used where the trachea is exposed following a small 

surgical procedure in anesthetised animals and a cannula is inserted between 

two cartilaginous rings (Fernandes and Vanbever 2009). The development of 

small animal aerosolizers or insufflators facilitated the administration of liquid 

or dry powder formulations through the IT route (Nahar et al. 2013). 

Even though the IT route allows to control the dose administered and bypass 

nasal passages, it does not represent inhalational delivery in humans. This 

technique requires animals to be under anaesthesia and is also not suitable 

for repeated administration of compounds as insertion of the cannula may lead 

to inflammation in the trachea. Since the typical volume of instillation (~100 µL) 

is larger than rat epithelial lining fluid (45 – 55 µL), this procedure may lead to 

change in the lung physiology (Sakagami 2006). Even though relatively easy 

to use, small changes in the technique of IT administration could lead to 

changes in the site of drug deposition and consequently, the rate and extent 

of drug absorption from the lungs (Codrons et al. 2004). 

To overcome the limitations of the intra-tracheal administration technique, 

various passive dose administration chambers are introduced which allow 

compound exposure to conscious animals through whole-body, nose only or 

head only exposure systems, mimicking physiological conditions. Whole body 

chambers require larger amounts of compound than other exposure systems 

and, compounds may get absorbed from other routes such as oral, and 

subcutaneous, in addition to inhalation. In comparison with whole body 

exposure systems, head only and nose only chambers facilitate delivering 

larger amounts of compounds. However, nose only or head only exposure 

systems require animals to be placed in individual holding tubes subjecting 

animal to stressful conditions (Nahar et al. 2013). 
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Following inhalation, drug disposition in the lungs are characterised based on 

either lung tissue concentration or through broncho-pulmonary lavage (Liu et 

al. 2013). Estimation of lung concentrations at various time points after dose 

administration allows to determine the percentage of dose remaining in the 

lungs and to calculate lung absorption rate constants. However, in such 

studies, information regarding local drug distribution in the lungs is lost due to 

the nature of sample processing such as homogenisation of whole lungs 

(Cooper, Ferguson, and Grime 2012). Modification of the study design involves 

collecting blood samples following IT administration of compounds to 

determine the rate and extent of lung absorption into the systemic circulation 

(Sakagami 2006). However, characterising the pharmacokinetics of inhaled 

compounds based on systemic plasma exposure requires highly sensitive 

analytical methods, as typical doses in rats range between 2-20 µmol/kg which 

is expected to achieve a maximum plasma concentration of 1-10 nM only 

(Cooper, Ferguson, and Grime 2012).  

1.3.2. Ex vivo models 

Isolated perfused lungs (IPL), maintained in an artificial environment mimicking 

in vivo situations provide an alternative animal model for studying airway to 

perfusate transfer of molecules following aerosol or intra-tracheal 

administration (Byron 1993). This system allows investigating various 

physiological processes affecting drug disposition within the lungs without the 

involvement of other systemic processes such as elimination or drug-

redistribution. Even though human lung perfusions models have been 

attempted, isolated perfused rat lung (IPRL) system is the most commonly 

employed ex vivo model for characterising drug absorption and disposition of 

inhaled molecules (Nahar et al. 2013).  

Briefly, following anaesthesia, tracheostomy is performed for surgical 

separation of lungs along with heart after cannulating the pulmonary artery and 

pulmonary vein. The lungs are suspended by the trachea in an artificial 

thoracic chamber maintained at 37oC. Lung perfusion is maintained where the 

perfusion buffer enters and exits the lungs, through the pulmonary artery and 

vein, respectively. Following establishment of the IPL system, compounds are 
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administered in the trachea by instillation of liquids, nebulisation or dry powder 

insufflation. Outlet samples are collected from the pulmonary vein at various 

time points in order to measure and calculate the % of dose administered 

appearing in the perfusate (Fernandes and Vanbever 2009; Liu et al. 2013). 

Based on time-course profiles of administered molecule appearance in the 

perfusate, PS a parameter reflecting the product of the permeability coefficient 

(P) and surface area (S) is calculated.  In addition, the absorption rate constant 

(Ka) and apparent half-lives (t1/2) are typically calculated from these profiles 

(Sakagami 2006). 

During the perfusion process various approaches are employed to check the 

viability of the lungs, such as visual inspection for oedema formation, or weight 

gain. Other methods of lung viability include measuring tidal volume, dynamic 

compliance and airway conductance along with perfusion flow at various time 

points. The conditions used in IPL studies vary in terms of presence or 

absence of ventilation, buffer collection in a single pass or recirculation of 

buffer and maintenance of lungs either in positive or negative pressure etc. 

(Fernandes and Vanbever 2009). 

A good IPRL- in vivo correlations in terms of drug absorption in the lungs was 

obtained suggestive of the suitability of this model (Bosquillon et al. 2017). 

With structural integrity and luminal cellular composition (macrophages, 

epithelial and endothelial cells) maintained, this model also facilitates studying 

the effect of particle size on deposition and disposition of inhaled molecules in 

the lungs (Tronde, Norden, Jeppsson, et al. 2003). However, in the IPRL model 

the lungs maintain their physiologically optimal conditions only for 2 - 3h. The 

IPRL model could underestimate the absorption of molecules which show 

good absorption from the airways, as the bronchial circulation is severed 

during the surgical procedure. Complicated surgical procedures which demand 

technical skills, not amenable for high throughput and expensive to establish 

could limit the applicability of this model (Fernandes and Vanbever 2009). In 

addition, studying the role of active transport mechanisms in overall 

permeability across the airway epithelium or the contribution of individual cell 

types in lung drug disposition cannot be delineated in the IPL model (Sakagami 

2006). 
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1.3.3. In vitro models 

1.3.3.1. Precision-cut Lung Slice Model 

Organ slices are considered as an appropriate in vitro model which retain the 

architecture of tissues of origin and facilitate studying drug retention, 

metabolism and interactions at an individual organ level (de Kanter et al. 2002; 

Graaf, Groothuis, and Olinga 2007). The typical procedure for preparing organ 

slices includes removal of the organ of interest from anaesthetised 

experimental animals and transferring it to an ice-cold buffer. Following slicing 

with commercially available organ slicer, the organ slices are incubated with 

buffer containing test compounds at 37oC (de Kanter et al. 2002). The use of 

lung slice models for metabolic, toxicological and histopathological evaluation 

of compounds is well-established (De Kanter et al. 1999; Fisher et al. 1994; Le 

Prieur et al. 2000; Monteil et al. 1999; Wijeweera et al. 2001). Recently, lung 

slice models have also been applied to determine the distribution volumes and 

mechanism of lung retention, including lysosomal sequestration, of inhaled 

therapeutics in the lungs (Backstrom, Boger, et al. 2016; Backstrom, Lundqvist, 

et al. 2016). 

1.3.3.2. Cell culture models 

The application of in vitro cell culture models is well-established for 

understanding the fate of inhaled therapeutics in the lungs including drug 

uptake, binding, permeability, mechanism (s) of drug transport, metabolism 

and toxicity (Forbes and Ehrhardt 2005). Compared to in vivo studies, in vitro 

models are advantageous in terms of ethical issues, provide control over study 

conditions including compound exposure time and sample collection, and a 

known area of epithelial cell layer exposed to compounds (Liu et al. 2013). 

Since columnar and alveolar type I cells (AT-I) in the airways and alveolar 

region, respectively, occupy the majority of the lung epithelial surface area, in 

vitro models based on these region specific cell types are considered more 

appropriate. In addition to representing the cellular composition of the airway 

epithelium, the ability to form tight junctions as reflected by a high 

transepithelial electrical resistance (TEER ) is one of the essential criteria for 

developing lung cells as an in vitro epithelial model (Forbes 2000).  
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Currently, there are a variety of in vitro respiratory cell culture models 

consisting of both continuous and primary cells. Primary cell cultures closely 

resemble the in vivo situations and may be considered as ideal in vitro systems 

for drug delivery applications in the lungs. However, these cell models are 

limited by their lower isolation yield, require time-consuming procedures, and 

show donor-to-donor variation (Liu et al. 2013). Also primary cells of human 

lung origin form monolayers with a limited lifetime and it is difficult to obtain 

high TEER values (Fernandes and Vanbever 2009). On the other hand, due 

to their ability to grow continuously, human lung epithelial cells of either 

cancerous origin or transformed cells find major applications in the area of 

inhalational drug delivery and toxicity testing (Sakagami 2006). 

Among continuous cell cultures, Calu-3 and 16HBE14o- epithelial models of 

airway origin have been identified as suitable models for drug absorption 

studies in the lungs (Forbes et al. 2015; Forbes 2000). These cell lines are 

well-characterised in terms of their tight junctional properties, metabolic and 

transporter protein expression profiles. In contrast, applications of alveolar 

epithelium origin cell lines such as A549 and TT1 are limited to toxicological 

evaluation as these models fail to form tight junctions and hence are not 

suitable for drug transport experiments (Haghi et al. 2014).  

1.3.3.3. 16HBE14o- 

The 16HBE14o- cell line was developed following transformation of bronchial 

epithelial cells collected from a one-year old male heart-lung transplant patient.  

Immunocytochemical and functional studies confirmed the presence of various 

drug transporter proteins including P-gp, lung resistance-related protein and 

Caveolae-1 (Ehrhardt et al. 2003). 16HBE14o- cell lines have been utilised for 

understanding mechanisms of drug transport (Forbes and Lansley 1998; 

Forbes 2000) and for developing correlations between in vitro – ex vivo lung 

models in terms of compound permeability across the lung epithelium 

(Bosquillon et al. 2017). However, 16HBE14o- cells were found not to produce 

mucus, thus are not representative of the native bronchial epithelium (Forbes 

2000).  
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1.3.3.4. Calu-3 

Calu-3 is a bronchial adenocarcinoma cell line obtained from a 25-year-old 

Caucasian male, is commercially available from the American Type Culture 

Collection (ATCC) and is one of the well-established airway epithelial cell lines 

in the area of pulmonary drug delivery (Forbes 2000). These cells are readily 

available, form tight junctions and demonstrate suitable barrier properties, 

allowing permeability studies when grown on porous membranes under air-

liquid interface conditions (ALI) (Foster et al. 2000; Min et al. 2016; Nichols et 

al. 2014). Calu-3 cells were shown to have airway epithelial cell features 

including cilia and mucus, in addition to various transporter and metabolic 

systems when grown at an air-liquid interface (Florea et al. 2003; Hutter et al. 

2014). Histological and histochemical evaluations performed on Calu-3 cells 

following culturing at ALI, established the formation of a pseudostratified 

columnar epithelium. Also, under these conditions, Calu-3 cells differentiated 

into mucus secreting goblet cells, presented microvilli, and showed expression 

of occludin and E-cadherin, i.e., TJ and adherens junction proteins, 

respectively (Kreft et al. 2015). Expression and functional properties of 

transporters relevant for inhalational drug delivery such as OCT1, OCT3, 

OCTN1 and OCTN2 is extensively investigated in Calu-3 cells using their 

marker substrates and standard inhaled compounds (Ingoglia et al. 2015; 

Mukherjee, Pritchard, and Bosquillon 2012). An excellent correlation was also 

found between permeability coefficients of various molecules with diverse 

physicochemical properties in Calu-3 layers and lung absorption rate 

constants in rats in vivo as well as in an ex vivo lung perfusion model 

(Bosquillon et al. 2017; Mathia et al. 2002).  

However, there are certain limitations associated with these models as 

expected with most of the in vitro epithelial models.  In contrast to a complex 

lung environment with approximately 40 different cell types, for instance, Calu-

3 cells only represent cell types present in the bronchial epithelium without any 

interaction with other cell types which may influence the disposition of inhaled 

molecules (Kaur and Dufour 2012). Further studies with complex co-culture 

systems consisting of different cell types is advocated in order to simulate the 

complex lung physiology in vitro at the cellular level (Haghi et al. 2010).  
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Also, none of the current in vitro airway epithelial models are able to 

incorporate changes in surface area and drug-epithelial interactions 

associated with stretching caused by the inhalation process (Haghi et al. 2010). 

1.3.4. Other strategies for an improved 

understanding of inhaled drug disposition in the lungs 

1.3.4.1. Imaging techniques 

Imaging studies facilitate characterising drug availability, retention and 

distribution in target organs including the functional role of transporter proteins 

in drug disposition, noninvasively (Kusuhara 2013). For the purpose of imaging 

transporter-mediated processes in vivo, both single photon emission 

computed tomography (SPECT) and positron emission tomography (PET) 

employ radiotracers, while magnetic resonance imaging (MRI) make use of 

gadolinium complex (Kusuhara 2013; Tournier, Stieger, and Langer 2018). 

Due to their non-invasive nature, these methods allow the collection of 

experimental data at various time points from the same subject under identical 

experimental conditions, thus avoiding inter-subject variability (Tournier, 

Stieger, and Langer 2018). 

Compared to other techniques, PET offers advantage of introducing isotopes 

such as 11C, 13N, 15O and 18F, into the structures of drug molecules and thus 

visualise their distribution in organs (Dolovich and Labiris 2004; Kusuhara 

2013). For instance, PET imaging was employed for investigating the 

functional role of organic cation transporters (OCT) and organic anion-

transporting polypeptide (OATPs) using their substrates 11C sulpiride and 11C 

Dehydropravastatin, respectively (Ijuin et al. 2012; Kaneko et al. 2018; Takano 

et al. 2017). In addition, various preclinical and clinical investigations 

demonstrated the utility of PET for assessing transporter-mediated drug-drug 

interactions involving major transport proteins including P-gp, BCRP, OATP, 

MRP and MATEs (Langer 2016). However, the application of PET is limited by 

short half-lives of its probe substrates (20-110 minutes) along with the 

requirement of specialised facilities and personnel (Mann, Han, and Eyal 2016). 

SPECT is gaining more popularity as its probe technetium-99m (99mTc) offers 
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a long half-life (~6 hours) and is easy to obtain with generator systems (Mann, 

Han, and Eyal 2016).  

Both PET and SPECT allow assessing pulmonary disposition of inhaled 

radiopharmaceuticals and thus could be applied for studying the functional role 

of lung transporters using radiolabelled substrates of various transporter 

proteins (Dolovich and Labiris 2004; Tournier, Stieger, and Langer 2018). 

However currently, only a few studies were attempted focussing on pulmonary 

transporters. These include, for instance, applying PET technique for 

understanding the role of mouse Mrp1 in the accumulation of its substrates in 

the lungs following systemic administration (Okamura et al. 2013). Also, the 

expression and functional role of multi-drug resistance proteins (MDR1/MRP1) 

in human lung was imaged using SPEC (Mohan et al. 2016; Ruparelia et al. 

2008). Thus, there is an enormous opportunity for understanding inhaled drug 

disposition and the role of pulmonary drug transporters with the application of 

imaging approaches. The use of these imaging techniques is, however, limited 

by the non-specificity of various transporter probe substrates. Additional 

information from genetic knockout models and/or use of transporter inhibitors 

could be employed as a supportive evidence for identifying the transporter 

under investigation (Mann, Han, and Eyal 2016).  

Imaging mass spectrometry (IMS), which is a relatively new, highly sensitive 

and label-free technique, has the ability of simultaneous detection of many 

molecules and their metabolites along with their spatial localisation in a given 

tissue section (Aichler and Walch 2015; Mann, Han, and Eyal 2016). For IMS, 

three ionisation methods are used, namely electrospray ionisation (ESI), 

secondary ion mass spectrometry (SIMS) and matrix-assisted laser 

desorption/ionisation (MALDI) (Rubakhin et al. 2005). The distribution of 

compounds in the lungs has been previously investigated using IMS, including 

for demonstrating the epithelial and sub-epithelial localisation of inhaled 

broncholdilators (Backstrom et al. 2018; Marko-Varga et al. 2011; Matsumoto 

et al. 2017 ; Prideaux et al. 2011). However IMS could not be easily applied in 

vivo and requires extensive sample processing (Mann, Han, and Eyal 2016; 

Rubakhin et al. 2005). 
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1.3.4.2. Transfected cell lines 

Various cultured cell lines such as Madin-Darby canine kidney (MDCK), LLC-

PK1, HEK293 or CHO cells with stable or transient expression of various 

recombinant transporters are used for investigating drug-transporter 

interactions (Giacomini et al. 2010).  These transfected cell systems with 

defined human uptake and efflux transporter proteins allow understanding the 

coordinated action of transporter proteins in the overall cellular disposition of 

molecules (Cui, Konig, and Keppler 2001; Taghikhani, Fromm, and Konig 

2017). For instance, the functional interplay between OCT1/OCT2 mediated 

uptake and efflux by MATE1 transporters in the renal secretion of organic 

cations such as metformin and ipratropium were investigated using single or 

double transfected MDCK cells (Konig et al. 2011). The involvement of multiple 

transporters or transporter-enzyme interactions in the hepatic disposition of 

molecules were experimentally demonstrated with the help of triple or 

quadruple - transfected MDCK cell lines (Fahrmayr et al. 2012; Kopplow et al. 

2005).  

However, variable expression of endogenous transporter proteins in wild type 

and transfected cell lines could confound the data interpretation with respect 

to the role of various drug transporters (Goh et al. 2002; Kuteykin-Teplyakov 

et al. 2010). This limitation has recently been overcome in a new MDCK cell 

line model with knocking down of endogenous MDR1, which could be used as 

an alternate in vitro model for investigating the role of efflux transporter 

proteins in drug disposition (Karlgren et al. 2017; Simoff et al. 2016).  

Since most of the inhaled molecules are well-recognised substrates of SLC 

transporters (Hendrickx et al. 2013; Nakamura et al. 2010; Nakanishi et al. 

2013; Salomon et al. 2015), multi-transfected MDCK cell lines with lung 

specific transporter proteins may allow delineating uptake and efflux 

mechanisms involved in their lung disposition. 

1.3.4.3. Knockout models 

Transporter gene-knockout models have been applied successfully to 

understand the physiological functions of transporter proteins and transporter-

mediated drug disposition (Giacomini et al. 2010). For instance, Mdr1a-/- and 
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Bcrp-/-/ Mdr1a-/-/ Mdr1b-/- mice were utilised to illustrate the protective roles of 

P-gp and BCRP proteins, respectively, across the blood-brain barrier (Polli et 

al. 2009; Schinkel et al. 1994).  

A variety of commercialised knockout models are predominantly being used 

as custom gene-knockout rodent models may lead to inter-laboratory 

phenotypic differences due to changes in diet, housing conditions, sex and 

strain (Zamek-Gliszczynski et al. 2013). Also introduction of humanised 

transporter animal models helped to overcome the issues related to inter-

species differences in terms of extrapolating transporter activities to human 

(Choo and Salphati 2018; Scheer et al. 2012; Scheer et al. 2013; van de Steeg 

et al. 2012). These models were effectively utilised to investigate OATP- and 

OCT/MATE-mediated hepatic drug distribution and renal excretion, 

respectively (Higgins, Bedwell, and Zamek-Gliszczynski 2012; Tsuda et al. 

2009; van de Steeg et al. 2012).  

In comparison with their application for understanding drug disposition in major 

organs such as brain, liver, kidney and intestine, transporter-gene knockout 

models have been underutilised for investigating the role of pulmonary drug 

transporters in inhaled drug absorption. For instance, the main application of 

these models has been limited to the study of P-gp role in the absorption of 

compounds from the lungs (Al-Jayyoussi et al. 2013; Manford et al. 2008; Price 

et al. 2017). Thus, the use of transporter-gene knockout models, especially of 

the SLC22 family such as OCT1, OCT3 and MATE1/2 has a potential for 

improving our understanding of the role of these transporters in lung 

absorption of inhaled molecules. Also, transporter knocked down in vitro 

epithelial cell layers such as Caco-2 have been applied for studying the role of 

transporter proteins in order to overcome the limitations associated with 

chemical inhibitors (Li et al. 2011). Such investigations, using transporter 

knocked down lung epithelial model Calu-3 could facilitate identifying the 

contribution of various transporter proteins in the overall cellular disposition of 

inhaled molecules. However, the use of transporter-gene knockout models is 

associated with a number of limitations including the potential for up or 

downregulation of other transporter proteins following knock down of the 

transporter under investigation (Zamek-Gliszczynski et al. 2013). Hence it is 
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essential to understand the presence of such compensatory mechanisms for 

a meaningful interpretation of results obtained from knockout models.  

1.4. Summary 

Even though inhalational drug delivery is well-established for the management 

of local diseases such as asthma and COPD, drug disposition in the lungs is 

poorly understood. Existing experimental methods characterise lung 

disposition of inhaled molecules either by monitoring their appearance in blood 

circulation or measuring total tissue levels. Various tissue affinity factors such 

as lysosomal sequestration and drug transporter proteins could influence local 

lung concentrations of inhaled therapeutics through altering their intracellular 

accumulation. However, very few systemic attempts to understand the 

contribution of these factors in the tissue retention of inhaled molecules have 

been reported. Consequently, inhaled drug disposition in the lungs at the 

cellular level is poorly understood. Application of in vitro airway epithelial 

models may facilitate studying permeability mechanisms of inhaled 

compounds across the airway epithelium and also help to characterise the 

cellular retention mechanisms including lysosomal sequestration. A better 

understanding of these factors could lead to designing molecules with 

optimised pharmacokinetic properties in the lungs following inhalation.  

1.5. Aims and Objectives of this PhD 

This thesis focuses on applying the human bronchial airway epithelial model 

Calu-3 for better understanding the mechanisms controlling the permeability 

of inhaled compounds across the lung epithelium, as well as their retention in 

the lung tissue, including the role of drug transporter proteins and lysosomal 

sequestration.  

Drug permeability and uptake characteristics of ipratropium, a permanently 

charged short acting anticholinergic bronchodilator, were investigated in the 

first results chapter. For these investigations Calu-3 cells were grown on 

porous membranes under air-liquid interface (ALI) culture conditions for 21 

days. Even though ipratropium is a well-recognised substrate of Organic 

Cation Transporters (OCT), their contribution in its trafficking across the 
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bronchial epithelium is not yet clearly understood. While various in vitro uptake 

studies in undifferentiated cells suggested transporter-mediated ipratropium 

absorption, ex vivo lung perfusion studies indicate a paracellular diffusion as a 

major lung absorption mechanism. The results presented in this chapter fill this 

existing gap and highlights the concerted action of uptake and efflux 

transporter mechanisms in managing local lung concentrations of ipratropium.  

In the next chapter, the suitability of Calu-3 cells for measuring lysosomal 

association of inhaled compounds was assessed for the first time. The 

presence of functional lysosomes was verified, and a cell fractionation 

approach was applied for isolating lysosomes from Calu-3 cells in order to 

measure lysosomal association of compounds. While the experimental 

techniques employed in this chapter such as florescence microscopy and cell 

fractionation are well-established in the literature (Duvvuri, Feng, et al. 2004; 

Duvvuri and Krise 2005; Ufuk et al. 2015), these investigations are essential 

for validating the Calu-3 model for lysosomal sequestration studies. 

In the final chapter, lysosomal sequestration of inhaled compounds was 

characterised by measuring their cellular partition coefficient (Kp) in Calu-3 

cells and retention across Calu-3 layers in the presence or absence of cytosol-

lysosomal pH gradient disruptors. Lysosomes were isolated from compound 

treated Calu-3 cells using cell fractionation approach for directly measuring 

lysosomal sequestration of inhaled compounds. Lung retention was 

determined for molecules following intra-tracheal administration in rats and 

their retention mechanisms were explained based on permeability 

characteristics and cellular accumulation of compounds in Calu-3 model. This 

is the first report where the cellular disposition of inhaled therapeutics is 

presented using an in vitro airway epithelial model in Calu-3 cells. Also, in 

contrast to previous qualitative reports, lysosomal association of inhaled 

molecules is demonstrated quantitatively and its influence on retention in the 

airway epithelium is also presented for the first time. This novel application of 

in vitro airway epithelial model may fasten screening of inhaled compounds for 

their lung retention potential and lower the animal - based experiments for this 

purpose. 
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Chapter Two 

 

2. Materials and Methods 

2.1. Materials 

Human bronchial adenocarcinoma cells, Calu-3 cells were procured from the 

American Type Culture Collection (Rockville, MD, USA) and used between 

passage numbers 30 and 40. Polycarbonate Transwell® insert (12 well, with 

0.4 µm pore size and a surface area of 1.12 cm2) and cell culture flasks (25 

and 75 cm2) were obtained from Corning Costar (Kennebunk, US). 

LysoTrackerTM Green DND-26 and Bafilomycin A1 were purchased from Alfa 

Aesar (Ward Hill, MA) and ThermoFisher Scientific (UK), respectively. 

Indacaterol was obtained from Insight Biotechnology Ltd (Wembley, UK). 

Lysosomal Enrichment Kit was obtained from ThermoFisher Scientific, UK. 

Rapid Equilibrium Dialysis devices were procured from Sigma-Aldrich (Poole, 

UK). All the other cell culture reagents and chemicals were procured from 

Sigma-Aldrich (Poole, UK). HPLC grade solvents for LC-MS/MS analysis were 

purchased from Fisher Scientific UK. (Loughborough, UK). The DS12, DS13, 

DS81 and DS86 compounds were obtained from Dr Michael J Stocks 

laboratory, Division of Biomolecular Science and Medicinal Chemistry, 

University of Nottingham, Nottingham (UK). The chemical structures and 

physicochemical properties of inhaled drugs and investigational compounds 

used in this study are compiled in the Table 2-1. 
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Table 2-1. Chemical structures, molecular weight, predicted LogP   

(cLogP) and pKa (cpKa) a for various compounds 

DS12 

Molecular weight: 311.09 

clogP: 2.67 

cpKa: 7.8 

DS13

 

Molecular weight: 453.32 

clogP: - 1.59 

cpKa:  -  

DS81 

Molecular weight: 410.22 

clogP: 3.78 

cpKa: 7.8, 10.5 

DS86

 

Molecular weight: 460.68 

clogP: - 0.38 

cpKa: 10.47 

a cLogP and cpKa were obtained using MarvinSketch (14.8.4.0)  
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Table 2.1. Continued... 

Formoterol 

 

Molecular weight: 344.4 

clogP: 1.91 

cpKa: 8.61, 9.81 

Salmeterol 

 

Molecular weight: 415.6 

clogP: 3.82 

cpKa: 10.12, 9.4 

Salbutamol 

 

Molecular weight: 239.3 

clogP: 0.44 

cpKa: 10.12, 9.4 

Indacaterol 

 

Molecular weight: 392.5 

clogP:  3.31 

cpKa: 8.51, 9.71 

Structures and physicochemical properties were obtained from 

www.drugbank.ca 

 

  

http://www.drugbank.ca/
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Table 2.1. Continued... 

Ipratropium 

 

Molecular weight: 332.46 

clogP: - 1.8 

cpKa: - 

Tiotropium 

 

 

 

Molecular weight: 392.5 

clogP: - 1.8 

cpKa: -  

Glycopyrronium 

 

 

Molecular weight: 318.4 

clogP: - 1.2 

cpKa: - 

Imipramine 

 

Molecular weight: 280.4 

clogP: 4.53 

cpKa: 9.2 

Structures and physicochemical properties were obtained from 

www.drugbank.ca 

  

http://www.drugbank.ca/
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2.2. Methods 

2.2.1. Cell culture 

Calu-3 cells were cultured in Dulbecco’s modified Eagle’s medium / Ham’s F12 

nutrient mixture (DMEM: F12) 1:1 supplemented with 10% v/v of foetal bovine 

serum (FBS, non USA origin and sterile filtered), 1% v/v of penicillin-

streptomycin antibiotic solution, 1% v/v of 2 mM L-glutamine and 1% v/v of 

non-essential amino acids. They were maintained in a humidified incubator at 

37oC under 5% CO2 environment in 75 cm2 tissue culture flasks with 

replacement of medium every other day. Upon reaching confluency (80-90%), 

Calu-3 cells were washed with 10 mL of pre-warmed sterile PBS and subjected 

to trypsinisation with the addition of pre-warmed 0.25% v/v trypsin-EDTA 

mixture (5 mL). Upon visual confirmation of cell detachment, 8 mL of media 

was added to neutralise the action of trypsin and the resulting cell suspension 

was centrifuged at 800 rpm for 5 minutes. The cell pellet was suspended in 

fresh medium and the cell suspension was transferred to a new flask using a 

split ratio of 1:5.  

The trypan blue exclusion method was used to count the number of viable cells. 

For this, 100 µL of cell suspension was mixed with an equal volume of 0.5% 

w/v trypan blue. A 10 µL of this mixture was placed on a haemocytometer and 

cells were counted in outer squares while excluding dead cells which had 

accumulated the trypan blue dye. The number of viable cells counted were 

averaged and used for determining the cell seeding density into multi-well 

tissue culture plates or into Transwells® (12-wells, pore size - 0.4 µm; surface 

area - 1.12 cm2). For drug permeability and transport studies, Calu-3 cells were 

seeded at a density of 1 x 105 cells/cm2 on Transwells®.  After 24 h of 

incubation under submerged conditions in a humidified incubator at 37oC 

under 5% CO2, they were raised in air-liquid interface culture conditions by 

aspirating the medium from both the apical and basolateral chambers and 

adding 500 µL of medium in the basolateral chamber only. Thereafter, the cell 

culture medium was replaced every other day until day 21 post seeding when 

the differentiated cell layers were used for experimentation. 
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2.2.2. Trans-epithelial electrical resistance (TEER) 

measurements 

Formation of tight junctions across Calu-3 layers was assessed on alternate 

days before changing the medium by measuring the TEER. For this, 500 and 

1500 µL of medium were added to the apical and basolateral side, respectively, 

and the cell layers were incubated for 30 minutes in a humidified incubator at 

37oC under 5% CO2. An EVOM meter with chopstick electrodes (World 

Precision Instruments, Stevenage, UK) was used for measuring the TEER 

after sterilising the electrodes with 70% v/v industrial methylated spirit (IMS). 

TEER values obtained in Transwells® without cells were measured and 

subtracted from readings obtained from wells with cells. TEER values were 

normalised to per unit surface area of the Transwells® insert membrane.  Only 

cell layers exhibiting TEER values greater than 500 ohm.cm2 were selected 

for experimentation. Data obtained in layers which had maintained a TEER 

value above this threshold at the end of the experiment were considered for 

analysis. 

2.2.3. Drug transport studies 

The transport of molecules was measured in both apical to basolateral 

(absorptive, a-b) and basolateral to apical (secretion, b-a) directions across 

Calu-3 cell layers which had been maintained under ALI for 21 days. Stocks of 

various compounds were prepared by dissolving solids in dimethyl sulfoxide 

(DMSO) and test solutions were prepared by diluting stock solutions in Hank’s 

Balanced Salt Solution (HBSS) such that the final DMSO concentration was 

less than 1% v/v. 

For a-b experiments, 0.55 mL of HBSS containing the test compound (10 µM) 

was added into the apical (donor) chamber of the Transwells® and the study 

was initiated by adding 1.5 mL of blank HBSS to the basolateral (receiver) 

chamber. For b-a experiments, 1.55 mL of HBSS with the test compound was 

placed in the basolateral (donor) compartment and the study was initiated by 

adding 0.5 mL of blank HBSS on the apical (receiver) side of the layers. A 0.05 

mL sample was collected from the donor compartments for determination of 
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the initial concentration and the Transwell® plate was placed on an orbital 

shaker (60 rpm) inside a humidified incubator at 37oC under 5% CO2. 

Appearance of drug in the receiver compartments was monitored by collecting 

0.3 mL or 0.1 mL samples for a-b and b-a experiments, respectively, after 0.5, 

1, 2 and 4 h. At each time point, samples were replaced with an equal volume 

of blank HBSS. At the end of the experiment, 0.05 mL was collected from the 

donor compartments and all the study samples were stored at -20oC until 

analysis by LC-MS/MS.  FITC-dextran (Average molecular weight~4000) was 

used as a paracellular permeability marker. For this molecule, the fluorescence 

intensity of the samples was measured using a multimode microplate reader 

Spark® 10M (Tecan) at an excitation and emission wavelengths of 485 and 

535nm, respectively, and converted into FITC-dextran concentrations using a 

standard curve. 

For investigating the role of transporters in drug cellular disposition, Calu-3 

layers were pre-incubated with HBSS containing one of the transporter 

inhibitors (1-methyl-4-phenylpyridinium, MPP+ - 500 µM, tetraethylammonium, 

TEA - 5 mM, L-carnitine - 1 mM, probenecid-100 µM or verapamil-100 µM), for 

30 minutes. Each experiment was initiated by co-incubating the donor side of 

the cell layers with the test compound and one transporter inhibitor in HBSS 

and adding HBSS containing the inhibitor in the receiver compartment. Thus, 

transporter inhibitor is present at same concentration in both donor and 

receiver compartments.  After each sample collection, the volume collected 

from receiver compartment was replaced with HBSS containing the inhibitor in 

order to maintain a constant inhibitor concentration throughout the experiment.  

Permeability data were obtained from at least three layers and the apparent 

permeability coefficient (Papp) was calculated using the equation below. 

 

 

Where: 

• J is the flux of molecules across the cell layers (moles/sec) 

• A is the surface area of the Transwell® insert membrane in cm2 

Papp = 
J 

A × C0 
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• C0 is the initial concentration of the compound in the donor chamber 

(moles/mL) 

2.2.4. Drug uptake studies 

The role of drug transporters in the cell uptake of test molecules was 

investigated at 10 µM after exposure from either the apical or basolateral sides 

of the Calu-3 cell layers maintained under ALI conditions. The incubation and 

experimental conditions were similar as those described above except that the 

drug solution was withdrawn from the donor compartment at various time 

points and the cell layers were quickly washed with cold PBS (4oC), three times. 

The layers were excised from the Transwells® and collected into 1.5 mL tubes. 

Cells were lysed with the addition of chilled methanol containing the internal 

standard. The cell lysates were vortexed, centrifuged at 10,000 rpm for 10 

minutes at 4oC and the supernatant collected were stored at -20oC until 

analysis.   

For inhibitory experiments, the layers were subjected to 30 minutes of pre-

incubation with MPP+ - 500 µM, TEA - 5 mM, L-carnitine - 100 µM or 

probenecid - 100 µM. The cell layers were then exposed to compound (10 µM) 

under investigation in presence of one of the inhibitors in the donor 

compartment while HBSS containing the inhibitor was placed in the receiver 

compartment. Cell uptake in the presence of inhibitors was expressed as a 

percentage of drug accumulation in control conditions. 

2.2.5. Drug release studies 

Drug release from cell layers pre-loaded with the test compounds (10 µM) from 

either the apical or basolateral side was investigated with blank HBSS in 

contralateral compartment. After 45 minutes of incubation, the compound 

solution and HBSS was aspirated from the donor and receiver compartment, 

respectively. The cell layers were given a quick wash with cold PBS, three 

times. They were then exposed to 500 µL HBSS with or without inhibitors 

(MPP+- 500 µM, TEA - 5 mM or Probenecid – 100 µM) from both the apical 

and basolateral sides. The release of the accumulated compound was studied 

by collecting 50 µL of sample from both compartments over a period of 2 h.  

Each sample was replaced with 50 µL of either blank or inhibitor containing 
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HBSS. The effect of inhibitors on drug release was presented as % of drug 

release in comparison to the control group.  

2.2.6. Bioanalysis 

2.2.6.1. In vitro study samples 

The study samples (50 µL) were processed with the addition of 150 µL of 

chilled methanol containing 5 nM of the internal standard (tolbutamide for 

metaprolol, ipratropium for tiotropium and salbutamol, and glycopyrronium for 

all other compounds). The samples were vortexed and centrifuged at 10,000 

rpm for 10 minutes at 4oC. The resulting supernatant was mixed with 0.1% v/v 

formic acid (1:1 v/v) and 10 µL of this was injected into the Quattro Ultima 

triple-quadrupole mass spectrometer (Micromass, UK) interfaced via an 

electrospray ionization probe with Agilent (1100 Series, Agilent Technologies) 

HPLC system.  

Standard working stocks of various compounds were prepared in methanol 

and a 12 - point calibration curve (CC) was prepared in HBSS. Sample 

quantitation was achieved by fitting curves to a weighted linear regression 

(1/concentration or 1/concentration2). Quality control (QC) samples prepared 

in blank HBSS were interspersed between study samples to monitor batch 

performance. Batch acceptance was set at within ± 20 % of the nominal 

concentration for each standard and QC sample. 

Chromatographic separation was achieved using a mobile phase consisting of 

methanol: water with 0.1% v/v formic acid. The flow rate was set at 0.3 mL/min. 

The sample temperature was kept at 4oC, and the column temperature was 

set at 40oC.  Details of chromatographic conditions, calibration curve range, 

and lower limit of quantitation (LLOQ) were mentioned in Appendix A.   

2.2.6.2. In vivo study samples 

These samples were analysed at XenoGesis Ltd, BioCity Nottingham, UK. 

Lung homogenates (50 µL) were precipitated with the addition of methanol 

(200 µL) containing the internal standard (tolbutamide – 10 nM). The samples 

were mixed on a Bio Shake for 2 minutes at 2000 rpm. The samples were then 

centrifuged at 10,000 rpm for 20 minutes at 4oC and the supernatant was 
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injected into the LC-MS/MS system. Standards and quality control samples 

were processed in a similar manner after spiking compound stocks prepared 

in methanol into blank matrices. Batch acceptance was set at within ± 20 % of 

the nominal concentration for each standard and QC sample.  

For both in vitro and in vivo study samples, analytes were detected in the 

positive ionization mode and data acquisition was carried out by using multiple 

reaction monitoring. Instrument control and data acquisition were performed 

by MassLynx software packages (version 4.1). Data processing and analysis 

were performed using the QuanLynx software. LC-MS/MS details and 

representative calibration curves of various compounds are presented in the 

Appendix D and Appendices E - P, respectively. Stability in HBSS was 

confirmed for compounds following their storage in – 20oC for 7 days 

(Appendix Q), which was the study samples storage condition before 

subjecting them for LC-MS/MS analysis.  

2.2.7. Lysosomal sequestration studies 

2.2.7.1. Confocal microscopy 

LysoTrackerTM Green (LTG) accumulation in Calu-3 cells, alone or in the 

presence of various molecules, was qualitatively assessed using confocal 

laser scanning microscopy as described previously (Ufuk et al. 2015). LTG 

incubations were also performed in the presence of known cytosol - lysosomal 

pH gradient disruptors, bafilomycin A1, monensin or NH4Cl. 

Clear bottom Ibidi 8-well chambers were seeded with 0.2 mL of Calu-3 cell 

suspension (0.5 × 105 cells/mL). Cells were allowed to attach to the surface by 

incubating the chambers in a humidified incubator at 37oC under 5% CO2. LTG 

(100 nM) solution was prepared alone (control) and in combination with known 

cytosol - lysosomal pH gradient disruptors or test molecules in HBSS, such 

that the DMSO concentration in the final solution was < 1% v/v. For NH4Cl, 

bafilomycin A1 and monensin, the concentration in the incubation mixture was 

maintained at 10 mM, 100 nM and 20 µM, respectively. Test molecules were 

included at 10 µM and consisted of representative examples of quaternary, 

dibasic, and zwitterionic molecules. Imipramine (10 µM) was included as a 
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representative of cationic amphiphilic drug (CAD), which was showed 

previously to lower the fluorescence of LTG (Ufuk et al. 2015).  

On reaching suitable confluency, Calu-3 wells were washed with 200 µL of 

warm HBSS and were treated with LTG alone or LTG with known cytosol - 

lysosomal pH gradient disruptors or test molecules and incubated for 1 hour at 

37oC in a humidified incubator under 5% CO2, with protection from light 

exposure. At the end of the incubation, the LTG solution was removed and 

cells were washed 3 times with cold HBSS. Cells were treated with FluoroBrite 

DMEM media (Gibco® FluoroBrite™, ThermoFisher Scientific, UK) and 

subjected to confocal laser scanning microscopy. LTG accumulation in Calu-3 

cells were visualised using a Zeiss LSM 510 confocal laser microscope (Jena, 

Germany) with a Plan-Neofluar 10×/0.3 NA (numerical aperture) water 

immersion objective and helium/neon laser. Zeiss LSM Image Browser 

(version 3, 5, 0, 359) was used for processing the images. 

2.2.7.2. Quantitation of LysoTrackerTM Green accumulation 

in Calu-3 cells 

The LTG fluorescence intensity in Calu-3 cells was measured upon co-

incubation with various compounds, as reported previously with minor 

modifications (Kazmi et al. 2013). For this, collagen-coated 96-well microtiter 

plates were seeded with 100 µL of Calu-3 cell suspension (3.2× 105 cells/mL) 

and managed in a humidified incubator at 37oC under 5% CO2 for 48 hours. 

Before the experiment, the media was removed, and cells were washed with 

100 µL of warm HBSS solution. LTG solutions (100 nM) were prepared alone 

or in combination with various compounds or known cytosol-lysosomal pH 

gradient disruptors as mentioned above. Also, the effect of incubation 

conditions on LTG sequestration, such as co-incubation only, pre- and co-

incubation pre-incubation only was tested with cytosol-lysosomal pH gradient 

disruptors or imipramine. For co-incubation only group, Calu-3 cells were 

incubated with solutions containing both, LTG and pH gradient disruptors. 

While for pre- and co-incubation conditions, Calu-3 cells were pre-incubated 

with pH gradient disruptors for 30 minutes, before continuing incubations with 

solutions containing both, LTG and pH gradient disruptor for another 30 
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minutes. For pre-incubation only group, solution containing pH gradient 

disruptor was withdrawn from Calu-3 cells following 30 minutes of exposure, 

cells were washed with HBSS and incubations with solutions with LTG only 

were continued for 30 minutes.  

Compounds from each chemical class were tested at 5 different 

concentrations (3.125 to 50 µM; for imipramine – 6.25 to 200 µM) for evaluating 

their concentration dependent effect on LTG fluorescence intensity. After 

addition of LTG containing solutions, the cells were incubated in quadruplicate 

for 30 minutes in a humidified incubator at 37oC under 5% CO2. Post incubation, 

solutions were removed, and the cells were washed three times with cold-

HBSS. The cells were treated with chilled acetonitrile and the samples were 

then subjected to fluorescence measurement at an excitation and emission 

wavelengths of 470 and 520 nm respectively, using a multimode microplate 

reader Spark® 10M (Tecan). Cells treated only with HBSS were included to 

measure the background fluorescence and subtract it from that of LTG and 

compound treated cells. Reduction in fluorescence by the various compounds 

is reported as % of fluorescence in cells exposed to LTG alone. 

2.2.8. Cellular partition coefficient (Kp) 

The uptake of various compounds in undifferentiated Calu-3 cells was 

investigated at 5 µM. Incubations were also performed in the presence of 

bafilomycin A1 (100 nM) or monensin (20 µM). Imipramine was included as a 

positive control, for which cellular accumulation has been well characterised in 

various cell types (Ufuk et al. 2017; Ufuk et al. 2015).  

Cell culture treated 24-well plates, were seeded with 0.5 mL of Calu-3 cell 

suspension (3.2× 105 cells/mL) and incubated for 3 days in a humidified 

incubator at 37oC under 5% CO2. Cell growth media was removed from the 

wells and Calu-3 cells were washed with warm HBSS. Uptake studies were 

initiated with the addition of a 0.5 mL of drug containing HBSS solution and 

plates were incubated on an orbital shaker (60 rpm) at 37oC in a 95% air, 5% 

CO2 environment. The experiment was conducted in quadruplicate. At various 

time points post incubation, i.e. 2, 5, 10, 15, 30, 45, 60 and 120 minutes, a 

buffer sample (100 µL) was collected from each well for determination of the 
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extracellular concentration and diluted appropriately using blank HBSS. The 

cell uptake was terminated by discarding the remaining drug solution and 

washing cells quickly with cold PBS three times. The cells were then lysed with 

the addition of 200 µL of ice-cold methanol. Both the buffer and cell lysate 

samples were matrix matched and stored at -20oC until LC-MS/MS analysis. 

The ratio (Kp) of total compound concentration in cell lysate (Ccell) and media 

(Cmedia) was calculated at various time points as mentioned below, 

 

 Ccell was calculated by dividing the total amount of compound measured in 

cells with the cell volume.  

The cell volume was calculated using the protein concentration based on a 

reported value of 8.4 µL/mg protein for Calu-3 cells (Ingoglia et al. 2016). The 

protein concentration was measured using Coomassie (Bradford) protein 

assay reagent as mentioned in section 2.2.13.  

2.2.9. Isolation of lysosomes from Calu-3 cells and 

quantification of lysosome associated concentrations 

Calu-3 cells were grown in 25 cm2 cell culture flasks for 6-7 days (~90% 

confluency) in a humidified incubator at 37oC under 5% CO2. Test solutions 

were prepared in HBSS alone or in combination with pH disruptors as 

mentioned in experimental details for LysoTrackerTM studies. 

Upon reaching confluency, Calu-3 cells were washed with warm HBSS and 

incubated with compound containing solutions for 1 hour. Following this, cells 

were washed three times with cold HBSS and treated with 0.5 mL of Accutase® 

to detach the cell layers. The cell suspension was collected on ice by adding 

1.5 mL of cold PBS and centrifuged at 800 g for 2 minutes at 4oC. The resulting 

cell pellet was processed using Lysosomal Enrichment Kit (ThermoFisher 

Scientific, UK) as per the manufacturer’s instructions, to generate a post-

nuclear supernatant (referred as total cell lysate now onwards). A portion of 

Kp = 

Concentration in cells (Ccell) 

Concentration in buffer (Cbuffer) 
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this supernatant (100 µL) was preserved for measuring the % of compound in 

total cell lysate and determining the % of lysosome recovery in the various 

isolated lysosomal fractions.  

A discontinuous density gradient was prepared (30, 27, 23, 20 and 17% v/v) 

by mixing the gradient dilution buffer with 60% of OptiPrepTM medium and 

layered in ultracentrifuge tubes in descending concentrations. Total cell lysates 

were placed on top of the density gradient after mixing with the OptiPrepTM 

medium and were subjected to ultracentrifugation at 145,000g for 2 hours at 

4oC.The resulting supernatant was collected into individual tubes as 1 mL 

fractions and kept on ice. To reduce the concentration of OptiPrepTM medium 

in the final lysosomal fractions, an equal volume of cold PBS was added to the 

tubes and these were centrifuged at 18000 g for 30 minutes at 4oC. The 

supernatant was removed, and the final lysosomal pellet was reconstituted in 

150 µL of PBS. Compound concentrations in total cell lysate and lysosomal 

fractions were measured using LC-MS/MS. 

The recovery of lysosomes in supernatant fractions was determined by 

measuring the activity of acid phosphatase, a lysosomal specific enzyme, 

using a commercially available kit (Sigma-Aldrich, UK). Various components 

of the assay such as substrate solution, stop solution and standard solutions 

were prepared according to the manufacturer’s instructions.  In brief, 50 µL of 

supernatant samples or total cell lysate was mixed with an equal volume of 

substrate solution and incubated at 37oC for 15 minutes. The reaction was 

terminated by adding the stop solution (200 µL) and the absorbance of the final 

mixture was measured at 405 nm. The absorbance of a standard solution was 

also measured in order to calculate the acid phosphatase activity in unknown 

samples as mentioned below, 

Acid phosphatase activity (units/mL) = 

 

0.05 = concentration (µmole/mL) of 4-nitrophenol in the standard solution 

0.3 = total assay volume (mL) 

{Absorbance (standard)}×incubation time (min)×Venz 

{Absorbance (sample) - Absorbance (blank)}×0.05×0.3 
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Venz = volume of enzyme sample added to the assay in mL 

The recovery of lysosomes in various supernatant fractions was calculated as % 

of the acid phosphatase activity recovered in the fractions in comparison with 

that in the corresponding total cell lysate. 

2.2.10. Unbound fraction of compounds in Calu-3 

cell lysates 

The binding of compounds to total cell lysates of Calu-3 cells was measured 

using Rapid Equilibrium Dialysis devices, as per the manufacturer’s 

instructions.  

Briefly, Calu-3 cell lysate (150 µL) mixed with the test compound (5 µM) and 

blank HBSS (350 µL) was transferred to the homogenate and buffer chambers, 

respectively. The samples were dialysed at 37oC for 4 hours at 60 rpm. At the 

end of the experiment, equal volumes were collected from both chambers, 

samples were matrix matched and stored at -20oC until LC-MS/MS analysis. 

The unbound fraction in homogenate (fu, hom) was determined as, 

 

2.2.11. Lung retention of compounds, in vivo  

Animal experiments were conducted in accordance with UK Home Office 

regulations under the Animals (Scientific Procedures) Act 1986. These studies 

were conducted at Saretius Ltd, Science and Technology Centre, University of 

Reading, UK. Compound retention in rat lungs following intratracheal 

instillation was assessed as described previously (Backstrom, Boger, et al. 

2016), with minor modifications. Briefly, male CD rats (225-250g) were 

anaesthetised using isoflurane (Merial Animal Health Ltd, UK) and placed on 

a board angled at 45 degrees. Compounds were solubilised in PBS and 

introduced into the trachea at a dose of 1 mL/kg using a customised cannula. 

In order to reduce the usage of animals, all four compounds (DS12, DS13, 

fu,hom = 

Concentration in buffer (Cbuffer) 

Concentration in homogenate (Chomogenate) 
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DS81 and DS86) were mixed to give a final dose strength of 0.2 mg/ml except 

for DS12 (0.1 mg/mL, due to solubility limitation). At various time points (0.167, 

0.5, 1, 3, 5, 8, 24 and 48h post dosing), animals were sacrificed using a 

schedule 1 method (CO2). Lungs were collected, homogenised in PBS (1:3 

w/v) and stored at -20oC until analysis using LC-MS/MS. The resulting lung 

concentrations were plotted against time and the lung absorption half-life (t1/2) 

was calculated using the terminal portion of the curve. 

2.2.12. Cytotoxicity assessment 

CellTitre 96® AQueous One Solution Reagent (Promega, Madison, WI) 

containing a tetrazolium compound (MTS) and an electron coupling phenazine 

ethosulfate was used to assess the metabolic activity of cells following 

incubation of Calu-3 cells with various compounds. Collagen-coated 96-well 

microtiter plates seeded with 100 µL of Calu-3 cell suspension (3.2× 105 

cells/mL) and incubated at 37oC in a humidified incubator at 37oC under 5% 

CO2 for 48 hours. Calu-3 cells were incubated with various compounds in 

quadruplicate and incubated for 30 minutes. Each compound was tested for 

its effect on cell metabolic activity using the highest concentration employed in 

the various assays. Under similar conditions, cells treated with 0.6% v/v Triton 

X-100 were included as a positive control. Following incubation with the test 

compounds, a 20 µL of the MTS containing reagent was added to the wells 

and incubated for 3 hours in a humidified incubator at 37oC under 5% CO2. At 

the end of the incubation, the formation of a soluble formazan product, 

indicator of metabolically active cells, was measured at 490 nm using 

multimode microplate reader Spark® 10M (Tecan). The absorbance between 

compound treated and untreated cells (control) was compared to assess the 

effect of various compounds on Calu-3 cell metabolic activity. None of the test 

or standard compounds included in various investigations in the current study 

affected Calu-3 cell viability (Appendix B). 

2.2.13. Total protein quantitation 

Cell lysates (5 µL) collected either from Transwells® inserts or tissue culture 

well plates were mixed with 250 µL of Coomassie (Bradford) Protein Assay 

reagent (Thermo ScientificTM). The resulting solution was mixed for 30 seconds 
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and incubated at room temperature for 10 minutes. At the end of the incubation 

period, the absorbance was measured at 595 nm with a multimode microplate 

reader Spark® 10M (Tecan).  Standard solutions were prepared by dissolving 

bovine serum albumin in milli-Q water. The blank corrected absorbance of the 

various standard solutions was plotted against their respective concentration 

(100 – 1500 µg/mL) to obtain a standard curve. The protein concentrations of 

blank corrected unknown samples were determined using the standard curve 

(Appendix C).  

2.2.14. Statistical analysis 

The results are presented as mean ± standard deviation (n = 3 - 4). GraphPad 

Prism version 7 was used for statistical analysis. The normal distribution of 

initial transport and uptake data consisting of n > 5 was confirmed by testing 

for normality with Prism and thereafter, assumed for all data sets with n < 5. 

Unpaired t-test was used to compare two groups and ANOVA with Dunnett’s 

multiple comparison test was used for more than 2 groups. A p value < 0.05 or 

< 0.01 or < 0.001 or < 0.0001 was considered as indicative of statistical 

significance and represented with an asterix * or ** or *** or ****, respectively. 
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Chapter Three 

 

3. Cellular disposition of anticholinergic 

bronchodilators - Role of drug transporters  

3.1. Introduction 

Anticholinergic bronchodilators are the first line therapeutic agents in the 

pharmacological management of Chronic Obstructive Pulmonary Disease 

(COPD) (GOLD 2018). In order to maximise local drug concentrations in the 

lung with reduced systemic exposure, these drugs are administered by 

inhalation. Although their quaternary ammonium structure renders these 

molecules too polar to cross biological barriers, their engagement with the drug 

target on airway smooth muscles and their rapid absorption (Ensing et al. 1989; 

Hohlfeld et al. 2014; Leusch et al. 2001) (Tmax ~ 5 minutes) following inhalation 

demonstrate their ability to cross the lung epithelial barrier. However, the 

absorption mechanism, i.e., drug transporter-mediated vs passive diffusion is 

not entirely clear.   

The lungs express a range of transporters belonging to both the ATP-binding 

cassette (ABC) and solute carrier (SLC) families (Bleasby et al. 2006; 

Sakamoto et al. 2013). It has been hypothesised that polyspecific organic 

cation transporters and carnitine/cation transporter proteins (OCTs/OCTNs) 

belonging to the SLC22 superfamily of drug carriers, may play a role in the 

lung disposition of the anticholinergic bronchodilators (Koepsell, Lips, and Volk 

2007). The short-acting ipratropium and the long-acting tiotropium are indeed 

recognised substrates for OCT1, OCT2 and OCTN2 while OCT3 only 

transports ipratropium and the OCTN1 subtype has a low affinity for both 

compounds (Hendrickx et al. 2013; Nakanishi et al. 2011; Nakanishi et al. 

2013). Interactions between the more recently approved long-acting 

glycopyrronium and OCTs have not been systematically explored to date. 
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Nevertheless, OCT1 and OCT2 are known to transport the drug (Hendrickx et 

al. 2013).  

In agreement with uptake experiments in OCT/OCTN transfected cells, it has 

been shown that both ipratropium and tiotropium are internalised by the human 

bronchial epithelial cell line BEAS-2B via an OCTN2-mediated mechanism 

(Nakamura et al. 2010). In addition, the transporter was also reported to be 

involved in the accumulation of the short-acting bronchodilator in the tracheal 

epithelium of mice in vivo (Nakanishi et al. 2013). More recently, a study in 

various lung epithelial cell lines highlighted the role of the OCT/OCTN carriers 

in the intracellular accumulation of ipratropium, with different subtypes playing 

a prominent role depending on the cell line (Al-Jayyoussi et al. 2015). 

However, in contradiction with drug uptake data, the absorption of ipratropium 

in isolated perfused rat lungs (IPRL) following intra-tracheal delivery was 

unaffected by a pre-administration of a high concentration of the drug or of the 

OCT1-3 inhibitor MPP+, suggesting it is primarily mediated by passive diffusion 

(Al-Jayyoussi et al. 2015). Drug uptake studies in undifferentiated lung cells 

and absorption measurement in intact lungs therefore led to contradictory 

conclusions regarding the role of drug transporters in the transepithelial 

permeability of anticholinergic bronchodilators.  

Due to their low intrinsic permeability across cell membranes, charged 

molecules may exploit uptake and efflux transporters to enter or exit the cells, 

respectively (Proctor et al. 2016). To unravel the role of transporters in the 

permeability of drug molecules across biological barriers, epithelial monolayer 

systems are considered invaluable. For instance, the potential impact of 

carrier-mediated transport on the oral bioavailability of various cationic 

molecules was demonstrated in intestinal Caco-2 monolayers (Bourdet and 

Thakker 2006; Han et al. 2015). However, to date, no such systematic 

investigation has been undertaken with inhaled cationic anticholinergic 

bronchodilators in a permeability model that anatomically represents the lung 

epithelium. 

Amongst available human airway in vitro models, the bronchial epithelial cell 

line Calu-3 is the most extensively used for investigating drug transport 
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characteristics (Forbes and Ehrhardt 2005; Ong, Traini, and Young 2013). 

When cultured at an air-liquid interface (ALI) on permeable supports, Calu-3 

cells form tight layers that resemble the native bronchial epithelium (Grainger 

et al. 2006; Min et al. 2016) and are able to predict drug absorption in rat lungs 

(Mathia et al. 2002). Importantly, Calu-3 layers express the range of drug 

transporters found in normal human bronchial epithelial cell layers grown in 

similar conditions if maintained for 21 days at the ALI (Hutter et al. 2014). More 

specifically, the same OCT subtypes were present in both models, i.e., OCT1, 

OCT3, OCTN1 and OCTN2 with an OCT activity detected on the apical side 

of the Calu-3 layers (Mukherjee, Pritchard, and Bosquillon 2012). Furthermore, 

the functionality of OCT1, OCT3 and OCTN2 has also been confirmed in 

undifferentiated Calu-3 cells (Ingoglia et al. 2015, 2016). 

However, Calu-3 cells showed time and passage number dependent barrier 

properties when managed under ALI conditions (Haghi et al. 2010). This was 

also reflected by a variety of TEER values (range - 300 to 2500 Ω.cm2) 

reported in the literature suggesting inter-lab variations in cell culture practices 

(Forbes and Ehrhardt 2005; Forbes 2000). Various cell culture conditions 

including seeding density, duration of culture, media composition, and 

membrane support were shown to influence cell morphology, tight junction 

formation and transporter expression in in vitro cell models of gastrointestinal 

tract as well (Behrens and Kissel 2003; Briske-Anderson, Finley, and Newman 

1997). Hence in order to use the Calu-3 cell line for investigating drug 

disposition mechanisms, it is highly recommended to standardise this cell line 

in terms of its barrier properties (Forbes and Ehrhardt 2005; Gordon et al. 

2015).  

3.2. Aims  

In this chapter, we hypothesized that investigating the permeability 

characteristics of the anticholinergic bronchodilators in differentiated ALI Calu-

3 layers would clarify the role of the OCTs/OCTNs in their fate in the lungs. 

The barrier properties of the Calu-3 layers were first assessed in order to 

confirm their suitability for drug transport studies. Thus, the main objectives of 

these investigations included, 
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• Manage Calu-3 layers under ALI conditions using established 

procedures and demonstrate the formation of tight junctions by 

measuring the TEER and the permeability of paracellular and 

transcellular makers.  

• Study the bi-directional transepithelial drug transport of anti-cholinergic 

bronchodilators across Calu-3 layers.  

• Investigate the role of transporters in the cell uptake and permeability of 

ipratropium across Calu-3 layers.  

• Study the intracellular accumulation and release of ipratropium in 

differentiated layers of Calu-3 in the presence or absence of various 

transporter inhibitors. This was to gain a deeper understanding of the 

involvement of drug transporters and their interplay in the drug 

disposition across the lung epithelial barrier. 

3.3. Results 

3.3.1. Barrier properties of Calu-3 layers 

The measurement of TEER values was initiated from the 3rd day of seeding of 

cells in Transwells® and the values were recorded on every alternate day until 

the 21st day of post seeding. Calu-3 layers developed tight junctions as a 

function of time, reaching a TEER value of 1079 ± 191 Ω.cm2 (mean ± SD, 

n=12) by day 7 of post-seeding on Transwells® (Figure 3-1). From day 14 

onwards the electrical resistance values were stabilised and reached a steady 

state TEER values of 1412 ± 136 Ω.cm2 by day 21 after seeding (Figure 3-1). 

These TEER values were comparable with earlier reports (Mathia et al. 2002) 

and suggested the presence of optimal electric properties. The apparent 

permeability (Papp) of FITC-dextran, a paracellular maker (FD-4, average 

molecular weight ~ 4000) and metoprolol, a passive transcellular permeability 

marker was measured across the Calu-3 layers, in both the absorptive (apical-

basolateral, a-b) and secretion (basolateral-apical, b-a) directions. FD-4 

showed a Papp value of 0.230 ± 0.079 and 0.197 ± 0.013 ×10-7 cm/sec in a-b 

and b-a directions, respectively (Figure 3-2, A). These values are found to be 

within 2-fold of reported Papp values for FD-4 in the literature (Mathia et al. 

2002). Furthermore, metoprolol showed similar Papp in a-b and b-a directions 
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(9.88 ± 0.92 and 7.85 ± 1.51×10-6 cm/sec, respectively) (Figure 3-2, B).These 

results indicate Calu-3 formed tight junctions and differentiate compounds in 

terms of their permeability characteristics i.e. paracellular vs transcellular. 

These results along with previous investigations in our lab (Shemiss 2016, 

Appendix R; Hutter et al. 2014; Mukherjee, Pritchard, and Bosquillon 2012), 

where Calu-3 cells were validated in terms of expression of transporter 

proteins relevant for inhaled drug therapy such as OCT1, OCT3, OCTN1 and 

OCTN2, support using Calu-3 layers maintained for 21-days under ALI 

conditions for drug transport studies.  

 

 

Figure 3-1. TEER profiles for Calu-3 layers 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured on 12-
well Transwell® inserts for 21 days under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. TEER values were measured 
across Calu-3 layers starting from day 3 of seeding until 21st day, using EVOM 
meter with chopstick electrodes.  These values were normalised to the area of 
the Transwell® insert (1.12 cm2) after adjusting for the resistance of the filter 
(~ 150 Ω. cm2). Each data point is the mean ± SD of 12 Transwell® inserts from 
a single experiment. 
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Figure 3-2. Permeability characteristics of paracellular (FITC-dextran) 
and transcellular (metaprolol) markers across Calu-3 layers 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 on 12-well 
Transwell® inserts and cultured under air-liquid interface culture conditions in 
a humidified incubator at 37oC under 5% CO2. (A) The coefficient of apparent 
permeability (Papp) of FITC-Dextran (average molecular weight ~ 4000 Da, 0.5 
mg/mL) was determined in the apical to basolateral (a-b) and basolateral to 
apical (b-a) direction across Calu-3 layers. For a-b study, data are represented 
as the mean ± SD of ten layers from three independent experiments; for b-a, 
data are represented as the mean ± SD of three layers from a single 
experiment. (B) The coefficient of apparent permeability (Papp) of metaprolol 
was determined at 10 µM in the a-b and b-a direction across Calu-3 layers. 
Data are represented as the mean ± SD of four layers from a single experiment. 
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3.3.2. Drug transport studies 

The bi-directional permeability of the three anticholinergic bronchodilators 

ipratropium, tiotropium and glycopyrronium was measured in ALI Calu-3 layers 

at a concentration of 10 µM. A similar asymmetrical transport was observed 

for all anticholinergic drugs with, surprisingly, the Papp (×10-6 cm/s) in the b-a 

direction found to be significantly higher than in the opposite direction: 1.38 ± 

0.14 vs. 0.27 ± 0.10 for ipratropium; 1.19 ± 0.18 vs.0.22 ± 0.07 for tiotropium 

and 1.09 ± 0.1 vs 0.23 ± 0.06 for glycopyrronium, giving efflux ratios of 5.1, 5.4 

and 4.7 respectively (Figure 3-3, A, Figure 3-3, B).    

As a common mechanism of transepithelial transport was suspected for the 

three bronchodilators, the study was pursued with only ipratropium. 

Concentration dependent permeability measurements showed a trend towards 

a decrease in a-b transport with an increase in the apical donor concentration, 

the Papp value being significantly lower at 100 and 300 µM than at 10 µM 

(Figure 3-4, A). In contrast, increasing ipratropium basolateral concentration 

up to 300 µM had no effect on its secretory Papp (Figure 3-4, B).  
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Figure 3-3. Permeability of anticholinergic bronchodilators across Calu-
3 layers. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured at 37oC 
under air-liquid interface culture conditions for 21 days on 12-well Transwell® 
inserts in a humidified incubator under 5% CO2. (A) Coefficient of apparent 
permeability (Papp) of ipratropium measured in Calu-3 cell layers in the apical 
to basolateral (a-b) and basolateral to apical (b-a) direction at a concentration 
of 10 µM. Each data point represents mean ± SD of thirteen layers from four 
independent experiments. (B). Coefficient of apparent permeability (Papp) of 
glycopyrronium and tiotropium measured in Calu-3 cell layers in the apical to 
basolateral (a-b) and basolateral to apical (b-a) direction at a concentration of 
10 µM. Data are presented as the mean ± SD of four layers from a single 
experiment. **** indicates a statistically significant higher permeability in the b-
a than a-b direction (p<0.0001). 

  



Chapter 3 – Cellular disposition of anticholinergic bronchodilators                56 
_____________________________________________________________ 

A 

 

B 

 

Figure 3-4. Concentration-dependent permeability of ipratropium across 
Calu-3 layers. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured for 21 
days on 12-well Transwell® inserts under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. Coefficient of apparent 
permeability (Papp) of ipratropium measured over a range of concentrations (10 
– 300 µM) in Calu-3 layers in the apical to basolateral direction, a-b (A) and in 
the basolateral to apical direction, b-a (B). Data are presented as mean ± SD 
of four layers from a single experiment. * indicates a statistically significant 
lower permeability than at a concentration of 10 µM (* p<0.05, *** p<0.001). 
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Ipratropium transport across Calu-3 ALI layers was subsequently studied in 

presence of a range of drug transporter inhibitors (Figure 3-5).  MPP+ is known 

to inhibit OCT1-3 without affecting the OCTNs while TEA interacts with all the 

OCT/OCTN family members (Koepsell, Lips, and Volk 2007). L-carnitine is a 

recognised inhibitor of the OCTN2 subtype and to a lesser extent of OCTN1 

(Koepsell, Lips, and Volk 2007). Due to the apparent efflux observed, inhibitors 

of the ATP-binding cassette (ABC) family of transporters were also tested, 

although, to our knowledge, there is no indication in the literature that 

ipratropium might be one of their substrates. Verapamil is commonly used as 

a P-glycoprotein (P-gp) inhibitor (Keogh and Kunta 2006) but has also been 

shown to interfere with the activity of a range of drug transporters, including 

some of the multidrug resistance proteins (MRPs) (Zhou et al. 2008), multidrug 

and toxin extrusion (Cazzola et al.) transporters (Otsuka et al. 2005) and all 

the OCTs (Koepsell, Lips, and Volk 2007). Probenecid is known to inhibit the 

MRPs without affecting P-gp (Zhou et al. 2008) and although it also interacts 

with the Organic Anion Transporters (OATs) (Shitara, Sato, and Sugiyama 

2005), our group has shown previously that these proteins are not expressed 

in Calu-3 ALI layers (Hutter et al. 2014).  

MPP+ significantly reduced ipratropium Papp in both the absorptive (a-b) and 

secretory directions (b-a), with a similar extent of reduction in permeability in 

both directions; i.e., ~30% of the control group (Figure 3-5, A and B). Co-

incubation of ipratropium with TEA also caused a significant decrease in both 

Papp, supporting a possible role of OCTs in its broncho-epithelial permeability 

(Figure 3-5, A and B). However, in contrast to MPP+, the decrease in 

permeability in the b-a direction was more pronounced than in the a-b direction 

with the Papp dropping to 23 or 45% of the control value, respectively (Figure 

3-5, A and B). L-carnitine did not alter ipratropium transepithelial transport, 

ruling out an involvement of OCTN2 in the drug trafficking across the Calu-3 

layers (Figure 3-5, A and B). Finally, when the permeability of ipratropium was 

assessed alongside verapamil or probenecid, both agents caused a significant 

decrease in its secretory transport without affecting the Papp in the a-b direction, 

thus abolishing the asymmetric transport observed in absence of inhibitors 

(Figure 3-5, A and B).  
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Figure 3-5. Effect of various transporter inhibitors on the permeability of 
ipratropium across the Calu-3 layers. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured for 21 
days on 12-well Transwell® inserts under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. Coefficient of apparent 
permeability (Papp) of ipratropium measured at a concentration of 10 µM in the 
apical to basolateral, a-b (A) or the basolateral to apical, b-a (B) direction in 21 
day old air-liquid interfaced Calu-3 layers in the presence and absence of 
various transporter inhibitors (L-carnitine, LC – 100 µM;  1-methyl-4-
phenylpyridinium, MPP+ - 500 µM; tetraethylammonium, TEA - 5 mM; 
probenecid, PB -100 µM; verapamil, VP - 100 µM). For studying the effect of 
various transporter inhibitors on Papp of ipratropium, respective inhibitor was 
added to both donor and receiver compartments. After each sample collection 
from the receiver compartment, equal volume of HBSS containing the 
respective inhibitor was added. Data are presented as mean ± SD of three 
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layers from a single experiment. * indicates a statistically significant lower 
permeability than in the control groups (** p<0.01, *** p<0.001 and **** 
p<0.0001). 

3.3.3. Uptake studies 

In order to gain a better understanding of the role of transporters in ipratropium 

trafficking across ALI Calu-3 layers, drug uptake measurements were 

undertaken in presence or absence of transporter inhibitors (Figure 3-6). As 

verapamil is known to interact with multiple transporter families, it was not 

tested as an inhibitor in those studies. 

Ipratropium cell-associated concentration was quantified after apical or 

basolateral exposure over a period of 45 minutes. That was significantly higher 

when the drug had been added in the apical chamber (Figure 3-6, A and B) up 

to 15 minutes, likely as a consequence of carrier-mediated internalisation at 

the air interface. However, cell associated concentrations of ipratropium 

continued to decline post 20 minutes of incubation. In contrast, following 

exposure from basolateral side, ipratropium cell associated concentrations 

increased with incubation time and did not show signs of saturation (Figure 3-6, 

A and B).  

Role of transporters in the uptake of ipratropium was investigated following its 

exposure from either apical or basolateral for a period of 5 minutes in the 

presence or absence of various transporter inhibitors. Both the apical and 

basolateral uptake of ipratropium by Calu-3 layers was significantly inhibited 

to ~50% of the control in presence of MPP+ (Figure 3-6, C and D). On the other 

hand, TEA caused a dramatic reduction (~14 % of control) in ipratropium 

uptake from the apical side without affecting the uptake from the opposite side 

(Figure 3-6, C and D). Probenecid impact on ipratropium internalisation was 

intriguingly similar to that of TEA.  Indeed, it largely inhibited the apical uptake 

(~10% of control) but had no effect on the internalisation from the opposite 

side (Figure 3-6, C and D). The effect of probenecid is in contradiction with its 

alleged interactions with an MRP transporter and indicates it interferes with the 

activity of an uptake transporter in Calu-3 layers.   
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Figure 3-6. Uptake of ipratropium across the Calu-3 layers. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured for 21 
days on 12-well Transwell® inserts under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. Ipratropium uptake was 
measured at a concentration of 10 µM from the apical (A) or basolateral (B) 
side of 21-day old air-liquid interfaced Calu-3 layers over a period of 45 
minutes. Ipratropium uptake was measured at a concentration of 10 µM from 
the apical (C) or basolateral (D) side of Calu-3 layers following co-incubation 
for 5 minutes in the presence of various transporter inhibitors (L-carnitine - 100 
µM; 1-methyl-4-phenylpyridinium, MPP+ -  500 µM; tetraethylammonium, TEA 
- 5 mM; probenecid - 100 µM). For testing the effect of various transporter 
inhibitors on the uptake of ipratropium, respective inhibitor was added to both 
donor and receiver compartments. Data are presented as mean ± SD of three 
layers from a single experiment. * indicates a statistically significant lower 
uptake than in the control groups (** p<0.01, **** p<0.0001). 
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3.3.4. Drug release studies 

The ability of ipratropium to be secreted across either membrane of Calu-3 cell 

layers was assessed following a 45 minute pre-loading from the apical side. 

Indeed, the drug concentrations in the basolateral compartment were below 

the quantification limit of the LC-MS/MS method after a 5 minute pre-exposure. 

Ipratropium showed a preferential efflux into the apical compartment, the drug 

apical concentrations being ~ 13 - 60 times higher than in the basolateral 

chamber throughout the course of the study (Figure 3-7, A), which confirmed 

the presence of a secretory mechanism across the apical membrane of Calu-

3 layers, as suggested by the bi-directional transport studies.  

The mechanism behind the efficient secretion of ipratropium at the air-

epithelium interface was further explored by monitoring its release into the 

apical compartment following a 5 minute apical pre-incubation in the presence 

of inhibitors. Both MPP+ and TEA significantly reduced the release of 

intracellular ipratropium into the apical compartment to ~20 % of the control 

while probenecid caused a ~50% decrease (Figure 3-7, B). This showed that 

all three inhibitors impacted on transporters involved in both the uptake and 

release of ipratropium at the luminal side of the Calu-3 cell layers.  

  



Chapter 3 – Cellular disposition of anticholinergic bronchodilators                62 
_____________________________________________________________ 

A 

 

B 

  

Figure 3-7. Release of pre-loaded ipratropium from Calu-3 layers. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured for 21 
days on 12-well Transwell® inserts under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. Release of ipratropium from 
21 day old air-liquid interfaced Calu-3 layers into the Transwell® chambers was 
studied following an apical pre-loading at a concentration of 10 µM. (A) 
Cumulative ipratropium concentration released into the apical or basolateral 
chamber over time from Calu-3 layers pre-loaded with ipratropium for a period 
of 45 minutes. (B) Effect of various transporter inhibitors on the apical release 
of ipratropium following its pre-loading from the apical side for 5 minutes; (1-
methyl-4-phenylpyridinium, MPP+ - 500 µM; tetraethylammonium, TEA - 5 mM; 
probenecid - 100 µM). Data are presented as mean ± SD of four layers from a 
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single experiment.  * indicates a statistically significant lower release as 
compared to the control (p<0.0001, represented as * in the graph for clarity). 

3.3.5. Effect of organic cations on FITC-dextran 

permeability  

Since it has been suggested organic cations might interact with the negatively 

charged tight junction proteins, potentially affecting paracellular diffusion (Lee 

and Thakker 1999), the permeability of FITC-dextran (average molecular 

weight ~ 4000) across Calu-3 layers was measured with or without ipratropium, 

TEA or MPP+ in the test medium. The Papp of FITC-dextran was not altered by 

the presence of ipratropium or TEA but was significantly reduced by MPP+ 

(Figure 3-8). This indicates the latest compound might alter the paracellular 

space and therefore, its impact on ipratropium permeability in the layers must 

be interpreted with caution. In contrast, TEA and concentration dependent 

effects on the drug transport can be confidently ascribed to transporter 

inhibition. 

 

Figure 3-8. Permeability of FITC-Dextran across Calu-3 layers in 
presence of various organic cations 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured for 21 
days on 12-well Transwell® inserts under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. Coefficient of apparent 
permeability (Papp, as % of control) of FITC-dextran (average molecular weight 
~ 4000 Da) was measured in the apical to basolateral direction (a-b) at a 
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concentration of 0.5 mg/mL in 21 day old Calu-3 layers in presence of the 
organic cations ipratropium - 300 µM, tetraethylammonium, TEA - 5 mM and 
1-methyl-4-phenylpyridinium, MPP+ - 500 µM. Data are presented as mean ± 
SD of three layers from a single experiment. * indicates a statistically significant 
lower permeability as compared to the control (* p < 0.05). 

3.4. Discussion 

The permeation pathway of anticholinergic bronchodilators across the 

absorption barrier in the lung remains controversial to date. Based on in vitro 

drug uptake studies in undifferentiated cells, it has been proposed 

OCT/OCTNs facilitate their transport across the airway epithelium (Nakamura 

et al. 2010). On the other hand, absorption studies in IRPL failed to 

demonstrate an involvement of the transporters, suggesting it is primarily 

driven by passive diffusion (Al-Jayyoussi et al. 2015). Given the importance of 

anticholinergic bronchodilators in the management of COPD, gaining further 

insight into the mechanisms by which they are processed by lung cells could 

help optimising their therapeutic benefits.  

In this study, we used ALI human broncho-epithelial Calu-3 layers, a 

physiologically relevant in vitro model (Grainger et al. 2006; Min et al. 2016) of 

intermediate complexity between undifferentiated lung epithelial cells and 

intact lungs, with the aim to elucidate the role of drug transporters in the 

pulmonary disposition of inhaled anticholinergics. Expression for OCT1, OCT3, 

OCTN1 and OCTN2 transporters in the current batch of Calu-3 cells was 

confirmed by Dr Ligia Shemiss using semi-quantitative PCR studies (Shemiss 

2016; Appendix R), as reported earlier from our lab (Mukherjee, Pritchard, and 

Bosquillon 2012). In the current study, a combination of transepithelial 

permeability and drug uptake/release measurements were performed in the 

layers, in presence or absence of drug transporter inhibitors. Our data 

highlights the existence of different drug transport mechanisms on the apical 

and basolateral surfaces of Calu-3 cells. It also reveals the absorption of 

anticholinergic bronchodilators across the bronchial epithelium is likely 

governed by a complex process involving an inter-play between paracellular 

passive diffusion and transporter mediated uptake/efflux across the apical cell 

membrane.  
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The three anticholinergic bronchodilators tested, i.e., ipratropium, tiotropium 

and glycopyrronium, exhibited a polarised transport across Calu-3 cell layers, 

with, unexpectedly, a higher permeability in the b-a direction (Figure 3-3). This 

implies the presence of a secretion mechanism across the layers that is more 

efficient than absorption processes facilitated by uptake transporters such as 

OCT/OCTNs. Permeability values were similar for the short acting 

bronchodilator, ipratropium and the long acting bronchodilators tiotropium and 

glycopyrronium, reflecting their similar pulmonary absorption profile in vivo 

(Leusch et al. 2001) and alluding to common disposition pathways across the 

epithelial barrier in the lung. Interestingly, a similar net secretion has been 

reported for the prototypical organic cation MPP+ across Caco-2 layers 

(Bleasby, Chauhan, and Brown 2000), which suggests different epithelia might 

handle quaternized molecules in a similar manner. 

Increasing ipratropium donor concentrations caused a significant reduction in 

its permeability in the a-b direction while b-a transport was unaffected over the 

range investigated (Figure 3-4). Similar saturable transport has been reported 

in the absorption direction for hydrophilic cations such as ranitidine and 

famotidine in the Caco-2 model (Lee and Thakker 1999). Based on cell uptake 

and permeability measurements over a concentration range, a three-

compartment kinetic model was constructed for ranitidine for assessing the 

relative contribution of transcellular and paracellular pathways in its absorption 

across intestinal barrier. This model hypothesised a saturable paracellular 

pathway as the possible mechanism for the observed concentration-

dependent permeability of hydrophilic cations (Bourdet, Pollack, and Thakker 

2006). Hence, application of such mathematical models with cellular 

accumulation and permeability measurements of ipratropium may facilitate a 

better understanding of its absorption mechanisms across the airway 

epithelium.  In the current study, the OCT inhibitors TEA and MPP+ decreased 

the ipratropium absorptive transport while all inhibitors tested but L-carnitine 

limited its secretory permeability (Figure 3-5). It is noteworthy that the effect of 

MPP+ on transepithelial transport must be interpreted with caution due to its 

impact on FITC-dextran permeability (Figure 3-8). These observations 

nevertheless demonstrated drug transporters play a significant role in 
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ipratropium asymmetric permeability across Calu-3 layers, although drug 

uptake and release studies were required to fully understand their contribution.  

To account for a suspected high non-specific binding of the drug to cell 

membranes, ipratropium uptake in the layers was primarily evaluated in 

presence of inhibitors. However, uptake of ipratropium following exposure from 

apical or basolateral side over a period of 45 minutes indicated the presence 

of different uptake mechanisms across Calu-3 layers (Figure 3-6, A and B). 

While no saturable mechanisms were evident on the basolateral side (Figure 

3-6, B), cell associated ipratropium concentrations decreased post 15 minutes 

of incubations from the apical side (Figure 3-6, A). These results from the 

apical side are unexpected and are in contradictory to earlier reports where 

organic cations showed a characteristic steady state uptake in airway epithelial 

cells (Ingoglia et al. 2015). It is worth noting that Calu-3 layers produce mucus 

on the apical side and binding of compounds to mucus proteins could influence 

their permeation as reported earlier, complicating data interpretation 

(Khanvilkar, Donovan, and Flanagan 2001; Murgia et al. 2018). Further 

investigations are mandatory to confirm this observation and to understand 

mechanisms involved across the apical side, preferably with radiolabelled 

compounds. Nevertheless, the higher cell-associated concentrations 

measured up to 15 minutes of luminal exposure of the cells to the drug alone 

as compared to those after a basolateral exposure pointed towards a more 

efficient transporter-mediated drug uptake from the apical side (Figure 3-6, A). 

This assumption was confirmed by the reduction in uptake observed in 

presence of TEA, MPP+ and probenecid (Figure 3-6). Also, an extensive 

release of ipratropium in the apical chamber was measured post luminal 

loading of the cells with the drug which was, in addition, reduced by co-

incubation with TEA, MPP+ and probenecid (Figure 3-7). This efficient apical 

efflux mechanism can explain why, despite a transporter facilitated uptake 

from the apical side, the a-b permeability of ipratropium across Calu-3 layers 

remains in the same range as that of low molecular weight paracellular 

markers such as mannitol or fluorescein (Forbes and Ehrhardt 2005).  

A plausible hypothesis arising from our data is that, in the absorptive direction, 

ipratropium is unable to significantly permeate Calu-3 layers by the 
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transcellular route due to its incapacity to freely diffuse across biological 

membranes and the absence of an efficient efflux transporter on the 

basolateral side of the cells. Following transporter mediated uptake, the drug 

seemed to be shuttled back into the apical compartment, suggesting 

paracellular diffusion is the predominant process by which it permeates the 

epithelium (Figure 3-9). A similar ‘luminal recycling’ has been observed in the 

intestinal Caco-2 model with the antidiabetic drug metformin, which similarly to 

ipratropium, is a hydrophilic cation with a low membrane permeability (Proctor 

et al. 2016). This phenomenon has been proposed to contribute to the drug 

relatively high oral bioavailability by creating a sustained concentration 

gradient across the intestinal absorption barrier that enhances its diffusion by 

the paracellular route. Ipratropium diffusion across Calu-3 layers seems to be 

equally ‘transporter enhanced’ since saturation/inhibition of apical transporters 

resulted in a decrease in its absorptive transport (Figure 3-4, A). In contrast, 

ipratropium absorption in the IPRL was not influenced by a pre-administration 

of high concentrations of the drug or the OCT inhibitor MPP+ twenty minutes 

before dosing (Al-Jayyoussi et al. 2015). This could be due to the small volume 

of lung fluid which, in the IPRL, maintains a high concentration gradient across 

the airway epithelium or to a rapid disappearance of the drug or inhibitor from 

the epithelium surface in the ex vivo model. 

 

Figure 3-9. Schematic representation of ‘luminal recycling’ of inhaled 
organic cation, ipratropium involving various transporter proteins.  

Cellular disposition studies of ipratropium in Calu-3 layers in presence or 
absence of various transporter inhibitors indicated efficient carrier- mediated 
uptake and release, while its transepithelial permeability was appeared to be 
limited by the lack of flux across the basolateral side. This could facilitate 
organic cations to cross airway epithelium through paracellular diffusion.  
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Importantly, Calu-3 layers provided a unique insight into the mechanism of 

drug transport from the blood circulation into the lung tissue, which is extremely 

challenging to investigate in a whole lung model. Ipratropium basolateral 

uptake was reduced by MPP+ (Figure 3-6, C), while its b-a transport was 

independent of the concentration over the range studied (Figure 3-4, B), which 

suggests a low affinity transporter might facilitate its entry into the cells from 

the basolateral side. One or several efflux transporters apically expressed 

could then recognise the drug, allowing its translocation across the luminal cell 

membrane. Our data indicate that, in the secretory direction, the transcellular 

transport route is rendered possible for ipratropium thanks to the collaboration 

of drug transporters expressed on both sides of the cell layers. Due to their 

high OCT-mediated renal clearance (Ensing et al. 1989; Nakanishi et al. 2011; 

Turck et al. 2004), it is unlikely this process redistributes inhaled 

anticholinergics back into the lungs following their absorption into the 

bloodstream. However, such an inter-play between basolateral uptake 

transporters and apical efflux transporters might play a role in maintaining the 

pulmonary concentrations of other drug classes. It could also potentially be 

targeted to promote the accumulation of drugs in the lungs following their 

systemic administration.  

Due to the complexity of the mechanisms controlling the disposition of 

ipratropium in Calu-3 cell layers and the non-specificity of the inhibitors, 

identifying the uptake and efflux transporters involved is extremely challenging. 

Nevertheless, studies with TEA, MPP+ and L-carnitine support a role for an 

apically expressed OCT in the ‘luminal recycling’ of the drug. OCTs are indeed 

known to transport their substrates in both directions across the plasma 

membrane according to the concentration gradient (Koepsell, Lips, and Volk 

2007). The most probable candidate would be OCT1. Although ipratropium is 

a substrate for all three OCTs (Hendrickx et al. 2013; Nakanishi et al. 2011; 

Nakanishi et al. 2013), OCT2 is not expressed in ALI Calu-3 layers (Mukherjee, 

Pritchard, and Bosquillon 2012) and the drug concentration tested (10 µM) is 

above its recently reported inhibitory concentration against OCT3 (Chen et al. 

2017). In contrast, OCTN2 was reported to be the main transporter responsible 

for the intracellular accumulation of the drugs in the BEAS-2B cell line and 
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mice tracheal epithelial cells in vivo, likely because its expression is high in 

those cells in comparison to that of the OCTs (Nakamura et al. 2010; Nakanishi 

et al. 2013). Moreover, although OCTN2 was shown to be functional in 

undifferentiated Calu-3 cells (Ingoglia et al. 2016), it is unclear whether its 

activity is maintained when cells are cultured at an ALI. 

The bidirectional ipratropium permeability data with/without inhibitors can 

nevertheless not be fully interpreted considering the sole activity of OCT1 on 

the luminal side of the cells. Inhibition studies with probenecid suggest the 

presence of an unknown uptake transporter together with an efflux transporter 

sensitive to the drug at the air-epithelium interface. Similarly, the MPP+ 

sensitive basolateral uptake transporter remains to be unravelled. Intriguingly, 

although no data were presented, Koepsell et al noted in their 2007 review that 

probenecid inhibits the OCTs without being transported (Koepsell, Lips, and 

Volk 2007). The interactions of probenecid with transporters of organic cations 

need to be further investigated. Nevertheless, the unidentified apical 

transporters might potentially be members of the OCT or MATE families.  

Ipratropium has indeed very recently been recognised as a MATE substrate 

(Chen et al. 2017). Also, recent studies demonstrated the expression of 

MATE1 transporters on apical side of airway epithelial cells (Berg et al. 2018). 

These transporters have been reported to efflux cationic drugs across the 

apical membrane of hepatocytes and tubular renal cells (Muller et al. 2013). It 

is however currently unknown whether they are expressed in ALI Calu-3 layers.  

Even though current investigations with various chemical inhibitors of 

transporters provided valuable mechanistic information on inhaled drug-

transporter interactions, no individual transporter could be identified. This is 

one of the limitations of employing various inhibitors of transporter proteins 

which may cross-react with multiple transporters as noted previously (Wang et 

al. 2008). In addition, further investigations are required to establish the 

expression of various transporter proteins such as MATE in Calu-3 layers, 

which are shown to be present on the apical side of airway epithelial cells (Berg 

et al. 2018). These studies may help to further standardise the Calu-3 cell 

system for studying inhaled drug interactions with efflux transporters present 

in the lungs, in addition to uptake transporter such as OCTs. 



Chapter 3 – Cellular disposition of anticholinergic bronchodilators                70 
_____________________________________________________________ 

3.5.  Conclusion   

In the current investigation, bidirectional transport and uptake studies in ALI 

Calu-3 layers were able to reconcile conflicting absorption data in 

undifferentiated lung epithelial cells and in intact lungs previously reported for 

the anticholinergic bronchodilators. The data confirm the absorption of 

ipratropium across the pulmonary barrier is unlikely to be significantly 

facilitated by drug transporters after pulmonary delivery. However, they 

highlight a potential role of both uptake and efflux transporters in modulating 

local drug concentrations in the lungs, which might have implications for the 

development of future inhaled drugs. In addition, this study showed that the 

use of simple yet anatomically relevant cell culture models of the airway 

epithelium is essential to gain understanding on the mechanisms controlling 

drug disposition in the lungs. 

The data presented here thrown some novel insights into cellular disposition 

mechanisms relevant for inhalational molecules. These include the first 

demonstration of efficient cellular uptake and secretion mechanisms for 

anticholinergic bronchodilators across the apical side of bronchial epithelial 

cells with lack of flux across basolateral side.  

However, one of the major limitations of the current investigations is the use of 

only a single passage of Calu-3 cells in the various uptake or permeability 

studies. Also, further investigations are required for identifying the driving force 

for transport of these molecules such as their dependence on extracellular pH, 

membrane potential and energy dependence which may strengthen the 

observations reported in the present study. 
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Chapter Four 

 

4. Application of Calu-3 cells for 

lysosomal sequestration studies 

4.1. Introduction 

Many clinically important molecules including inhaled β2 agonist 

bronchodilators are basic amines and these molecules have the propensity to 

accumulate in lysosomes (Kaufmann and Krise 2007). This phenomenon is 

referred as lysosomotropism, where basic amines upon permeating the 

lysosomal membrane in uncharged from, undergo ionisation due to low pH 

conditions and get entrapped due to low permeability of charged protonated 

forms (de Duve et al. 1974; MacIntyre and Cutler 1988). Lysosomal membrane 

bound ATP-dependent proton pump (vacuolar H+ - ATPase) maintains the pH 

difference between the cytosol (pH~7.2) and the lysosome (pH~5.0) which is 

a driving force for the accumulation of basic compounds in lysosomes 

(Kornhuber et al. 2010). It was also demonstrated that highly lipophilic basic 

molecules, through increasing lysosomal pH and membrane permeability, 

lower the lysosomal accumulation of other basic amines (Kornhuber et al. 2010; 

Poole and Ohkuma 1981). These drug-drug interactions at lysosomal levels 

could potentially lead to altered target site as well as systemic concentrations 

of therapeutics (Daniel and Wojcikowski 1999; Daniel, Wojcikowski, and 

Palucha 2001).  

Lysosomal sequestration is hypothesised to be one of the tissue retention 

mechanisms in the lungs for inhaled therapeutics (Boer 2003; Cooper, 

Ferguson, and Grime 2012). Currently, methods for evaluating lysosomal 

sequestration of inhaled molecules are predominantly based on rodent lung 

tissue models such as rat lung slices (Backstrom, Boger, et al. 2016; 

Backstrom, Lundqvist, et al. 2016). However, these tissue based models do 

not provide mechanistic understanding of lysosomal sequestration at the 
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airway epithelial cell level which is the first barrier encountered by inhaled 

molecules. Also, in a lung slice model, the cell types involved in the drug 

accumulation remain unknown. Moreover, there could be species differences 

in terms of tissue accumulation of compounds. Thus, there is a requirement 

for validating a human airway epithelial model for the purpose of studying 

lysosomal sequestration of inhaled therapeutics.  

Calu-3, a sub-bronchial epithelial cell line is one of the most frequently used in 

vitro epithelial models for investigating the mechanisms underlying inhaled 

therapeutics interaction with lung epithelial membranes (Gordon et al. 2015; 

Hastedt et al. 2016; Ong, Traini, and Young 2013). However, in contrast to 

their predominant application for elucidating drug uptake and transport 

mechanisms, the suitability of Calu-3 cell model has not yet been explored for 

studying subcellular drug distribution of inhaled compounds. Lung cell models 

such as Calu-3, with their organ specific characteristics (Min et al. 2016) and 

transporter protein expression (Mukherjee, Pritchard, and Bosquillon 2012) 

could be appropriate in vitro model for characterising intracellular drug 

distribution of inhaled compounds, including lysosomal sequestration.  

In general, the propensity of molecules to accumulate in lysosomes is studied 

by monitoring their interaction with a lysosome specific marker (Krise 2016). 

LysoTracker® dyes are frequently employed to qualitatively or semi-

quantitatively assess the lysosomal sequestration of various compounds 

through microscopic techniques (Kazmi et al. 2013; Lemieux, Percival, and 

Falgueyret 2004). These fluorescent molecules readily permeate membranes 

and get entrapped inside the lysosomes due to their internal acidic pH. The 

role of the cytosolic - lysosomal pH gradient in the accumulation of 

lysosomotropic compounds including LTR is generally investigated using 

various lysosomal alkalinising agents (Assaraf 2015; Lemieux, Percival, and 

Falgueyret 2004). These agents include the Na/H+ - ionophore, monensin 

(Tapper and Sundler 1990), the vacuolar-type H+-ATPase inhibitor, 

bafilomycin A1 (Yoshimori et al. 1991), or NH4CL, which raises lysosomal pH 

(Kornhuber et al. 2010). Similarly, compounds which accumulate in lysosomes 

and increase lysosomal pH are expected to lower the fluorescence intensity of 

LTR and these compounds are labelled as lysosomotropic (Kaufmann and 
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Krise 2007; Marceau, Roy, and Bouthillier 2014). This approach, for instance, 

was employed to study the lysosomal accumulation potential of various 

compounds using immortalized hepatocytes (Fa2N-4) (Kazmi et al. 2013) and 

the rat macrophage cell line, NR8383 (Ufuk et al. 2015).   

In contrast to LTR based approaches, quantitative methods involve isolation 

of lysosomes using differential centrifugation from compound treated cells and 

estimate compound concentrations within these organelle fractions using 

advanced analytical techniques such as LC-MS/MS (Duvvuri, Feng, et al. 

2004).  Such quantitative information from these investigations could be 

valuable for developing mechanistic models which facilitate predicting 

lysosomal accumulation of various compounds based on their chemical 

properties (Assmus, Houston, and Galetin 2017; Zheng et al. 2011).   

4.2. Aims  

This chapter focuses on the characterisation of Calu-3 cells for the purpose of 

lysosomal sequestration studies. The specific objectives were to: 

• Evaluate the suitability of Calu-3 cells for lysosomal sequestration 

studies using the lysosome specific fluorescent maker, LysoTracker® 

Green (LTG). 

• Optimise the experimental conditions for high throughput screening of 

compound propensity to accumulate in Calu-3 lysosomes. Asses, 

qualitatively, lysosomal sequestration potential of inhaled compounds 

belonging to various chemical classes.  

• Establish a cell fractionation approach for isolating lysosomes from the 

Calu-3 cells for the purpose of quantifying drug levels associated with 

lysosomes.    
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4.3. Results 

4.3.1. Suitability of Calu-3 cells for lysosomal 

sequestration studies – Confocal microscopy 

LTG sequestration was evaluated using confocal microscopy as an evidence 

for the presence of functional lysosomes in Calu-3 cells. Qualitative changes 

in the fluorescence intensity of LTG, upon co-incubation with imipramine, a 

known lysosomotropic basic compound or known cytosol-lysosomal pH 

gradient disruptors, (bafilomycin A1, and monensin) were also monitored.  

Efficient sequestration of LTG was seen in Calu-3 cells (Figure 4-1, A), 

demonstrating the presence of active acidic organelles. The LTG fluorescence 

in Calu-3 cells was reduced in the presence of bafilomycin A1 and monensin 

(Figure 4-1, B and C respectively), confirming that LTG sequestration was 

facilitated by the pH gradient between cytosol and lysosomes.  

Compounds which disrupt the cytosolic-lysosomal pH difference could be 

expected to alter the fluorescence intensity of LTG. For instance, the presence 

of imipramine and dibasic DS81 markedly lowered LTG fluorescence in 

comparison with the control (Figure 4-1, D and Figure 4-2, A). This could be 

attributed to the ability of these lipophilic basic amines to get entrapped in the 

lysosomes and alkalinise the lysosomal pH. On the other hand, the 

permanently charged ipratropium and zwitterion indacaterol failed to lower the 

fluorescence intensity of LTG, as expected from their physicochemical 

properties (Figure 4-2, B and C). These results indicated Calu-3 cells are a 

suitable model for lysosomal sequestration studies using LTG as a marker. 
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Figure 4-1. Confocal microscopic images of Calu-3 cells treated with 
LysoTrackerTM Green. 

Calu-3 cells (0.2 mL/chamber of 0.5 × 105 cells/mL) were added to clear bottom 
Ibidi 8-well chambers and grown for 36 hours in a humidified incubator at 37oC 
under 5% CO2. LysoTrackerTM Green accumulation in Calu-3 cells alone (A), 
or following co-incubation for 1 hour with bafilomycin A1 -100 nM (B), 
monensin-20 µM (C) or imipramine-10 µM (D), was monitored using confocal 
microscopy. Each image is a representative of images collected from four 
chambers per each condition.  
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Figure 4-2. Confocal microscopic images of Calu-3 cells treated with 
LysoTrackerTM Green in presence of various inhaled compounds  

Calu-3 cells (0.2 mL/chamber of 0.5 × 105 cells/mL) were added to clear 
bottom Ibidi 8-well chambers and grown for 36 hours in a humidified incubator 
at 37oC under 5% CO2. LysoTrackerTM Green accumulation in Calu-3 cells was 
monitored using confocal microscopy following co-incubation for 1 hour with 
10 µM of DS81(A), ipratropium (B) or indacaterol (C). Each image is a 
representative of images collected from four chambers per each condition. 
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4.3.2. Quantification of LTG sequestration in Calu-

3 cells 

4.3.2.1. Optimisation of LTG concentration and incubation 

time 

The cell associated LTG fluorescence was quantified using a multimode 

microplate reader Spark® 10M (Tecan). Initial studies were performed to 

optimise the experimental conditions including incubation time and 

concentration of LTG. Calu-3 cells efficiently took up LTG in a time-dependent 

manner until 60 minutes after incubation, as reflected by an increased cell-

associated fluorescence (Figure 4-3, A). Based on these experiments, a 30 

minute incubation time was chosen for further experiments with LTG (Figure 

4-3, A). LTG accumulation in Calu-3 cells indicated that a concentration of 100 

nM was optimal for lysosomal sequestration studies (Figure 4-3, B) since 

above that concentration, the cell associated fluorescence appeared to be 

saturated.  

A 

 

B 

 

Figure 4-3. Time and concentration-dependent accumulation of 
LysoTrackerTM Green (LTG) in Calu-3 cell. 

Calu-3 cells (100 µL/well of 3.2× 105 cells/mL) were grown in collagen-coated 
96-well microtiter plates and incubated in a humidified incubator at 37oC under 
5% CO2 for 48 hours. LysoTrackerTM Green accumulation in Calu-3 cells was 
measured as a function of incubation time, (A) or LysoTrackerTM Green 
concentration, (B) following incubation for 30 minutes. Data are presented as 
mean ± SD of four wells per each time point or concentrations from a single 
experiment.  
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4.3.2.2. Effect of cytosol-lysosomal pH gradient disruptors 

on LTG accumulation 

LTG accumulation in Calu-3 cells was tested in the presence of various known 

cytosol-lysosomal pH gradient disruptors, bafilomycin A1, monensin and 

ammonium chloride (NH4Cl), using concentrations reported in the literature 

(Drose and Altendorf 1997; Tapper and Sundler 1990). The effect of these 

inhibitors on LTG accumulation was tested following a variety of incubation 

conditions i.e. pre, co- and pre- and co-incubation. The presence of the 

inhibitors, in all conditions, significantly inhibited LTG accumulation in Calu-3 

cells indicating the cytosol-lysosomal pH gradient is as driver for its 

sequestration (Figure 4-4). 

The cell associated fluorescence of LTG was found to be 34.8 ± 13.0, 60.5 ± 

7.9, and 25.6 ± 8.3% of control following pre-, co-, and pre-and co-incubations 

with bafilomycin A1, respectively (Figure 4-4, A). In the case of monensin, a 

15.8 ± 3.9, 3.7 ± 0.3 and 5.8 ± 1.1% of control fluorescence was seen following 

pre-, co-, and pre-and co-incubations, respectively (Figure 4-4, B)  while pre-, 

co-, and pre-and co-incubations with NH4Cl resulted in a LTG fluorescence of 

70.2 ± 11.0, 63.1 ± 13.5 and 15.1 ± 2.3% of control, respectively (Figure 4-4, 

C). Imipramine lowered the LTG fluorescence down to 33.0 ± 7.8, 10.8 ± 4.6 

and 15.6 ± 1.7% of control following pre, co-incubation and pre-and co-

incubation, respectively (Figure 4-4, D). Even though a combination of pre-and 

co-incubation conditions resulted in higher reductions in cell associated LTG 

fluorescence, co-incubation alone was chosen for further experiments. This 

was to shorten the experiment duration. Furthermore, the changes seen in 

LTG fluorescence following co-incubation experimental condition were found 

to be satisfactory for all the inhibitors tested.  
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Figure 4-4. LysoTrackerTM Green accumulation in Calu-3 cells under 
various incubation conditions.  

Calu-3 cells were grown in collagen-coated 96-well microtiter plates (100 
µL/well of 3.2× 105 cells/mL) and incubated in a humidified incubator at 37oC 
under 5% CO2 for 48 hours. LysoTrackerTM Green accumulation was 
measured in Calu-3 cells under various incubation conditions with bafilomycin 
A1 (A), monensin (B), ammonium chloride (C) or (D) imipramine. For co-
incubation only group, Calu-3 cells were incubated with solutions containing 
both, LTG and pH gradient disruptors for 30 minutes. While for pre- and co-
incubation conditions, before incubating Calu-3 cells for 30 minutes with 
solutions containing both, LTG and pH gradient disruptors, Calu-3 cells were 
pre-incubated with pH gradient disruptors for 30 minutes. For pre-incubation 
only group, solution containing pH gradient disruptor was withdrawn from Calu-
3 cells following 30 minutes of exposure, washed cells with HBSS and 
incubations were continued with only LTG solutions for additional 30 minutes. 
All the incubations were conducted at 37oC in a humidified incubator under 5% 
CO2 environment. Data are presented as the mean ± SD of four wells per 
condition from a single experiment. 
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4.3.2.3. Effect of various compounds on LTG accumulation 

The ability of various compounds to get sequestered within the lysosomes of 

Calu-3 cells was assessed by testing their propensity to compete with the 

lysosomotropic LTG and reduce its fluorescence intensity following their co-

incubation.  For this purpose, compounds belonging to various chemical 

classes i.e. neutral (acetaminophen), acidic (ibuprofen), basic (imipramine) 

and zwitterion (L-carnitine) were tested. In addition, DS81, indacaterol, 

ipratropium and salbutamol were included as representatives of inhaled 

compounds. Each compound was co-incubated with LTG at five different 

concentrations to assess any concentration-dependent inhibitory effect on 

LTG accumulation. 

Of all the compounds tested, no effect was seen on the LTG fluorescence in 

the presence of acetaminophen, ibuprofen and L-carnitine when tested up to 

50 µM. These results indicate the presence of neutral, acidic and zwitterion 

compounds did not lead to any change in the cytosol-lysosomal pH gradient 

(Figure 4-5, B-D). However, the basic compound imipramine reduced the LTG 

fluorescence in a concentration dependent manner, with a ~70% reduction in 

LTG fluorescence at 50 µM (Figure 4-5, A). 

In terms of inhaled compounds, confirming the confocal microscopy studies, 

co-incubation with DS81 caused significant reductions in LTG fluorescence in 

a concentration-dependent manner and resulted in LTG fluorescence of 37.4 

± 4.3 % of control at 50 µM (Figure 4-6, A). In contrast, no reductions in LTG 

fluorescence was seen with zwitterion indacaterol (Figure 4-6, B) and 

positively charged ipratropium (Figure 4-6, C). Although, salbutamol is a basic 

compound (pKa~9.4), it failed to alter the LTG fluorescence (Figure 4-6, D) 

when tested up to a concentration of 50 µM, maybe because of its lower 

lipophilicity (cLogP~0.44). 

 

  



Chapter 4 – Application of Calu-3 cells for lysosomal sequestration studies               81 
_____________________________________________________________ 

A 

 

  

B 

 

C 

 

D 

 

Figure 4-5. LysoTrackerTM Green (LTG) accumulation in Calu-3 cells in 
the presence of compounds representing various chemical classes 

Calu-3 cells were grown in collagen-coated 96-well microtiter plates (100 
µL/well of 3.2× 105 cells/mL) and incubated in a humidified incubator at 37oC 
under 5% CO2 for 48 hours. LysoTrackerTM Green accumulation was 
measured in Calu-3 cells following co-incubation for 30 minutes in the 
presence of (A) imipramine - basic, (B) ibuprofen - acidic, (C) acetaminophen 
- neutral and (D) L-carnitine – zwitterion, as a function of their concentration. 
For imipramine data are presented as the mean ± SD of four wells per 
concentration from a single experiment. For ibuprofen, acetaminophen and L-
carnitine data are presented as the mean ± SD of eight wells per concentration 
from two independent experiments. * indicates a statistically significant lower 
LTG uptake as compared to the control groups (**** p<0.0001). 
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Figure 4-6. LysoTrackerTM Green accumulation in Calu-3 cells in the 
presence of various inhaled compounds representing various chemical 
classes. 

Calu-3 cells were grown in collagen-coated 96-well microtiter plates (100 
µL/well of 3.2× 105 cells/mL) and incubated in a humidified incubator at 37oC 
under 5% CO2 for 48 hours. LysoTrackerTM Green accumulation in Calu-3 cells 
was studied following co-incubation for 30 minutes along with (A) DS81 - 
dibasic, (B) Indacaterol - zwitterion, (C) ipratropium - quaternary and (D) 
salbutamol – basic, as a function of their concentration. Data are presented as 
the mean ± SD of eight wells per concentration from two independent 
experiments. * indicates a statistically significant lower LTG uptake as 
compared to the control groups (*** p<0.001 and **** p<0.0001). 
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4.3.3. Isolation of lysosomes from Calu-3 cells 

Following density gradient ultracentrifugation of Calu-3 cell lysates, various 

fractions (1 mL) of the supernatant were processed to collect the lysosomal 

pellet. The activity of the lysosomal specific acid phosphatase enzyme was 

measured in these fractions and represented as the % of enzyme activity 

detected in the total cell lysate, which indicate the recovery of lysosomes 

following the isolation procedures. The top three supernatant fractions showed 

the highest density of lysosomes as reflected by the acid phosphatase enzyme 

activity recovered (sum of enzyme activity in the top three fractions ~ 41.8 ± 

19.5 % of total cell lysate enzyme activity (Figure 4-7). Consequently, 

compounds concentrations detected in these top three supernatant volumes 

whereas combined for the purpose of comparing compounds in terms of their 

ability to be associated with lysosomes.  

The lysosomal associated compound concentration was represented as a 

percentage of total cell lysate concentration to account for permeability 

differences between compounds as reported earlier (Duvvuri, Feng, et al. 2004; 

Duvvuri, Gong, et al. 2004). Imipramine, which was included as a 

representative of lysosomotropic compound, showed 21.3 ± 0.4 % of total cell 

lysate levels within the lysosomal fraction (Figure 4-8, A). Following co-

incubation with bafilomycin A1 and monensin, the lysosomal associated 

imipramine concentration was reduced significantly i.e. down to 45.8 ± 0.8 and 

11.3 ± 1.2 % of the control group, respectively (Figure 4-8, B). These results 

shows the suitability of the current cell fractionation approach for isolating 

lysosomes from compound treated cells and determine compounds associated 

with these organelles.  
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Figure 4-7. Recovery of acid phosphatase activity in various supernatant 
fractions following ultracentrifugation of cell lysate. 

Calu-3 cell lysate was processed using Lysosomal Enrichment Kit 
(ThermoFisher Scientific, UK) to prepare post nuclear supernatant. This was 
placed on a discontinuous density gradient prepared using 60% OptiprepTM 
and this mixture was subjected for ultracentrifugation at 145,000g for 2 hours 
at 4oC. The resulting supernatant was collected into 8 individual tubes on ice 
as 1 mL fractions and subjected for centrifugation at 18000 g for 30 minutes at 
4oC, after diluting with equal volume of cold PBS. The lysosomal pellet was 
collected after discarding the supernatant and reconstituted with 150 µL of 
PBS. These isolated lysosomal fractions were evaluated for acid phosphatase 
activity, a lysosomal specific enzyme using a commercially available kit 
(Sigma-Aldrich, UK). The acid phosphatase activity recovered in various 
fractions is represented as percentage of enzyme activity recovered in total 
cell lysate. Data are presented as the mean ± SD of sixty samples for each 
fraction from 5 independent experiments. 
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Figure 4-8. Imipramine concentrations associated with lysosomes  

Lysosomes were isolated from Calu-3 cells treated with imipramine (10 µM) in 
the absence or presence of cytosol-lysosomal pH gradient disruptors, 
bafilomycin A1 (100 nM) or monensin (20 µM), using cell fractionation 
approach. (A) Imipramine concentrations associated with lysosomal fractions 
1-3 and 4-8 were combined and represented as a % of imipramine 
concentrations with total cell lysate. Imipramine concentrations detected in the 
top 3 fractions (Fractions 1 - 3) were only considered for further analysis based 
on their association with lysosomal specific acid phosphatase enzyme activity. 
(B) Effect of pH gradient disruptors, bafilomycin A1 (100 nM) or monensin (20 
µM) on imipramine concentrations associated with lysosomal fractions (sum of 
fractions 1 - 3) in comparison with control group. Data are presented as the 
mean ± SD (n= 3) from a single experiment.  
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4.4. Discussion 

The studies presented herein established the presence of active lysosomes in 

Calu-3 cells and suitability of these bronchial epithelial cells for understanding 

the role of lysosomal sequestration in the cellular retention of inhaled 

compounds.  

The sequestration of the lysosomotropic fluorescent amine LTG and the 

significant reduction in LTG accumulation following co-incubation with a variety 

of lysosomal alkalinising agents (i.e., bafilomycin A1, NH4Cl and monensin) 

confirmed the presence of an efficient cytosolic-lysosomal pH gradient in Calu-

3 cells. This was essential to establish in order to employ Calu-3 cells for 

investigating lysosomal sequestration of inhaled therapeutics as some of other 

cancer cell lines were reported to inherently lack a pH gradient between the 

cytosol and lysosomes (Altan et al. 1998; Assaraf 2015; Kokkonen et al. 2004) 

Qualitative and semi-quantitative approaches employing LysoTracker® dyes 

have previously been well-established for studying the propensity of various 

molecules towards lysosomal accumulation. The fundamental principle of 

these methods involves evaluating the ability of the compounds to compete 

with LysoTracker® for their entry into the lysosomes and alkalinise the 

intralysosomal pH. For instance, the lysosomal accumulation of cationic 

amphiphilic drugs such as chlorpromazine and imipramine was systemically 

demonstrated by monitoring the reductions in LysoTracker® accumulation in 

HeLa cells (Lemieux, Percival, and Falgueyret 2004). Similar approaches were 

also employed for evaluating lysosomal sequestration using an immortalised 

human hepatic cell line (Kazmi et al. 2013), and rat and human alveolar 

macrophages (Ufuk et al. 2017; Ufuk et al. 2015).  

In addition, in a high content screening assay, typical lysosomotropic 

compounds were characterised by a cLogP > 2 and a basic pKa > 6 

(Nadanaciva et al. 2011). Lipophilic basic amines were implicated in an 

increased intra-lysosomal pH and thus, altered lysosomal accumulation of 

other basic compounds (Poole and Ohkuma 1981). This was reflected by the 

lowered accumulation of LTG in Calu-3 cells upon co-incubation with 

increasing concentrations of the lipophilic basic amine imipramine (pKa ~ 9.2; 
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clogP~4.5) (Figure 4-1, Figure 4-4). However, no inhibition of LTG 

accumulation was seen with acidic, neutral and zwitterion compounds when 

tested up to a concentration of 50 µM (Figure 4-4).  The inhibitory concentration 

(IC50) of imipramine seen in the current study (97 µM) matched that reported 

in HeLa cells (100 µM), but was significantly different from that reported in 

immortalised human hepatic cells, Fa2N-4 (260 µM) and H9c2 cells (10.7 µM) 

(Kazmi et al. 2013; Lemieux, Percival, and Falgueyret 2004; Nadanaciva et al. 

2011). This could be due to differences in the permeability of imipramine 

across cell membranes or a resistance shown by various cell lines against a 

change in intralysosomal pH in the presence of basic molecules. However, 

studies with LysoTracker® do not provide any quantitative information 

regarding compound accumulation in lysosomes. Furthermore, these 

assessments are only suitable for lipophilic basic compounds.  

In order to identify or quantitate drug accumulation in the various organelles, 

the intracellular distribution of drugs is increasingly being measured, thus 

providing direct evidence for a cellular disposition of molecules (Zheng et al. 

2011). In the current study, a discontinuous gradient method was applied for 

the isolation of lysosomes from Calu-3 cells for the purpose of quantifying the 

contribution of lysosomal sequestration to the total cell concentrations of 

inhaled compounds. Organ specific in vitro cell culture models were 

successfully utilised to increase understanding of cellular and intracellular drug 

disposition of molecules. For instance, sandwich-cultured hepatocytes (SCH) 

were applied to study hepatocellular drug accumulation mechanisms such as 

binding, active uptake and sequestration in organelles (Pfeifer et al. 2013). 

Direct quantification of compounds associated with lysosomes was also 

established where lysosomes were isolated from cultured cells or tissues, 

either prior to or after exposure to compounds (Krise 2016). For instance, 

Duvvuri et al, measured the lysosomal accumulation of LysoTracker® following 

isolation of lysosomes from leukemia cell line (HL-60) through magnetic 

chromatography (Duvvuri and Krise 2005).  A cell fractionation approach was 

also applied for studying sub-cellular drug distribution including in lysosomes 

(Duvvuri, Feng, et al. 2004).  The sensitivity of LysoTracker® accumulation in 

lysosomes was also demonstrated quantitatively following isolation of 
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lysosomes from cells treated with cytosol-lysosomal pH gradient disruptors. 

The recovery of lysosomes from cultured cells ranged from 15 to 29% based 

on the estimation of the activity of lysosomal specific enzymes and 

densitometric analysis of blots (Duvvuri, Feng, et al. 2004). The acid 

phosphatase enzyme recovery seen in the current study (Figure 4-7), matched 

earlier reports, where lysosomes were collected from the human leukemia cell 

lines U-937 or HL-60 using cell fractionation or magnetic chromatographic 

approaches, respectively (Duvvuri, Feng, et al. 2004; Duvvuri, Gong, et al. 

2004).  

Mechanisms of lysosomal sequestration of weakly basic amines was well-

characterised, previously in purified lysosomes from rat liver using imipramine 

as a representative molecule (Ishizaki et al. 2000). These studies 

demonstrated that imipramine accumulation in lysosomes is predominantly 

driven by transmembrane pH difference, which was completely abolished by 

cytosol-lysosome pH gradient disruptors, bafilomycin A1 and ionophore agent, 

nigericin (Ishizaki et al. 2000). Also lysosomal uptake of this basic amine was 

shown to be independent of temperature, stimulated by the presence of ATP 

and inhibited by other lipophilic basic compounds (Ishizaki et al. 2000; 

Yokogawa et al. 2002). Current studies with imipramine demonstrates that 

combining cell fractionation approach with sensitive quantitative analytical 

procedures such as LC-MS/MS could be effectively used for measuring 

compounds associated with lysosomes (Figure 4-8, A and B). These 

procedures could help better-characterising intracellular distribution 

characteristics of inhaled molecules and study their cellular retention 

mechanisms.  
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4.5. Conclusion 

In vitro airway epithelial models have traditionally been applied to study 

absorptive clearance of inhaled molecules such as permeability across the 

airway epithelium. However, their suitability for studying lung retention 

mechanisms such as lysosomal sequestration has not yet been demonstrated. 

Such investigations may facilitate high throughput screening of novel 

compounds for their lung retention potential. Also, the application of organ 

specific in vitro epithelia cell lines allows investigating drug disposition at the 

cellular level. Current studies are aimed in that direction and investigations with 

the lysosomotropic fluorescent marker LysoTracker® Green confirmed the 

presence of a cytosolic-lysosomal pH gradient in Calu-3 cells, a requirement 

for applying this cell line for lysosomal entrapment studies. The isolation of 

lysosomes from Calu-3 cells using cell fractionation approach followed by the 

quantification of compound concentrations associated with lysosomes using 

LC-MS/MS demonstrated the suitability of these procedures for characterising 

the lysosomal sequestration of inhaled molecules in bronchial epithelial cells. 

Thus, these investigations propose a novel application of Calu-3 cells for 

studying lysosomal sequestration of inhaled compounds.  
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Chapter Five 

 

5. Understanding the role of lysosomal 

sequestration in the cellular disposition of 

inhaled compounds. 

5.1. Introduction 

For the effective management of respiratory diseases, achieving 

pharmacologically relevant concentrations of inhaled therapeutics at the target 

site for a sufficient period of time is essential (Backman et al. 2014).  One of 

the major challenges in designing inhalational molecules is to counterbalance 

the high permeability of the lung tissue to achieve sustained therapeutic 

concentrations locally while minimising systemic exposure (Cooper, Ferguson, 

and Grime 2012).  

Physicochemical properties of inhaled molecules control their permeability 

across the airway epithelium, binding to tissue components and sequestration 

in cellular compartments and thus influence residence time in the lungs 

(Backman et al. 2014). However, the effect of inhaled drug physicochemical 

properties on their lung absorption kinetics is not yet clearly understood. Such 

investigations developing relationships between molecular properties and lung 

absorption kinetics facilitate designing inhaled therapeutics with long lung 

retention (Yu and Rosania 2010).  

There are a variety of experimental approaches for characterising lung 

disposition of inhaled molecules, ranging from in vitro cell permeability assays 

to ex vivo lung perfusion and in vivo pharmacokinetic investigations in pre-

clinical species or human (Sakagami 2006). These models were typically 

employed for assessing the ability of inhaled molecules to be retained in the 

pulmonary tissue by monitoring their appearance in the systemic circulation or 
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disappearance from the lungs (Backman et al. 2017). For instance, earlier 

inhalation studies in rats characterised lung absorption of a variety of 

molecules based on the % of dose remaining in the lungs and indicated faster 

absorption for lipid-soluble molecules than lipid-insoluble compounds of similar 

molecular weight (Brown and Schanker 1983). Tronde and colleagues 

determined the absorption rate and pulmonary bioavailability for a set of low-

molecular weight compounds in ex vivo lung perfusion and in vivo lung 

absorption studies, respectively and developed correlations with their 

permeability characteristics in Caco-2, an in vitro gastro-intestinal epithelial 

model (Tronde, Norden, Jeppsson, et al. 2003; Tronde, Norden, Marchner, et 

al. 2003). Recently, a quantitative structure activity relationship model was also 

proposed for inhalational compounds based on their absorption in an ex vivo 

rat lung perfusion model and physicochemical properties (Edwards et al. 2016). 

The above pre-clinical models are primordial for selecting inhaled drug 

candidates with sufficient lung affinity to progress further in the development 

process. However, their complexity prevents any mechanistic investigation of 

the parameters governing local drug accumulation. This has resulted in the 

current poor understanding of those parameters and in turn, difficulties in 

designing compounds with optimal efficacy (Backman et al. 2014; Perry et al. 

2017). 

Recently, precision-cut rat lung slices have been developed to investigate the 

lung retention properties of inhaled bronchodilators (Backstrom, Boger, et al. 

2016; Backstrom, Lundqvist, et al. 2016). Although drug exposure in that 

model fails to capture the initial contact of inhaled molecules with the airway 

epithelium in vivo, the high lung tissue affinity of the long acting β2-agonists 

such as formoterol, salmeterol and indacaterol could successfully be estimated. 

Furthermore, lysosomal sequestration was indirectly shown to drive their 

prolonged residence time in the lungs (Backstrom, Boger, et al. 2016).  

However, these tissue based models are labour-intensive, technically 

challenging and do not allow high-throughput screening of compounds in early 

stages of drug discovery (Yu and Rosania 2010). Lung slice models fail to 

demonstrate the influence of lung tissue affinity factors such as lysosomal 

sequestration on vectorial transport of inhaled compounds across the airway 
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epithelium (Backstrom, Boger, et al. 2016). Also, lung slides do not provide 

information on the cell types promoting drug accumulation within the lung 

tissue or the actual contribution of lysosomal trapping in pulmonary drug 

disposition. Therefore, investigations in physiologically-relevant in vitro models 

are required to investigate drug trafficking at the cellular and subcellular level 

in the lungs. Calu-3 cells, which resemble native airway epithelium (Grainger 

et al. 2006) and demonstrates suitable properties for lysosomal sequestration 

studies (Chapter 4), could further be employed for investigating cellular 

retention mechanisms of inhaled molecules.  

One of the cell-based approaches for characterising the cellular accumulation 

of compounds is to measure their cellular partition coefficient (Kp), the ratio of 

intracellular and extracellular concentrations (Chu et al. 2013). For example, a 

Kp of many fold-higher than unity for lipophilic compounds reflects their 

partitioning among cellular membranes and affinity to various cellular 

structures (Chu et al. 2013). Changes in Kp of compounds can be monitored 

to evaluate the role of organelles in the subcellular distribution of drugs. For 

instance, measuring Kp in presence or absence of cytosol-lysosomal pH-

gradient disruptors is one of the well-established methods for investigating the 

role of lysosomal sequestration in the cellular accumulation of compounds 

(Zheng et al. 2011). Cell culture models also allow investigating cellular 

retention mechanisms at the organelle level following cell fractionation and 

these approaches have been utilised in rational synthesis of compounds for 

improving target site concentrations (Gong et al. 2007). Cell layers forming 

tight junctions can also be employed for studying lysosomal trapping as one of 

tissue retention mechanisms as demonstrated with the Caco-2 model (Hayeshi 

et al. 2008; Heikkinen, Monkkonen, and Korjamo 2009). However, no such 

investigations are reported for inhalational molecules using in vitro lung cell 

models. Such studies may facilitate better understanding of lung disposition 

across the airway epithelium at the cellular level.   

5.2. Aims  

The current chapter was aimed to explore the mechanisms controlling drug 

retention in the lung using the Calu-3 cell culture model. Five bronchodilators 
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and four investigational compounds were tested in the cell line and lung 

retention data were obtained in rats for the latter set of molecules in order to 

evaluate the predictive potential of in vitro data. Specific objectives include, 

• Study cellular partition coefficient (Kp) of inhaled compounds belonging 

to various chemical classes in Calu-3 cells. Measure Kp for various 

compounds in the presence of cytosol - lysosomal pH gradient 

disruptors for assessing the contribution of lysosomal sequestration to 

their total intracellular concentrations.  

• Measure the lysosomal associated concentrations of inhaled 

compounds following isolation of lysosomes from compound treated 

Calu-3 cells. Investigate the effect of structural modification on their 

lysosomal sequestration. 

• Study the impact of lysosomal sequestration on the cellular retention 

and transepithelial transport of the compounds in ALI Calu-3 layers to 

better understand the role of cellular and subcellular distribution in 

pulmonary drug disposition. 

• Understand the retention of compounds in rat lung tissue following intra-

tracheal administration with the help of their permeability, cellular 

accumulation and lysosomal association in Calu-3 cell model.  

 

5.3. Results 

5.3.1. Cellular partition coefficient (Kp) 

Kp was measured for various compounds in Calu-3 cells to understand the 

effect of physicochemical properties on their cellular accumulation. The role of 

lysosomal sequestration, as one possible cellular retention mechanisms of 

inhaled compounds was also assessed by co-incubating compounds with 

bafilomycin A1 or monensin. 

For most of the compounds steady state Kp was achieved between 1 and 2h 

post incubation (Figure 5-1, A). A low cellular partition coefficient was seen for 

the permanently charged anti-cholinergic bronchodilators (Kp range: 0.3 ± 0.0 

- 6.4 ± 0.8) (Figure 5-1, A). In contrast, higher cellular association was 

observed for dibase DS81 (Kp range: 6.6 ± 1.8 - 135.4 ± 14.3) and the lipophilic 
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β2 agonists, formoterol, salmeterol and indacaterol (Kp range: 1.3 ± 0.3 - 734.9 

± 93.6) (Figure 5-1, A). The prototypical cationic amphiphilic drug imipramine 

also accumulated extensively in Calu-3 cells (Kp range: 70.5 ± 6.0 - 541.2 ± 

60.4) (Figure 5-1, A).  

Among basic compounds, as anticipated, lipophilicity determined their total 

cellular accumulation, with salmeterol (cLog P ~ 3.82) showing ~22 to 54 fold 

higher Kp than formoterol (cLog P ~ 1.91) (Figure 5-1, A). On the other hand, 

for the less lipophilic basic salbutamol (cLogP ~ 0.44), total cell concentrations 

were lower than the buffer concentrations throughout the experiment (Kp range: 

0.1 ± 0.0 - 0.7 ± 0.1) (Figure 5-1, A). Zwitterion indacaterol (cLogP ~ 3.31) also 

showed extensive cell associated concentrations, with Kp ranging from 10.9 ± 

0.6 to 261.8 ± 37.4 (Figure 5-1, A).  

In the presence of bafilomycin A1, no change in Kp was seen for both 

ipratropium and salbutamol, (Figure 5-1, B and C), suggesting negligible 

lysosomal association for these molecules. On the other hand, both monensin 

and bafilomycin A1 lowered Kp of basic molecules, with the former being more 

efficient than latter in reducing cellular concentrations. For the majority of 

molecules, the effect of bafilomycin A1 was significant only towards the end of 

the incubation period, i.e. Kp2h. Following incubation with monensin, Kp2h of 

imipramine, DS81, formoterol and salmeterol was found to be 8, 7, 27 and 32% 

of the control group, respectively (Figure 5-2, A, B, C and D) whereas the 

presence of bafilomycin A1 resulted in a Kp2h which was 22, 58, 84 and 77% 

of control group for imipramine, DS81, formoterol and salmeterol, respectively 

(Figure 5-2, A, B, C and D). Only a moderate reduction in the Kp2h was 

observed for zwitterion indacaterol, where the presence of bafilomycin A1 and 

monensin resulted in a Kp2h of 66 and 76% of control group, respectively 

(Figure 5-2, E).  
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Figure 5-1 Cellular partition coefficient (Kp) of various compounds in 
Calu-3 cells. 

Calu-3 cells were grown in collagen-coated 24-well plates (500 µL/well of 3.2× 
105 cells/mL) by incubating at 37oC in a humidified incubator under 5% CO2 
for 3 days. (A) Cellular partition coefficient (Kp) in Calu-3 cells was measured 
at various time points (5 – 120 minutes) for a variety of compounds including 
inhaled molecules at 5 µM. Kp in the presence of bafilomycin A1 (100 nM) was 
measured following 60 and 120 minutes of co-incubations for ipratropium (B) 
and salbutamol (C) at 10 µM. For ipratropium (B), data are presented as the 
mean ± SD of n= 7 from two independent experiments. For salbutamol (C), 
data are presented as the mean ± SD of n= 4, from a single experiment.  
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Figure 5-2. Cellular partition coefficient (Kp) for compounds in Calu-3 
cells in the presence of cytosol-lysosomal pH gradient disruptors. 

Calu-3 cells were grown in collagen-coated 24-well plates (500 µL/well of 3.2× 
105 cells/mL) by incubating at 37oC in a humidified incubator under 5% CO2 for 
3 days. Cellular partition coefficient (Kp) in Calu-3 cells was measured for 
various compounds at a concentration of 5 µM, in the presence or absence of 
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bafilomycin A1 (100 nM) or monensin (20 µM) following 60 and 120 minutes 
of co-incubation. For imipramine (A), DS81 (B), and indacaterol (E) data are 
presented as the mean ± SD of n= 7, from two independent experiments. For 
formoterol (C) and salmeterol (E) data are presented as the mean ± SD of n= 
4, from a single experiment. * indicates a statistically significant lower cell 
accumulation as compared to the control group (* p<0.05, ** p<0.01, *** 
p<0.001 and **** p<0.0001). 

5.3.2. Unbound fraction of compounds in Calu-3 

cell lysate 

The affinity of the different compounds towards cellular components was 

assessed by measuring unbound fraction following their incubation with Calu-

3 cell lysate. For this, Calu-3 cell lysate spiked with the compounds was 

subjected to equilibrium dialysis. A higher unbound fraction (fu) was seen with 

the permanently charged compounds, ipratropium (fu ~ 0.71 ± 0.14) and 

tiotropium (fu ~0.67 ± 0.03) (Figure 5-3). With respect to basic compounds, fu 

decreased with an increase in their lipophilicity (Figure 5-3). The hydrophilic 

salbutamol did not show any affinity towards cellular components, as reflected 

by its fu ~1 (Figure 5-3). The moderately lipophilic base formoterol displayed a 

higher unbound fraction (fu ~0.73 ± 0.02) (Figure 5-3) than highly lipophilic 

salmeterol, which was characterised by the lowest unbound fraction in cell 

lysates (fu ~0.08 ± 0.01) (Figure 5-3). While a ~4.7-fold higher fu than 

salmeterol was seen for dibase DS81, zwitterionic indacaterol showed a fu of 

0.23 ± 0.03 (Figure 5-3). 
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Figure 5-3. Relationship between cLogP and unbound fraction (fu) of 
compounds in Calu-3 cell homogenate 

Calu-3 cells (3.2× 105 cells/mL) homogenate containing compound (5 µM) was 
dialysed against HBSS using Rapid Equilibrium Dialysis devise at 60 rpm for 
4 hours at 37oC. At the end of the incubation, compound concentrations in 
buffer and cell lysate chambers were measured and used for calculating fu in 
cell lysate. Data are presented as the mean ± SD, n=4 from a single 
experiment.  

5.3.3. Quantification of lysosomal associated 

compound concentrations 

The association of the compounds with the lysosomes was quantified following 

isolation of lysosomal enriched fractions from Calu-3 cells treated with the 

compounds. Incubations were also performed in the presence and absence of 

bafilomycin A1 or monensin. Compound concentrations measured in the 

supernatant of the top three fractions were combined for data analysis purpose 

based on the highest acid phosphatase enzyme activity recovered in these 

fractions (Figure 4-7). The lysosomal associated compound was represented 

as percentage of total cell lysate concentration to account for permeability 

differences between compounds as reported earlier (Duvvuri, Gong, et al. 

2004).  

Of all the compounds tested, ipratropium showed a very low lysosomal 

accumulation (~7.8 ± 0.9 % of the total cell lysate, (Figure 5-4, A). Co-

incubation of ipratropium with bafilomycin A1 or monensin did not alter its 

association with the lysosomal fractions (Figure 5-4, B). Salbutamol, formoterol 
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and salmeterol were included as representatives of basic molecules with 

similar pKa (~9) but differ with respect to their lipophilicity.  For salmeterol, 

which is a long acting bronchodilator and a highly lipophilic molecule, all of the 

total cell lysate concentrations (126.8 ± 19.3 % of total cell lysate) were found 

to be associated with the lysosomal fraction (Figure 5-4, A). On the other hand, 

no lysosomal associated concentrations (< lower limit of quantification, 0.0039 

µM) were detected for salbutamol. Formoterol showed 45.7 ± 8.8 % of the total 

cell lysate with the lysosomes (Figure 5-4, A). On similar lines, dibasic DS81 

also highly accumulated within the lysosomes i.e. 38.5 ± 8.2 % of its total cell 

lysate concentration were measured in the lysosomal fraction (Figure 5-4, A). 

Interestingly, 78.7 ± 5.2 % of total cell lysate concentrations were found to be 

associated with the lysosomal fractions for indacaterol (Figure 5-4, A).  

Incubations with pH gradient disruptors indicated that lysosomal accumulation 

of lipophilic basic molecules but not of zwitterions was driven by cytosolic-

lysosomal pH gradient. When compared with the control group, cells co-

incubated with monensin showed only 19.5 ± 4.9 and 13.8 ± 7.0 % of 

lysosomal associated salmeterol and formoterol, respectively (Figure 5-4, B) 

whereas the presence of bafilomycin A1 lowered their lysosomal 

concentrations by 37.4 ± 6.0 and 54.9 ± 6.8 % of control group, respectively 

(Figure 5-4, B). For dibasic DS81, the presence of monensin and bafilomycin 

A1 lead to lysosomal associated concentrations of 5.7 ± 2.0 and 31.8 ± 4.0 % 

of the control group, respectively (Figure 5-4, B). In contrast, both bafilomycin 

A1 and monensin failed to lower the lysosomal accumulation of indacaterol 

(164.9 ± 57.9 and 148.9 ± 11.3 % of control group in the presence of 

bafilomycin A1 and monensin, respectively) (Figure 5-4, B).   
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Figure 5-4. Lysosomal associated concentrations of various compounds. 

Lysosomes were isolated from Calu-3 cells treated with various compounds 
(10 µM) in the absence or presence of cytosol-lysosomal pH gradient 
disruptors, bafilomycin A1 (100 nM) or monensin (20 µM), using cell 
fractionation approach. (A) Concentrations of various compounds associated 
with lysosomal fractions (fractions 1-3) were combined and represented as a % 
of compounds concentrations with total cell lysate. Compound concentrations 
detected in the top 3 fractions (Fractions 1 - 3) were only considered for further 
analysis based on their association with lysosomal specific acid phosphatase 
enzyme activity. (B) Effect of pH gradient disruptors, bafilomycin A1 or 
monensin on various compound concentrations associated with lysosomal 
fractions (sum of fractions 1 - 3) in comparison with control group. Data are 
presented as the mean ± SD (n= 3) from a single experiment. * indicates a 
statistically significant lower lysosomal association of compounds as 
compared to the control groups (* p<0.05, ** p<0.01, *** p<0.001 and **** 
p<0.0001).  
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5.3.4. Cellular retention and permeability of 

compounds in Calu-3 layers  

Compound retention across Calu-3 layers was measured following exposure 

from their apical or basolateral side. In general, higher uptake (1.5 to 5.3-fold) 

was seen for most molecules following basolateral (BL) exposure than from 

the apical side (AP), except for salmeterol (BL/AP uptake ratio ~1) (Figure 5-6). 

Of all the molecules tested, zwitterion indacaterol showed the highest cell 

associated concentrations (ranged from 4.67 ± 0.75 to 8.85 ± 0.46 and 8.78 ± 

1.85 to 13.91 ± 1.20 nmoles/mg of protein, from the apical or basolateral side, 

respectively (Figure 5-6, A). For the dibase DS81 and salmeterol, cell retention 

was ~ 1.3 to 3-fold lower than that of indacaterol throughout the experiment 

(Figure 5-6, B and C).  

Comparatively, higher cellular concentrations were seen with salmeterol than 

with formoterol (i.e. ~ 6 to 10-fold and 1.2 to 1.7 - fold higher following apical 

and basolateral exposure, respectively) (Figure 5-6, D). On the other hand, 

permanently charged ipratropium showed lower levels of cell retention as 

compared to the other molecules (0.17 ± 0.03  and 0.38 ± 0.07  nmoles/mg of 

protein from apical and basolateral side, respectively at 2h (Figure 5-6, E). 

In line with their higher uptake from the basolateral side, the Papp of molecules 

in the secretion direction (b-a) was found to be many fold higher than in the 

absorptive direction (a-b) resulting in efflux ratio > 2 for many molecules (range 

~ 6-20), expect for salmeterol (efflux ratio~1) (Table 5-1). 

5.3.5. Effect of bafilomycin A1 on cellular retention 

and permeability of compounds in Calu-3 layers  

The effect of bafilomycin A1 on compound cellular retention and transepithelial 

transport was investigated both in the absorptive (apical to basolateral, a-b) 

and secret (basolateral to apical, b-a) directions. No effect on TEER values 

was seen due to the presence of bafilomycin A1 suggesting that it did not alter 

the tight junctions of Calu-3 layers (Figure 5-5). Changes in the cellular 

accumulation and Papp of inhaled molecules in the presence of bafilomycin A1 

was assumed to be due to their altered lysosomal sequestration. 
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Figure 5-5.  TEER values across Calu-3 layers following their incubations 
with HBSS alone (control) or HBSS containing bafilomycin A1. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 on 12-well 
Transwell® inserts and cultured under air-liquid interface culture conditions for 
21 days at 37oC in a humidified incubator under 5% CO2. TEER values were 
measured across Calu-3 cell layers following their incubation with either HBSS 
alone (control) or HBSS containing bafilomycin A1 (100 nM) for 3 hours. Data 
is represented as the mean ± SD of twenty four layers per group from two 
independent experiments. 

5.3.5.1. Effect of bafilomycin A1 in the absorptive direction  

In the absorptive direction (a-b), the cellular concentrations of dibasic DS81 

decreased by 81.9 ± 3.5 % of the control group upon co-incubation with 

bafilomycin A1 (Figure 5-6, B). The decrease in DS81 concentrations was 

characterised by a sharp decline within the first 60 minutes of incubation 

(Figure 5-6, B). These reductions in cellular accumulation resulted in an 18-

fold (18.3 ± 1.4) increase in the absorptive Papp in the presence of bafilomycin 

A1 (Figure 5-7, B and Figure 5-8, A). In contrast, no change in cellular 

concentrations (91.8 ± 11.3 % of control at 2h) and Papp was seen for 

ipratropium in the presence of bafilomycin A1 following apical side exposure 

(Figure 5-6, E; Figure 5-7, D and Figure 5-8, A).  

However, for salmeterol and formoterol, a gradual decrease in cell associated 

concentrations was observed as a function of time with bafilomycin A1 (Figure 

5-6, C and D). At the end of incubation (120 minutes), the cellular concentration 

of salmeterol and formoterol was reduced by 41.9 ± 8.2 and 50.3 ± 7.8 % in 
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comparison with control groups, respectively (Figure 5-6, C and D). For 

indacaterol, only a moderate reduction in cell concentration (19.3 ± 9.3 % of 

control at 120 min) was observed when co-incubated with bafilomycin A1 

(Figure 5-6, A). Consequently, the presence of bafilomycin A1 resulted in an 

increased Papp for formoterol, salmeterol and indacaterol by a 9.9 ± 0.4, 1.6 ± 

0.3 and 3.5 ± 0.6 - fold respectively (Figure 5-7, A - C and Figure 5-8, A). In 

contrast, the Papp of salbutamol was unaltered by bafilomycin A1 (Figure 5-7, 

F and Figure 5-8, A). However, cellular retention was not measured for 

salbutamol. 

5.3.5.2. Effect of bafilomycin A1 in the secretion direction  

Following exposure from the basolateral side, bafilomycin A1 altered cellular 

concentrations for the lipophilic β2-agonists and dibase DS81 in a similar 

extent as seen following apical exposure (Figure 5-6). However, the extent of 

increase in the secretory Papp (b-a), as a consequence of lowered cellular 

accumulation was only moderate (2.7 ± 0.6-fold) for the dibase DS81 (Figure 

5-7, B and Figure 5-8, B). While the Papp in b-a direction was unaltered for 

salmeterol (fold change: 1.3 ± 0.4), a 2-fold (2.0 ± 0.1) increase was seen for 

indacaterol (Figure 5-7, A and C; Figure 5-8, B).  

Interestingly, the cellular concentrations of ipratropium were reduced by 44.9 

± 9.3 %, following basolateral exposure with bafilomycin A1 (Figure 5-6, E). It 

was unexpected as ipratropium was not associated with lysosomes given its 

permanently charged nature. This resulted in an 81% reduction in the drug Papp 

in the b-a direction (Figure 5-7, E and Figure 5-8, B). Along similar lines, 

bafilomycin A1 lowered the Papp of salbutamol and formoterol in the b-a 

direction by 93 and 75 % of control group, respectively (Figure 5-7, D and F; 

Figure 5-8, B).  
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5.3.5.3. Effect of bafilomycin A1 on the efflux ratio of 

various molecules 

In the presence of bafilomycin A1, the apparent efflux ratio of the various 

molecules was lowered significantly depending on the pathway affected; i.e., 

cell retention vs. uptake mechanism.  Bafilomycin A1 lowered the efflux ratio 

of DS81 and indacaterol, through increasing their absorptive Papp as a 

consequence of reduced lysosomal sequestration (Table 5-1, Figure 5-6, 

Figure 5-7 and Figure 5-8). On the other hand, for non-lysosomotropic 

compounds ipratropium and salbutamol, bafilomycin A1 abolished the efflux 

mechanism by reducing their uptake from the basolateral side (Table 5-1, 

Figure 5-6, Figure 5-7 and Figure 5-8). However, for formoterol, a combination 

of increased permeability in the absorptive direction and lowered uptake from 

the basolateral side could account for the reduction in its efflux ratio (Table 5-1, 

Figure 5-6, Figure 5-7 and Figure 5-8).  
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Figure 5-6. Cellular retention of various compounds in Calu-3 layers in 
the presence or absence of bafilomycin A1 (Bfm A1). 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 on 12-well 
Transwell® inserts and cultured under air-liquid interface culture conditions for 
21 days at 37oC in a humidified incubator under 5% CO2. Calu-3 cell layers 
were incubated with various compounds (A) indacaterol, (B) DS81, (C) 
salmeterol, (D) formoterol and (E) ipratropium at 10 µM in the presence or 
absence of bafilomycin A1 (Bfm A1 - 100 nM). At various time points, 
compound solutions were withdrawn, cell layers were with washed with cold 
PBS and compound associated with the cell layers were measured. Each data 
point represents the mean ± SD of three layers from a single experiment. * 
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indicates a statistically significant reduction in cell associated concentration 
due to the presence of bafilomycin A1 when compared with their respective 
control group at each time point (p<0.05). 
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Figure 5-7. Permeability of various compounds in Calu-3 layers in the 
presence or absence of bafilomycin A1 (Bfm A1). 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 on 12-well 
Transwell® inserts and cultured under air-liquid interface culture conditions for 
21 days at 37oC in a humidified incubator under 5% CO2. Coefficient of 
apparent permeability (Papp) was measured for various compounds at 10 µM 
in the apical to basolateral (a-b) and basolateral to apical (b-a) direction, in the 
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presence or absence of bafilomycin A1 (Bfm A1 – 100 nM). Data are presented 
as the mean ± SD of three layers from a single experiment. * indicates a 
statistically significant higher (*a) or lower (*b) permeability due to the presence 
of bafilomycin A1 when compared with control group (** p<0.01; *** p<0.001, 
****p<0.0001). 
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Figure 5-8. Fold-change in the permeability of inhaled compounds across 
Calu-3 cell layers in the presence of bafilomycin A1. 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 on 12-well 
Transwell® inserts and cultured under air-liquid interface culture conditions for 
21 days. Coefficient of apparent permeability (Papp) of various compounds 
were measured at 10 µM across Calu-3 layers in the presence or absence of 
bafilomycin A1 (100 nM). (A). Fold-change in the Papp of inhaled compounds 
in the absorptive direction (a-b) due to the presence of bafilomycin A1. (B). 
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Fold-change in the Papp of inhaled compounds in the secretion direction (b-a) 
due to the presence of bafilomycin A1. Data are presented as the mean ± SD 
of three layers from a single experiment. * indicates a statistically significant 
fold-change in the permeability due to the presence of bafilomycin A1 (** 
p<0.01, and ***p<0.001). 

5.3.6. Influence of structural modification on 

intracellular accumulation, permeability and lung 

retention  

Cellular disposition and lung retention in Calu-3 cells and rats, respectively 

was studied for a set of novel molecules comprising the mono base DS12 and 

the di base DS81 molecules along with their respective quaternary pairs DS13 

and DS86. The structures and physico-chemical properties of these molecules 

are presented in the chapter 2 (Table 2-1). 

In comparison with the mono base DS12, a 2.6-fold higher intracellular 

accumulation (Kp2h) was seen for dibasic DS81 (Figure 5-9, A). Reflecting their 

total cell concentrations, much lower lysosomal associated concentrations 

were detected for DS12 than for DS81 (7.3 ± 3.0 vs. 38.5 ± 8.3 % of total cell 

lysate, respectively) (Table 5-2). Lysosomal association for DS12 and DS81 

was also demonstrated by the changes in their Kp2h in the presence of the 

cytosol-lysosomal pH gradient disruptors, bafilomycin A1 or monensin (Figure 

5-9, B).  Introduction of a charge on the pyrrole ring of DS12 and DS81 

significantly lowered their intracellular and lysosomal concentrations. This was 

evident by a ~ 48 and 58-fold lower Kp2h for DS13 and DS86 compared to their 

basic equivalent i.e. DS12 and DS81, respectively (Figure 5-9, A). In addition, 

no lysosomal concentrations could be detected for DS13 and DS86 (Table 5-2). 

The lack of lysosomal association for these quaternary compounds was also 

supported by their unchanged Kp2h in the presence of bafilomycin A1 (Figure 

5-9, B). While monensin did not alter the Kp2h of DS13, there was a statistically 

significant reduction in the Kp2h of DS86. This could not be attributed to a 

change in its lysosomal sequestration as DS86 levels in the lysosomal 

enriched fractions were below the detection limit (Figure 5-9, B and Table 5-2).  

When tested across Calu-3 layers, DS12 showed a many folds higher 

permeability (Papp) in the absorptive direction than dibasic DS81 (5.18 ± 0.45 
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vs. 0.08 ± 0.01, ×10-6 cm/s) (Table 5-2). The presence of a permanent charge 

resulted in a very low Papp (0.04 ± 0.01, ×10-6 cm/s) for DS13, in comparison 

with DS12. On the other hand, similar Papp was seen for the quaternary base 

DS86 (Papp ~ 0.10 ± 0.02, ×10-6 cm/s) in comparison with dibasic DS81 (0.08 

± 0.01, ×10-6 cm/s) (Table 5-2).  Except for the highly permeable DS12, all 

other molecules showed a significant secretion across the Calu-3 layers, 

resulting in efflux ratios > 2 (Table 5-2). 

Permeability and intracellular accumulation in Calu-3 cells reflected the extent 

of lung retention following IT administration in rats for the basic and quaternary 

compounds. A very low lung retention for DS12 was reflected by its short 

absorption half-life (t1/2 ~ 0.6 ± 0.1h) (Figure 5-10, Table 5-2). In contrast, a 

long lung retention was observed for DS13, DS81 and DS86, indicated by their 

absorption half-lives of 10.0 ± 2.1, 20.5 ± 7.2, and 22.6 ± 5.6h, respectively 

(Figure 5-10, Table 5-2).  
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A 

 

B 

 

Figure 5-9. Comparative cellular partition coefficient (Kp) of basic (DS12 
& DS81) and their quaternary pairs (DS13 & DS86) in Calu-3 cells. 

Calu-3 cells were grown in collagen-coated 24-well plates (500 µL/well of 3.2× 
105 cells/mL) by incubating at 37oC in a humidified incubator under 5% CO2 
for 3 days. (A). Cellular partition coefficient (Kp) in Calu-3 cells was measured 
for various compounds at 5 µM, as function of incubation time. (B) Kp in the 
presence of bafilomycin A1 (100 nM) or monensin (20 µM) for DS12, DS13, 
DS81 and DS86 following incubation for 2h (Kp2h). Each bar or data point 
represents the mean ± SD of four wells from a single experiment. * indicates a 
statistically significant reduction in the compound accumulation as compared 
with the control (** p<0.01 and **** p<0.0001). 
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Figure 5-10. Percentage of administered dose remaining in the lungs at 
various time points for various novel compounds in male SD rats 
following intratracheal administration.  

Compounds DS12 (monobasic), DS81 (dibase) and their quaternary counter 
parts, DS13 and DS86, respectively were dissolved in PBS and administered 
through intratracheal instillation in male SD rats; Dose administered – 0.1 
mg/kg for DS12 and 0.2 mg/kg for remaining compounds. At various time 
points animals were sacrificed and lungs were collected from the rats. 
Compound concentrations in the lungs were measured and represented as % 
of dose remaining in the lungs. Each data point represents the mean ± SD, 
N=3 from a single experiment. 
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Compound 

Efflux ratio 

(Papp, b-a / Papp, a-b) 

Control + bafilomycin A1 

Ipratropium 17.7 ± 1.9 1.5 ± 0.2 

DS81 18.3 ± 1.5 2.7 ± 0.6 

Salbutamol 18.5 ± 1.8 0.9 ± 0.3 

Formoterol nc a 2.2 ± 0.3 

Indacaterol 5.8 ± 1.6 3.3 ± 0.1 

Salmeterol 1.1 ± 0.0 0.9 ± 0.2 

Table 5-1. Effect of bafilomycin A1 on the efflux ratio of inhaled 
compounds in Calu-3 layers 

Coefficient of apparent permeability (Papp) was measured in Calu-3 layers for 
various compounds at 10 µM in absorption (a-b) and secretion direction (b-a) 
in the presence or absence of bafilomycin A1 (100 nM). Papp in b-a direction 
was divided with that in a-b direction to calculate efflux ratio. Data is presented 
as mean ± SD (n=3) from a single experiment. a not calculated as a-b direction 
samples showed poor and variable response in control group. 
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Compound DS12 DS13 DS81 DS86 

Chemical class Mono 

base 

Quaternary Di base Base 

quaternary 

Papp 

(10-6 cm/s) 

a-b 5.18 ± 

0.45 

0.04 ± 0.01 0.08 ± 

0.01 

0.10 ± 0.03 

b-a 6.62 ± 

0.76 

0.70 ± 0.10 1.45 ± 

0.12 

1.71 ± 0.32 

Efflux ratio 1.3 17.5 18.1 17.1 

 

Lysosomal 

accumulation 

 

Control 

(% of total 

cell lysate) 

 

7.3 ± 3.0 

 

NR 

 

38.5 ± 8.2 

 

NR 

+ 

bafilomycin 

A1 

(% of 

control) 

 

NR 

 

NR 

 

67.5 ± 5.0 

 

NR 

Lung absorption half –life 

in rats (t1/2, h) 

 

0.6 ± 0.1 

 

10.0 ± 2.1 

 

20.5 ± 7.2 

 

22.6 ± 5.6 

Table 5-2. Coefficient of apparent permeability (Papp) across Calu-3 layers, 
lysosomal accumulation and lung absorption half-lives in rats for DS12, 
DS13, DS81 and DS86.  

Coefficient of apparent permeability (Papp) was measured in Calu-3 layers for 
various compounds at 10 µM in absorption (a-b) and secretion direction (b-a). 
Papp in b-a direction was divided with that in a-b direction to calculate efflux 
ratio. For determining lysosomal accumulation of compounds, lysosomes were 
isolated from Calu-3 cells treated with various compounds (10 µM) in the 
absence or presence of cytosol-lysosomal pH gradient disruptors, bafilomycin 
A1 (100 nM) or monensin (20 µM), using cell fractionation approach. 
Concentrations of various compounds associated with lysosomal fractions 
(fractions 1-3) were combined and represented as a % of compound 
concentrations with total cell lysate. Lung absorption half-life was determined 
for the compounds based on % of administered dose remaining at various time 
points in rat lungs following their intra-tracheal administration. Data are 
presented as mean ± SD (n=3/4) from a single experiment; NR – not reportable; 
concentrations were found to be lower than the limit of quantitation (LLOQ) in 
lysosomal fractions. 
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5.4. Discussion 

The main aim of these investigations was to understand the cellular retention 

mechanisms of inhaled compounds in the lungs applying the in vitro airway 

epithelial model Calu-3. Our findings demonstrate lysosomal sequestration, 

along with binding to intracellular components attribute a high lung affinity to 

the long acting β2-agonist bronchodilators while for dibase compounds 

lysosomal sequestration alone appears to determine their lung retention. The 

current study also re-established the low cellular association and epithelial 

permeability of the permanently charged compounds including anti-cholinergic 

bronchodilator, ipratropium.  

Inhaled bronchodilators face epithelial membrane and cellular sequestration 

organelles such as lysosomes, on their transit towards their target site (airway 

smooth muscle) (Backman et al. 2014).  Physicochemical properties i.e. pKa 

and lipophilicity of compounds determine their permeability across the airway 

epithelium as well as their cellular distribution, including retention in lysosomes 

(Cooper, Ferguson, and Grime 2012). For compounds with basic pKa and high 

lipophilicity, both intracellular binding and lysosomal sequestration could 

determine their cellular retention. On the other hand, compounds with low pKa 

and lipophilicity tend to show lower intracellular concentrations due to the 

absence of any cellular depot driving their accumulation (Siebert et al. 2004).  

This was evident in the present study with high accumulation (Kp) in Calu-3 

cells for dibase DS81 and long acting β2 agonists (salmeterol, formoterol and 

indacaterol) (Figure 5-1, A). Significant reductions in Kp following disruption of 

vesicular pH gradient confirmed their association with lysosomes (Figure 5-2). 

However, for the more hydrophilic base salbutamol, a very low Kp (< 1) 

suggests a poor affinity for intracellular components, including for lysosomes, 

especially as its Kp was unaltered with disruption of pH gradient (Figure 5-1, A 

and C). In comparison with basic and lipophilic molecules, a lower Kp for the 

anticholinergic bronchodilators (ipratropium and tiotropium) indicated a limited 

cell distribution (Figure 5-1, A). Also, no role of cytosolic-lysosomal pH gradient 

in their intracellular distribution was evident, as expected from their permanent 

positive charge (Figure 5-1, B).  
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The accumulation characteristics (Kp) of the different classes of molecules in 

Calu-3 cells were in agreement with their distribution volumes (Vu,lung) reported 

in a rat lung slice model (Backstrom, Lundqvist, et al. 2016). For instance 

salbutamol, ipratropium and tiotropium were characterised by a small Vu,lung 

(2.2, 12.9 and 3.9 mL/kg, respectively). In contrast, a larger Vu,lung was reported 

for a dibasic molecule (2972 mL/kg), and a 391, 49 and 17-fold higher Vu,lung 

for salmeterol, indacaterol and formoterol than salbutamol, respectively 

(Backstrom, Lundqvist, et al. 2016). Furthermore, the presence of monensin 

in lung slices resulted in a reduction of Vu,lung, by 30% for indacaterol and  ~70% 

for both salmeterol and formoterol (Backstrom, Boger, et al. 2016).  Similar 

reductions were seen in the accumulation of these compounds in Calu-3 cells, 

in the presence of pH gradient disruptors (Figure 5-2). Previously, pronounced 

(21 to 40%) reductions in Kp were also reported for β2 agonists in a rat 

macrophage cell line in presence of pH disruptors (Ufuk et al. 2015). These 

results suggested that cellular retention mechanisms driven by the lipophilicity 

and basicity of molecules are easily translatable between tissue and cell based 

models. This was also demonstrated by Pfeifer et al., where comparable 

subcellular distribution of compounds was seen between rat sandwich-cultured 

hepatocytes and isolated perfused rat liver (Pfeifer et al. 2013). Similarly, 

current results are supportive of Calu-3 as an alternate model for enquiring 

lung tissue retention mechanisms.  

Studies with imipramine, a prototypical cationic amphiphilic drug and a 

lysosomotropic marker, established the utility of the Calu-3 model for 

investigating lysosomal sequestration of inhaled compounds. For instance, the 

extensive accumulation seen for imipramine in Calu-3 cells (Figure 5-1, A) was 

in agreement with previous reports in a macrophage cell line (Kp – 347 ± 60, 

lung slices (tissue/media ratio: 61 to 99) and in rabbit lungs (tissue/media ratio 

~17.0 ± 1.8 at 0.5 µM) (Drew et al. 1981; Junod 1972; Ufuk et al. 2015). Also, 

the reduction in imipramine Kp with abolition of the pH gradient (Figure 5-2, A) 

was similar to earlier reports, where the presence of NH4Cl or monensin 

lowered Kp by 70, 59 - 64 and 46 % of control in alveolar macrophages, lung 

slices  and in immortalised hepatocytes, respectively (Daniel and Wojcikowski 

1997; Kazmi et al. 2013; Ufuk et al. 2015).  
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In addition to pH dependent sequestration mechanisms, binding to lysosomal 

membranes and phospholipids is assumed to potentiate basic compound 

accumulation in lysosomes (MacIntyre and Cutler 1988; Yokogawa et al. 2002). 

Measuring compound concentrations at the lysosomal level facilitated 

understanding of the relative contribution of pH gradient and/or binding in the 

lysosomal accumulation of compounds. For instance, reductions in lysosomal 

concentrations of basic compounds following cytosol-lysosomal pH gradient 

disruption reflected changes in their total cellular levels (Figure 5-4). However, 

no reductions with lysosomal concentrations were seen for indacaterol 

following pH disruption (Figure 5-4). These results indicate, cellular 

accumulation of indacaterol could be predominantly driven by binding to 

cellular components such as phospholipids, facilitated by its lipophilic and 

zwitterion properties as suggested by the ‘plasmalemma diffusion microkinetic’ 

theory (Anderson, Linden, and Rabe 1994; Lombardi, Cuenoud, and Kramer 

2009). The higher binding of lipophilic β2 agonists than that of polar drugs such 

as ipratropium was in agreement with a role of non-specific binding in their 

cellular distribution (Figure 5-3).  

Permeability measurements across Calu-3 in the presence or absence of 

cytosol-lysosomal pH gradient disruption helped to appreciate the relative 

contribution of lysosomal sequestration and non-specific binding as a tissue 

affinity factor for inhaled compounds. For instance, the predominant role of 

lysosomal sequestration as a ‘lung affinity’ mechanism was evident for dibase 

compound DS81 since this significantly impeded its permeability (Figure 5-6, 

Figure 5-7 and Figure 5-8). However, for β2 agonists increases in permeability 

of molecules due to ‘freed drug’ from lysosomes following pH disruption, 

appears to be depend on cellular binding. This is demonstrated by a lower fold-

increase in the Papp of salmeterol than formoterol in the absorption direction 

(a-b), even though both showed similar extent of reductions (~50 % of control) 

in cellular concentrations (Figure 5-6, Figure 5-7 and Figure 5-8). On the other 

hand, a moderate reductions (~19% of control) in the cellular concentrations 

of indacaterol lead to a 3.5 - fold increase in its permeability (Figure 5-6, Figure 

5-7 and Figure 5-8).These differences could be attributed to their ionisation 

state at physiological pH, where indacaterol and salmeterol are assumed to be 
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predominantly in zwitterion and cation forms, respectively (Lombardi, Cuenoud, 

and Kramer 2009). It was hypothesised that zwitterions permeate membranes 

more effectively than cations or anions, thus explaining the faster onset of 

action for indacaterol than for salmeterol (Lombardi, Cuenoud, and Kramer 

2009). On the other hand, the higher unbound fraction in Calu-3 cell lysates 

for DS81 than for salmeterol and indacaterol explains the relatively low 

contribution of intracellular binding in the cellular disposition of these 

molecules (Figure 5-3). 

Even though this may not be relevant for inhalation therapy, the effects of 

bafilomycin A1 following basolateral exposure thrown some insights onto drug 

secretion mechanisms across the airway epithelium. Earlier studies with 

ipratropium and formoterol established an active secretion across the Calu-3 

apical membrane coupled with uptake mechanisms across the basolateral side 

(Mukherjee, Pritchard, and Bosquillon 2012; Chapter 3). The current study, 

while re-confirming these observations, showed a similar mechanism could be 

involved in the basolateral uptake of salbutamol. Interestingly, bafilomycin A1 

lowered the secretion of ipratropium, formoterol and salbutamol, as a 

consequence of reduced uptake from basolateral side (Figure 5-6, Figure 5-7 

and Figure 5-8, Table 5-1). Considering no effect of bafilomycin A1 on the 

apical uptake and absorptive Papp of ipratropium (Figure 5-6, Figure 5-7 and 

Figure 5-8), a known substrate of OCT transporters (Hendrickx et al. 2013), its 

basolateral inhibitory actions could be attributed to non-OCT mechanisms.  

In order to design molecules with long lung retention, it is essential to 

understand the structural properties required for a high lung tissue affinity. 

Cellular disposition studies in Calu-3 with novel chemical analogues illustrated 

the effect of structural modification on lung retention mechanisms. For instance, 

increased lung tissue retention as a consequence of higher lysosomal 

association was evident with a dibasic compound (Figure 5-9 and Figure 5-10) 

which is characterised by a long absorption half-life. However, for mono bases, 

poor lung retention was in line with its higher permeability, probably as a 

consequence of lower cellular retention and lysosomal association than the 

dibasic molecule (Figure 5-9 and Figure 5-10, Table 5-2). On the other hand, 

low cellular accumulation with no association with lysosomes for quaternary 
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compounds was in agreement with their permanent charge (Figure 5-9, Table 

5-2). These reinforce the low intrinsic permeability of quaternary compounds 

facilitating their lung retention (Figure 5-10, Table 5-2).  

While cell fractionation approach employed in this study claimed to provide 

pure lysosomal fractions, non-specific binding to membranes could potentially 

interfere with lysosomal concentrations. These approaches are well-

recognised to be associated with various technical difficulties such as cross 

contamination with other organelles and release of accumulated drug during 

isolation procedures (Pfeifer et al. 2013). Hence investigations with isolated 

lysosomes using radiolabelled compounds may be required in order to fully 

appreciate the role of lysosomal sequestration as a lung affinity factor for 

inhaled compounds. 

Monitoring the local drug distribution of inhaled bronchodilators is essential as 

they determine the dosing frequency and therapeutic outcome of inhaled 

bronchodilators (Backman et al. 2017). Current studies may aid in 

understanding cellular level availability of drugs and help to optimise 

compound properties for a better lung retention. While incorporating lysosomal 

sequestration improved in vitro - in vivo correlations for basic drug distribution 

in the lungs, including cellular uptake mechanisms was considered to further 

improve these correlations (Assmus, Houston, and Galetin 2017). Thus, well-

established airway epithelial models like Calu-3 with relevant drug transport 

and metabolic properties (Florea et al. 2003) may be invaluable to assess 

inhaled drug distribution at the cellular level. 

5.5. Conclusion 

Previous investigations for characterising the lysosomal sequestration as lung 

retention mechanism for inhaled molecules were limited to rodent lung tissue 

models. However, the use of rodent tissue models could lead to species 

differences and may not represent drug distribution in the human lung. Also, 

evidence for the impact of lysosomal sequestration on absorptive clearance of 

inhaled molecules across the airway epithelial barrier is not yet demonstrated. 

The current chapter presented the application of the human based in vitro 

airway epithelial model Calu-3 for the purpose of studying inhaled drug 
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retention mechanisms for an improved cellular level understanding of drug 

distribution in the lungs. 

The investigations presented here, through mechanistic studies in the 

bronchial epithelial model Calu-3, delineated various mechanisms likely to 

contribute to inhaled drug retention such as lysosomal sequestration, non-

specific binding and permeability across the airway epithelium. Studies in 

Calu-3 cells successfully demonstrated lysosomal association as one of the 

cell retention mechanisms for lipophilic basic inhaled compounds such as the 

long acting β2 – agonist bronchodilators. For permanently charged compounds, 

their lung retention was attributed to a low intrinsic permeability as these 

molecules showed negligible lysosomal association. Both permeability and 

cellular retention measurements in Calu-3 model could partly explain the lung 

retention of various novel molecules with differing structural features following 

their intra-tracheal instillation in rats. Thus, current investigations 

demonstrated the application of the Calu-3 model for investigating inhaled drug 

disposition and indicate the potential of Calu-3 cells for reducing the number 

of animal experiments in the area of inhalational drug delivery.  

However, most of the studies presented in this chapter were performed using 

only a single passage of Calu-3 cells and hence, a caution is required for 

extending the observations reported in the present study for other molecules. 

Further studies employing multiple Calu-3 cell passages would increase the 

confidence in the results presented here.  
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Chapter Six 

 

6. General Discussion 

The majority of the existing lung tissue or cell based experimental approaches 

for characterising drug disposition in the lungs measure either their absorptive 

clearance across the epithelial barrier (e.g., in vivo lung absorption, ex vivo 

lung perfusion and in vitro permeability) or total lung tissue concentrations (e.g., 

whole lung homogenate or lung slice model) (Backman et al. 2017; Cooper, 

Ferguson, and Grime 2012; Darquenne et al. 2016). As a consequence, 

inhaled drug interaction with the various physiological barriers in the lungs and 

how the lung environment influences the fate of drug molecules is not yet fully 

understood (Backman et al. 2017; Cooper, Ferguson, and Grime 2012). 

Current investigations focussed on improving mechanistic understanding of 

inhaled drug interaction with the lung tissue and their distribution at the cellular 

level using the human bronchial epithelial cell line Calu-3. The Calu-3 cell line 

is well-characterised in terms of cell size, volume, tight junction formation and 

as a permeability model under physiologically relevant air-liquid interface 

culture conditions (Florea et al. 2003; Forbes et al. 2015; Foster et al. 2000; 

Grainger et al. 2006; Min et al. 2016).  

In the current study, upon culturing using well-established protocols (Hutter et 

al. 2014; Min et al. 2016; Mukherjee, Pritchard, and Bosquillon 2012), Calu-3 

layers formed tight junctions as indicated by TEER values and the coefficient 

of apparent permeability (Papp) of paracellular markers which were comparable 

with earlier reports (Figure 3-2) (Forbes and Ehrhardt 2005). Permeability 

characteristics of various compounds across Calu-3 layers were in accordance 

with their physicochemical properties and explained their lung retention in rats 

(Figure 5-10). For instance, a permanently charged compound and its 

monobasic analogue were characterised by a low and high Papp, respectively 

in the absorptive direction (a-b) in Calu-3 layers (Table 5-2). These Papp values 
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were in inverse relationship with their lung absorption half-lives (Table 5-2), 

reinforcing a low permeability as one of the lung retention mechanisms of 

inhaled compounds. A dibasic compound was also characterised by a 

significantly lower permeability than a monobasic compound, explaining its 

long lung absorption half-life (Table 5-2) (Figure 5-7). The current results are 

in agreement with previous studies where long absorption half-lives were 

reported for quaternary ammonium and basic compounds, which were 

attributed to their intrinsic low permeability and high tissue affinity, respectively 

(Cooper, Ferguson, and Grime 2012). Thus, the current results with Calu-3 

layers demonstrate their utility as a screening model for inhalational 

compounds for testing their lung absorption potential. Even though previous 

investigation suggests a good correlation between lung absorption in rats and 

permeability in Calu-3 layers, the compounds included were not relevant for 

inhalation therapy (Mathia et al. 2002). Further, the present investigations 

tested structural analogues of same chemical series (DS12 vs. DS13 and 

DS81 vs. DS86, Table 5-2) allowing testing the effect of structural features on 

permeability characteristics of molecules under similar experimental 

conditions.   

This is the first report where lung drug transporters were implicated for both 

uptake and release of inhaled molecules across airway epithelium, thus 

suggesting their influence on local concentrations in the lungs. Most of the 

inhaled molecules were characterised by their polarised transport across Calu-

3 layers as a consequence of their significantly higher Papp in the b-a direction 

than in the a-b (Figure 3-3, Table 5-1, Table 5-2). These results are in 

contradiction to highly anticipated OCT/OCTN uptake transporter mediated 

absorption processes (Hendrickx et al. 2013; Nakanishi et al. 2011; Nakanishi 

et al. 2013) and indicates the presence of more efficient secretion mechanisms 

across the luminal side. Also, permeability along with drug uptake and release 

measurements for ipratropium in Calu-3 layers, in the presence or absence of 

various chemical inhibitors of transporters, lead to hypothesise the existence 

of an efficient transporter-mediated uptake and secretion across the airway 

epithelium (Figure 3-6, Figure 3-7). These support Calu-3 cell layers as a 

suitable model for understanding inhaled drug interaction with transporters 
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proteins and their influence on local drug concentrations in the lungs. Previous 

studies demonstrated the applicability of the Calu-3 model for investing the 

role of transporter proteins relevant for inhaled therapeutics including OCT1, 

OCT3, OCTN1, OCTN2, MDR1 and MRPs (Hutter et al. 2014; Mukherjee, 

Pritchard, and Bosquillon 2012). Also, recently the expression of MATE 

transporters was confirmed, which mediate efflux of their substrates from cells, 

on the apical membranes of the human airway epithelium (Berg et al. 2018). 

However, further investigations are required to confirm the presence of MATE 

transporters in Calu-3 layers to implicate their role in the secretion of organic 

cations as seen for ipratropium (Chapter 3). 

Cellular retention of inhaled molecules as a consequence of their affinity 

towards various cellular components could facilitate their retention in the lungs 

through lowering their absorptive clearance across the airway epithelium 

(Backman et al. 2017; Cooper, Ferguson, and Grime 2012). However, 

systemic investigations demonstrating the role of retention mechanisms for 

increased lung tissue affinity are lacking at cellular level.  The results presented 

in the Chapter 5 of the current study filled that gap, demonstrating the presence 

of efficient retention mechanisms for lipophilic basic amines and zwitterions 

(Figure 5-1) which showed extensive intracellular association and binding in 

Calu-3 cells. On the other hand, low binding to cellular components and 

intracellular association for permanently charged compounds indicate a lack 

of such mechanisms in their cellular disposition (Figure 5-1). Also for basic 

amines with similar basicity (pKa), their lipophilicity (cLogP) appears to have 

driven their intracellular accumulation and lysosomal association (Figure 

5-1,Figure 5-4). This was evident for inhaled molecules in the current study, 

where for molecules such as salmeterol (high pKa and lipophilicity), both 

lysosomal association and extensive cell binding was seen (Figure 5-3, Figure 

5-4). However, salbutamol (similar pKa but lower lipophilicity than salmeterol) 

showed negligible cellular and lysosomal association with a high unbound 

fraction in the presence of Calu-3 cell lysate (Figure 5-3, Figure 5-4). These 

cellular accumulation characteristics of inhaled compounds were in excellent 

agreement with their recently reported lung distribution volumes (Vu, lung) in a 

lung slice model (Backstrom, Lundqvist, et al. 2016). A large Vu, lung seen for 
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basic compounds was attributed to their sequestration in acidic lysosomes, 

while this was attributed to non-specific binding to various tissue components 

for a zwitterion (Backstrom, Lundqvist, et al. 2016). In an extension to the 

above report with a rat lung slice model, current investigations in Calu-3 cells 

provided direct evidence for the lysosomal association of basic and zwitterion 

molecules as a proportion of their intracellular concentrations. In addition, 

cellular disposition studies across the Calu-3 layers demonstrated, for the first 

time, the relative role of lysosomal sequestration and non-specific binding as 

impeding factors for lowering the absorptive clearance of various inhaled 

compounds (Figure 5-8). Thus, studies presented in the chapter 5 supports 

the suitability of Calu-3 cell layers for understanding the contribution of tissue 

affinity factors such as lysosomal sequestration and non-specific binding in the 

overall cellular disposition of inhaled molecules across the airway epithelium. 

6.1. Conclusions 

The cellular disposition of a variety of inhaled compounds was characterised 

using Calu-3 cells as a representative model of the airway epithelium. It was 

demonstrated that transporter-mediated uptake and release mechanisms 

influence the local concentrations of permanently charged compounds such 

as ipratropium. Also, the relative role of lysosomal sequestration and 

nonspecific binding as tissue affinity factors for lipophilic basic amines and 

zwitterions was elucidated. These investigations in Calu-3 cell systems 

explained lung retention mechanisms in the rat lungs for molecules with 

differing physicochemical properties. Thus, contributions of this work include 

cellular level understanding of various factors affecting both absorptive 

clearance and tissue retention of inhaled compounds across the airway 

epithelium. It is hoped that these investigations support using Calu-3 model for 

mechanistic understanding of inhaled drug disposition in the lungs at cellular 

level and reduce the usage of animal-based experiments for this purpose.  
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Appendix A. Chromatographic conditions, calibration curve range and lower limit of quantitation (LLOQ) for various compounds 

 

Compound
CC range

(µM)

LLOQ

(µM)

Retention 

time

(min)

Column

DS12 0.0039 - 0.5 0.0039 2.41

DS13 0.0039 - 0.5 0.0039 2.02

DS81 0.001 - 0.25 0.001 1.42

DS86 0.0078 - 0.5 0.0078 1.32

Ipratropium 0.001 - 0.25 0.001 1.41

Tiotropium 0.002 - 0.125 0.002 1.52

Glycopyrronium 0.002 - 0.25 0.002 3.21

Formoterol 0.0078 - 0.5 0.0078 1.38

Salmeterol 0.0078 - 0.5 0.0078 3.98

Indacaterol 0.0078 - 1 0.0078 4.18

Metaprolol 0.002 - 0.5 0.002 1.42

Salbutamol 0.0039 - 0.25 0.0039 3.74

Imipramine 0.001 - 0.5 0.001 2.19

Liquid chromatography method

ACE Excel 2 C18-

AR 

(50 x 2.1 mm)

Isocratic method -  Methonol with 0.1% 

formic acid and water with 0.1% formic acid

(50:50 v/v)

Isocratic method -  Methonol with 0.1% 

formic acid and water with 0.1% formic acid

(60:40 v/v)

Synergi 4 µm Hydro-

RP 80A

150 x 2 mm

Time (min)
% of methanol with 

0.1% formic acid

0 45

2 90

3 90

6.5 45

Gradient conditions 
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Appendix B. Effect of various compounds on Calu-3 cell viability.  

 

Calu-3 cells were seeded in 96-well microtiter plates (3.2× 105 cells/mL) and 
incubated at 37oC in a humidified incubator under 5% CO2 for 48 hours. Cells 
were incubated with various test compounds for 30 minutes and incubations 
were continued for additional 3 hours following the addition of a 20 µL of the 
MTS containing reagent. Cells treated with a solution of 0.6% v/v Triton X-100 
was included as a positive control, while control cells were only incubated with 
blank HBSS (pH 7.4). At the end of the incubation the formation of a soluble 
formazan product, indicator of metabolically active cells, was measured at 490 
nm using multimode microplate reader Spark® 10M (Tecan). Cell viability was 
represented as % of control group cells. Data are presented as the mean ± SD 
(n=4) from a single experiment.  
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Appendix C. Calibration curve generated using known concentrations of 

bovine serum albumin for determining the total protein concentrations of cell 

lysates collected from inserts of a 12-well Transwells® plate and 24-well tissue 

culture plate.  

 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 or 3.2× 105 cells/mL 

on 12-well Transwell® inserts or in collagen-coated 24-well plates, respectively.  

Cells in Transwell® inserts were cultured under air-liquid interface culture 

conditions for 21 days, whereas 24-well plates were managed for 3-days at 

37oC in a humidified incubator under 5% CO2.  Cell lysates (5 µL) were 

collected from Transwell® inserts (n=4) or 24-well plate (n=6) and protein 

concentration measurements were determined using Coomassie (Bradford) 

Protein Assay reagent (Thermo ScientificTM).  

Protein concentrations (µg/mL) are represented below as mean ± SD, from a 

single experiment:  

Transwell® inserts (n=4) 24-well plate (n=6) 

884.4 ± 270.6 860.7 ± 209.3 

 

y = 2078.3x2 + 183.66x + 32.672
R² = 0.9968
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Appendix D. Multiple reaction monitoring (MRM) transitions, cone voltage and 

collision energy for all the compounds 

Compound MRM transition Cone Voltage 

(CV) 

Collision 

energy (CE) 

DS12 312.5>167.2 28 16 

DS13 326.5>116.2 40 22 

DS81 411.2>166.5 22 34 

DS86 425.2>99.5 50 34 

Ipratropium 332.2>165.9 40 28 

Tiotropium 392.1>151.9 40 28 

Glycopyrronium 318.1>116.1 34 28 

Formoterol 345>148.9 45 18 

Salmeterol 416.2>398 35 15 

Indacaterol 393>173 35 16 

Imipramine 281.2>86 15 35 

Tolbutamide 271.03>172 25 28 

Salbutamol 240.1>148.1 35 20 

Metaprolol 268.5>115.9 35 20 

. 
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Appendix E. Representative calibration curve of formoterol 

 

 

Appendix F. Representative calibration curve of DS81 

 

 

 

 

 

 

Compound name: FORM

Correlation coefficient: r = 0.990956, r^2 = 0.981994

Calibration curve: 3.87915 * x + 0.00280563

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Compound name: DS081

Correlation coefficient: r = 0.990284, r^2 = 0.980662

Calibration curve: 20.1115 * x + 0.0111441

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Appendix G. Representative calibration curve of indacaterol 

 

 

Appendix H. Representative calibration curve of imipramine 

 

 

 

  

 

 

Compound name: Indacaterol

Correlation coefficient: r = 0.987956, r^2 = 0.976057

Calibration curve: 5.26789 * x + 0.0100775

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Compound name: imipramine

Correlation coefficient: r = 0.995966, r^2 = 0.991949

Calibration curve: 56.1264 * x + 0.02341

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Appendix I. Representative calibration curve of ipratropium 

 

 

 

Appendix J. Representative calibration curve of salmeterol  

 

 

 

  

 

Compound name: Ipratropium

Correlation coefficient: r = 0.991967, r^2 = 0.983998

Calibration curve: 26.1284 * x + 0.0112981

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Compound name: SALM

Correlation coefficient: r = 0.998594, r^2 = 0.997189

Calibration curve: 5.30309 * x + 0.00766848

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Include, Weighting: 1/x, Axis trans: None

Conc
-0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400 0.450 0.500

R
e

s
p

o
n

s
e

-0.00

1.00

2.00

Conc

R
e

s
id

u
a

l

-0.0

10.0



Appendices  131 
_____________________________________________________________ 

Appendix K. Representative calibration curve of DS12  

 

 

 

Appendix L. Representative calibration curve of DS13 

 

 

  

Compound name: DS12

Correlation coefficient: r = 0.998286, r^2 = 0.996574

Calibration curve: 2.45855 * x + 0.00299731

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Include, Weighting: 1/x, Axis trans: None
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Compound name: DS13

Correlation coefficient: r = 0.994725, r^2 = 0.989479

Calibration curve: 6.91542 * x + 0.01643

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Include, Weighting: 1/x, Axis trans: None
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Appendix M. Representative calibration curve of DS86 

 

 

 

Appendix N. Representative calibration curve of tiotropium 

 

  

Compound name: DS086

Correlation coefficient: r = 0.989636, r^2 = 0.979380

Calibration curve: 1.54285 * x + 0.00468252

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Compound name: tiotropium

Correlation coefficient: r = 0.992460, r^2 = 0.984977

Calibration curve: 25.2579 * x + 0.00226949

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Appendix O. Representative calibration curve of glycopyrronium 

 

 

 

Appendix P. Representative calibration curve of salbutamol 

 

 

 

 

 

Compound name: Glycopyrronium

Correlation coefficient: r = 0.994612, r^2 = 0.989252

Calibration curve: 66.3105 * x + -0.0108381

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x̂ 2, Axis trans: None
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Compound name: Salbutamol

Correlation coefficient: r = 0.996864, r^2 = 0.993737

Calibration curve: 6.01359 * x + 0.00632307

Response type: Internal Std ( Ref 2 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Include, Weighting: 1/x, Axis trans: None
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Appendix Q. Stability of compounds in Hank’s balanced salt solution (pH 7.4) 

following storage in a freezer (- 20oC) for 7 days a.  

 

Compound 

% of the concentrations on day 7 
in comparison to the average 

concentration on day 0. 

DS12 87.4 ± 10.4 

DS13 100.7 ± 6.0 

DS81 128.0 ± 6.6 

DS86 82.4 ± 2.4 

Ipratropium 108.3 ± 8.8 

Tiotropium 96.4 ± 3.4 

Glycopyrronium 124.2 ± 9.9 

Salbutamol 108.2 ± 6.2 

Formoterol 105.6 ± 4.3 

Salmeterol 131.3 ± 8.3 

Imipramine 94.3 ± 2.5 

a Data are mean ± SD (n=3). Stability data was not generated for 
indacaterol.  

Appendix R. Expression of OCT\OCTN transporter genes in Calu-3 cells 
assessed using semi-quantitative PCR. 

 

Calu-3 cells were seeded at a density of 1 × 105 cells/cm2 and cultured for 21 
days on 12-well Transwell® inserts under air-liquid interface culture conditions 
in a humidified incubator at 37oC under 5% CO2. Expression of OCT1, OCT3, 
OCTN1 and OCTN2 transporter genes in the current batch of Calu-3 layers 
was confirmed Dr Ligia Shemiss using semi-quantitative PCR studies as 
reported earlier from our lab (Mukherjee, Pritchard, and Bosquillon 2012). The 
transporter gene expression was performed in three different cell passages. 
Data was reproduced from Dr Ligia Shemiss PhD thesis with the permission 
(Shemiss 2016). 
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