Effects of Extracellular Surface Interactions

on Mass Transport across Epithelial Cells

Kyoung Ah Min

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Pharmaceutical Sciences)
in the University of Michigan
2013

Doctoral Committee:

Associate Professor Gustavo R. Rosania, Chair
Professor Kyung-Dall Lee

Professor Kathleen A. Stringer

Associate Professor Duxin Sun



© Kyoung Ah Min

2013



To my family and friends

: With my love and respects



Acknowledgements

I would like to express my sincere gratitude to Dr. Gus Rosania for his support
and insightful guidance throughout my Ph.D. training years. He taught me the attitude to
keep discover science in every single experiment. | deeply respect his perseverance and
enthusiasm in his research as a scientist. | also would like to thank my committee
members, Dr. Kyung-Dall Lee, Dr. Duxin Sun, and Dr. Kathleen A. Stringer for their
suggestions and guidance in my project.

| am also grateful to the Department of Pharmaceutical Sciences and the Rackham
Graduate School for supporting me during my Ph.D. | appreciate the funding sources,
Upjohn Fellowship, Warner Lambert & Parke Davis Fellowship, and Rackham
Predoctoral Fellowship.

| greatly appreciate Dr. David E. Smith and Dr. Victor C. Yang for their sincere
advice and suggestions in my project. | thank all my wonderful friends. They were
always there for me to make this long journey for a Ph.D. possible; my classmates,
Meong Cheol Shin, Bei Yang, Kefeng Sun, Deanna Mudie, Maria M. Posada, and Lilly
Roy for their friendship and good memories through all the years; my previous lab
members, Dr. Xinyuan Zhang, Dr. Jing-yu Yu, Dr. Nan Zheng, and Dr. Jason Baik for
their valuable advice and support, and my present lab members, Arjang Talattof and Leo

Arzu for their help and friendship.



I would like to dedicate my work to my parents who supported me with love and
belief throughout my life. Lastly, I greatly thank my husband, Meong Cheol and my two

lovely sons for being beside me all the time.



Table of Contents

D cTo [ToF>1 £ o] o RS OUPR PRI i
ACKNOWIEAGEMENTS ... ii
LISt Of TADIES ... IX
LiST OF FIQUIES .. s X
LiSt OF APPENAICES.....ccvieiieiiie ettt Xiii
ADSTFACT. ... e Xiv
Chapter 1 INtroduUCTION .......cccveiieiiiciece e 1
1.1 BACKGIOUNG ...c.eiiiiiiiieiieeee ettt 1
1.2 Rationale and SIgNifiCANCE...........coociiiiiiiiieee e 5
1.3 Questions and HYPOTNESES .......cecvviiiiiiieiece st 20
1.4 Mechanisms of Extracellular INteractions...........cccccoovevviieieiveie e 21
1.5 SPECITIC AIMS ...ttt 24
1.6 REFEIBNCES ... et bbb 24

Chapter 2  Transcellular Transport of Heparin-coated Magnetic Iron
Oxide Nanoparticles (Hep-MION) Under the Influence of an Applied

MagnetiC FIeld..........ooii 34
2.1 BACKGIOUNG .....c.eoiiiiieeee e 34
2.2 Rationale and SIgnIfiCaNCE.........cceiiiiiiiiic e 36
R T AN o111 - (01 AP OO PRSP 36
P 1011 oo [V Tt o] o ISP PSP PRP 37
2.5  Materials and Methods .........ccooiiiiiiiiiccc e 40
2.6 ReSUItS aNd DISCUSSION........cciiiiieeiiie it et ete st ste e re e sree et e re e sre e reenrees 45



2.7 CONCIUSIONS ..., 52

2.8 ACKNOWIEAQEMENTS ......ooiieieciie ettt sre e ree e 52
2.9 TADIES ..ot sa e 53
20 T T U - USRS 55
2.11  RETEIBNCES ...vviiiecteee ettt ettt e sre e re e 63

Chapter 3  Pulsed Magnetic Field Improves the Transport of Iron

Oxide Nanoparticles through Cell Barriers.........cccoocv v 67
T8 A = 7 T 1 | (0¥ 3T PSSR 67
3.2 Rationale and SIigNIfiCANCE .........ceevuiiieiicie e 68
TR 1 - Uo! PSP RURO USRS 69
K20 101 0o L1 od £ o o OSSR 70
3.5  Materials and MethOdS...........coeieiiiiiiiisineee e 72
BB RESUITS. ...ttt re s 82
T B 1ol U111 OSSR 88
3.8 CONCIUSIONS. ...ttt bbbt bbb renneas 92
3.9 ACKNOWIEAGEMENLS.......ooiieiece et 93
310 FIQUIES ...t e bbbt n bbb 94
3.11 Supporting Information Available ... 101
312 RETEIBNCES. ... oottt ettt bbb 102

Chapter 4 Integrated Pharmacokinetic Approach for Developing Site-

Directed Molecular Probes for Lung.......c.ccccoovviieniniiiiie e, 106
4.1 BaCKOIOUNG ..o 107
4.2 Rationale and SignifiCanCe...........cccevieiiiic i 108
B N 01 1 ot S 109
O | 011 10T [Nt X o] o SR 110
A5 IMEBINOUS ...t e 113
B.6  RESUILS ..ottt re e ear e be b e eaa e 120
O I T 1~ o{ U 11~ o o SR 125
4.8 ACKNOWIEAGEMENTS .....eciiiiiic et rae e 130
e B I 1 ] SR 131
A.10 0 FIQUIES .ottt bbbttt bbbkttt bbbt 132
4.11 Supporting Information Available ...........ccoooiiiiiiici 141
O (= (=T =] = SR 142



Chapter5 The Extracellular Microenvironment Explains
Variations in Passive Drug Transport across Different Airway

Epithelial Cell TYPES ...oooieieece e e 145
5.1 BaCKGIOUNT ....oviiiiiiie ettt st nre e 145
5.2  Rationale and SIgnifiCANCE...........cceiveiiiieiece e 146
5.3 ADSIIACT ... e nreene s 147
5.4 INFOAUCTION ..ottt esreene s 148
55 Materials and MethodS ........c.ooviiiiiiiiiiiieee e 150
5.6 RESUIS ... et ne s 163
5.7 DISCUSSION ....vvivieuieitiesiteieeteestee e sseesteeeesseesteaseesseesseesseaseesseeneesseesseeeesrennsaensens 167
5.8 CONCIUSIONS ...ttt sttt sb et be e 171
5.9  ACKNOWIEAGEMENTS ..o 171
5,10 TADIES ..ttt ne e nreenae s 172
TR I R T TV =T SO USSR 175
5.12 Supporting Information Available ... 183
5.13  RETEIBINCES. ... eiiteeeieeiieieeie ettt te e teebeeneesreeeeereesnaenne s 184

Chapter 6 Enhanced Permeability and Efficacy of Curcumin-

Cyclodextrin Complex in the Airway in vitro and in vivo Model.......... 189
6.1 BaCKGrOUNG ........ooviiiiiiiiiieee e 190
6.2 Rationale and SIgNIfICANCE.......ccoiiiiiiiiiieee e 191
6.3 ADSITACT ... e 194
6.4 INFOAUCTION ...ovieeiiie et sreeeesreenneenne s 195
6.5 Materials and MethodS.........ccoveiiieiieie e 196
B.6  RESUILS ..o et 198
6.7  DISCUSSION ....veiveeeieeiiesieesieeteeste et ssee e e ee s e s teeseesseesaeeseeaseesseensesneesseeneesneenneensens 204
6.8  ACKNOWIEAGEMENTS ... 209
8.9  FIQUIES ..ttt ae e 210
6.10 Supporting Information Available ... 218
6.11  RETEIBNCES ...veiieee ettt et steeeesreennaene s 219

Chapter 7 FiNal DISCUSSION ....c..oiveiiiiieieiiesie e 224
7.1 OVEIVIEW OF RESUITS .....ceveiiiiiiieiese e e 224
7.2 Interpretation Of RESUITS ........covviiiiiiiiicee e 227
7.3 Alternative INterpretations.........ccveiieiieiiie i 231



T4 FULUIE DIFECHIONS......eiiiieieeiiecieeie sttt ettt e enre e
7.5 Overarching ConCIUSIONS .........ccuviieiieiciic e
7.6 RETEIBNCES ..o re e re s enraene s
N o] 0 1= L0 o0 SRS

viii



List of Tables

Table 2-1. Comparing the transport behavior of Hep-MION in HBSS with 10% or 1%
FBS, with or without the applied magnetic field .............ccooeviei i, 53
Table 2-2. Transport behavior of Hep-MION dispersions (0.2575 or 0.412 mg/mL) with
or without an applied magnetic field. ..........ccooe i 54
Table 4-1. Results of parameter exchange analysis. .........cccooevveiiiieveccc e 131
Table 5-1. Lucifer Yellow (LY) permeability (Pesr) measurements in Calu-3, NHBE, and
Mixed cells with different mixed ratios on day 8 of ALI cultures.........ccccccovevverneennn. 172
Table 5-2. Optimized parameters for Calu-3 or NHBE cells, and the range of starting
values used for the Optimization PrOCESS. .........cccviiiiiiirieie e 173

Table 5-3. Parameter sensitivity analysis results using the Calu-3 and NHBE cell models.



List of Figures

Figure 2-1. Physicochemical characterization of Hep-MION. ...........cccccoeveiieiicie i, 55
Figure 2-2. Stability of Hep-MION dispersions in physiological buffers. ..................... 56
Figure 2-3. Diagram of the experimental SEt Up. ........cccvevviiiiiecie i 57

Figure 2-4. Quantitative analysis of apical-to-basolateral (AP-to-BL) mass transport of
Hep-MION across MDCK cell MONOIAYETS. .......cccveieeiiieieiiccece e 58
Figure 2-5. Bright field microscopy of MDCK cell monolayers on polyester membrane
(pore size: 3 um) after transport experiments with Hep-MION. ............cccoeiiiiiiieieenne. 60
Figure 2-6. Lucifer Yellow (LY) uptake in the presence and absence of Hep-MION was
investigated in transcellular transport experiments, with and without the
MAGNELIC TIBIU. ... 62
Figure 3-1. MNP transport experiments were carried out using Transwell inserts. ........ 94
Figure 3-2. Mass transport of MNPs across MDCK cell monolayers was differentially
affected by increasing MNP concentrations (0.412 or 0.659 mg Fe/mL) under various
magnetic field conditions (NMF corresponds to “no magnetic field”; CMF means
“constant magnetic field”; and, PMF is “pulsed magnetic field”; N=3). .......ccccoeee. 95
Figure 3-3. Mass balance analysis revealed different fractions of MNPs associated with
different compartments, after transport experiments across cell monolayers under

different magnetic field CONAITIONS. ........cooiiiiiiiii e 96



Figure 3-4. Visible, magnetically induced aggregation of MNPs in suspension decreased
in size with increasing distance from the Magnet. ...........ccocoiviiiniieieic e 97
Figure 3-5. Transmission electron microscopy (TEM) revealed different sizes of MNP
aggregates associated with cell monolayers after transport experiments under different
MAagNEtiC fIeld CONTITIONS. ......c..iiiiieicie e 98
Figure 3-6. Transmitted light and confocal epifluorescence microscopy revealed MNP
aggregates on cell monolayers and pores of the polyester membrane after 90 min
transport studies with MNPs at high MNP concentration (0.659 mg Fe/mL). ................. 99
Figure 3-7. Descriptive diagram summarizing the different spatiotemporal behaviors of
MNPs under various magnetic field conditions (NMF, CMF, or PMF) based on our
quantitative and microSCopiC ODSEIVALIONS. ..........ccoiiiiieiieie e 100
Figure 4-1. General methodology of integrative, cell based transport modeling. ......... 132
Figure 4-2. Virtual screening of monobasic compounds based differential tissue

distribution in the airways and alveoli, using combinations of logP, and pK, as input

Figure 4-3. Simulations of local pharmacokinetics of MTR and Hoe after IV and IT
AAMINISTIALION. ...ttt bbbttt e bbbt 135

Figure 4-4. Probing the intracellular retention of Hoe along the plane of a cell monolayer

......................................................................................................................................... 136
Figure 4-5. Probing the intracellular retention of MTR along the plane of a cell
110 1] F- N SRS U PSSRSO 137
Figure 4-6. Fluorescent confocal images of NHBE cell multilayers on the porous
membrane with Z-stacks stained with MTR, Hoe and LTG.........cccccoovviiiieieicncnnne, 138

Xi



Figure 4-7. Tiled fluorescent micrographs of coronal cryosections obtained from the left
lung of a mouse that received either an IV (A, C, E, G) or IT (B, D, F, H) dose of a
MIXtUre of HOE aNd MTR ...t 139
Figure 5-1. Mixed cell cultures exhibited a variety of properties similar to those of pure
Calu-3 and NHBE cells depending on the relative ratio of the two cell types. .............. 175
Figure 5-2. Confocal 3D image analyses of the mixed cell cultures confirmed TEER
values of the monolayer or multilayer architecture of airway epithelial cells................ 176
Figure 5-3. The fraction of Calu-3 and NHBE cells in cell populations consisting of pure
(a) Calu-3 and NHBE cultures and mixed cell cultures (b, c) were estimated by fitting the
distribution of cell volumes in the mixed cell population using a normal mixture
StAtiStICAl MOEL. ....ooveeeeecee e 178
Figure 5-4. PR is not metabolized to any significant extent in NHBE or Calu-3 cells
based on LC/MS 10N Chromatograms. .........c.cooiiiriiieiieie e 180
Figure 5-5. In 1/1 mixed cell monolayer co-cultures, the individual Calu-3 cells (a, c)
exhibited lower PR mass transport rates as compared to the corresponding NHBE cells (b,
(0 ) TR OSSPSR RSTPTOPSRPRIN 181

Figure 5-6. In 1/1 mixed cell co-cultures, the measured intracellular uptake of PR in the

individual Calu-3 cells (a, c) was less than that of individual NHBE cells (b, d).......... 182
Figure 6-1. CDC promotes curcumin transport across lung epithelial cells. ................. 210
Figure 6-2. CDC promotes curcumin association with lung epithelial cells. ................ 212
Figure 6-3. CDC fluorescence is associated with lung cells in Vivo. ... 214
Figure 6-4. CDC reduces LPS-induced lung inflammation. ............cccocoeviiiincinnnnn. 215

Figure 6-5. CDC attenuates lung injury and edema following LPS administration. ..... 217

xii



List of Appendices

Appendix A. Supporting Information in Chapter 3.........ccccov v 243
Appendix B. Supporting Information in Chapter 4 ... 252
Appendix C. Supporting Information in Chapter 5 .........ccccccveve v 303
Appendix D. Supporting Information in Chapter 6 ............ccocviiiiiicicieee s 303

Xiii



Abstract

Transport of molecules across cells is an important determinant of the absorption,
distribution, and elimination properties of therapeutic agents in the body. While the
ability to predict and control the absorption, distribution and elimination properties of
therapeutic agents has been a long-standing goal in pharmaceutical sciences, cells are
structurally and functionally complex, and in many cases transport phenomena have
proved difficult to accurately model and predict, purely based on the internal organization
of the cell. To address why this may be the case, this thesis combined microscopic
imaging, mass transport measurements, and computational modeling, to investigate two
complex cellular transport phenomena: i) uptake and permeation of magnetic
nanoparticles across a canine kidney epithelial cell line, in the presence of a magnetic
field; and, ii) uptake and permeation of small drug-like molecules across airway epithelial
cells of different origins. For experiments, four kinds of transport probes were used: 1)
superparamagnetic iron oxide nanoparticles that exhibited variations in transport kinetics
under a pulsed vs. constant magnetic field; 2) two fluorescent probes (MitoTracker® Red
or Hoechst® 33342) that exhibited differences in distribution in the airway and alveoli;
3) a passively diffusing small molecule drug (propranolol) that exhibited differences in
transport behavior across different airway epithelial cells; and, 4) a highly insoluble

compound (curcumin) that exhibited differences in transport across airway epithelial cells

Xiv



in the presence of a complexing agent. Effects of spatiotemporal variations in a magnetic
field on the extent of particle aggregation on the extracellular cell surface should be
considered to optimize particle formulations and magnetic field applications for
magnetically-guided targeting. For local lung delivery, absorption and distribution of
inhaled formulations should be screened in the biorelevant cell model, by considering
effects of local extracellular interactions. Altogether, the results of experiments and
analyses show innovative approaches to interpret cell-based transport data in a more
accurate manner by analyzing local molecular interactions and diffusion phenomena
occurring at the extracellular surface of cells for a variety of transported materials
ranging from small molecules to nanoparticles. Based on cell-based transport studies,
quantitative microscopic imaging and in situ cellular pharmacokinetic modeling can
potentially predict transport phenomena of drug-like molecules in vivo by dissecting

variables resulting from extracellular surface properties.
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Chapter 1

Introduction

1.1 Background

1.1.1 Cell permeability as a determinant of drug transport and distribution

in the body (Pharmacokinetics)

In our body, there are physiological barriers composed of cells and interstitium.
Xenobiotics must overcome those cell barriers to go into action sites such as the blood
stream or deep tissues. Essential organs have well-differentiated epithelial and
endothelial cells to control the absorption and distribution of xenobiotics as well as
nutrients. After administration, drug molecules are to be distributed from the aqueous
environment (e.g., gastric fluid, blood, or extracellular fluid) into the tissue compartments
and target cells. Measurements of cell permeability with drug-like molecules in the
representative cell-types of the target tissues or organs can provide knowledge about how
the drug molecules can be absorbed and distributed in the target sites. Cell Permeability
is a key concept in terms of being able to understand the distribution of drugs in different
compartments of the body. There have been enormous efforts to develop cell culture
models for the purpose of drug screenings in the context of absorption, distribution,

metabolism, excretion and toxicity (ADME/Tox) and drug efficacy/acting mechanism.
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Drug permeability measurements using various cell models have facilitated high
throughput screenings of drug candidates with appropriate physicochemical properties to
ensure the distribution of drugs from the site of administration into the target tissue or
organ. Cell permeability measurements are important tools for the early stages of drug
discovery and development process. Permeability measurements of oral drugs in the
Caco-2 cells as the cell model for intestinal absorption studies were well-correlated with
drug absorption and distribution in vivo (1, 2). Blood-brain barrier (BBB) cultures are
useful to study permeation of brain-targeting drugs for central nervous system (CNS)
drug discovery/development (3). In addition to oral or brain delivery, there are a variety
of useful cell models for permeability assays in the field of drug delivery (i.e.,

transdermal, nasal, ophthalmic, buccal, or lung delivery, and so on).

1.1.2 Structural (anatomical) role of cell monolayers in separating different

body compartments

Organs and tissues in our body are separated from each other by specialized
surrounding cell structures called epithelial cell monolayers. This anatomical barrier is
the site of transport, barrier, and secretory processes and plays a role in maintaining
different body compartments. For example, intestinal epithelial mucosa layers separate
the gut lumen from the body, endothelial cells in the capillaries of BBB separate the
blood stream from the brain, and the airway epithelial cells separate the airway lumen
from the blood circulation. Plasma membranes of the epithelial cells act as permeability
barriers for the substances in the cell surface. The plasma membrane composed of lipid
bilayers, proteins, carbohydrates, or cholesterol, etc controls the structures as well as

absorptions dynamically. Epithelial cells directly contact with neighboring cells via



junctional complexes (4) such as tight junctions, gap junctions, and desmosomes, which
are essential for more effective chemical and physical barriers as intact cell monolayers.

These junctions can help prevent diffusion of solutes around the cells.

1.1.3 Functional (physiological) role of cell monolayers determining the rate

of drug transport between adjacent body compartments

Lipid compositions in plasma membranes of the epithelial cell monolayers mainly
determine the fate of drug molecules in terms of absorption/distributions according to the
lipophilicy of the molecules. Passive diffusion is a main pathway of drug transport
through the epithelial cells. However, for some types of drug molecules, there are other
ways for absorptions by active transporters expressed on the cell membrane. These
functional protein complexes can affect the absorption of their substrates (e.g.., nutrients
(glucose or peptides) or chemicals) and contribute to the polarization of the epithelial
cells. G. L. Amidon et al. showed that the permeability properties of cells that line the
intestinal mucosa determine the rate of absorption of orally-administered drugs from the
intestinal lumen (5, 6). Peptide transporters expressed on the epithelial cells in the
gastrointestinal (GI) tract are key determinants of peptide-like drugs’ uptake in the body
as shown in D. E. Smith et al.’s work with PEPT1 and PEPT2 proton-coupled
oligopeptide transporters (7). Efflux transporters play roles to remove drug molecules
from cells, which have been reported as multidrug-resistance transporters (8). As a
representative efflux pump, P-glycoprotein (P-gp) expressed in epithelial cells lining the
gut is regarded as important to keep certain drugs (P-gp substrates) from entering the

body (9, 10).



1.1.4 The concept of cell permeability as applied to whole body, systemic

(PBPK) modeling

Now, it is evident that cell permeability may be important for capturing the
transport kinetics of drug molecules in the different organ compartments. In the
mathematical models for predicting molecular transport/distributions, the concept of
permeability has been used in various perspectives. From the mid 1970s, all the way
through the 1990s and then eventually in P. Poulin’s and M. Rowland's predictive PBPK
models (11-13), permeability across compartment boundaries of the cells was
incorporated into physiologically-based pharmacokinetic (PBPK) modeling. Permeability
was used as an essential parameter in the compartmental, non cell-based mechanistic
organ models, such as G. L. Amidon et al.'s basic gastrointestinal theoretical model
(1995-1997) (6), which was the beginning of the mechanistic ACAT (advanced
compartmental absorption and transit) model (GastroPlus™) for capturing drug
absorption from the GI tract into the body. Lastly, in the pioneering works related to
mechanistic cell-based pharmacokinetic models, cell permeability has been useful for
capturing molecular transport and distribution in the cells and subcellular organelles
(kinetic models by S. Balaz et al., S. Trapp et al., and K. S. Pang et al. (1985-2008) (14-
19), leading to predictive 1CellPK transport models by X. Zhang et al. and N. Zheng et al.
(2006-2010) (20-23) which allow calculation of cell permeability). Cell permeability is
also a major component to be considered in the context of the integration of 1CellPK
models with the predictive compartmental organ model (24). This allows understanding
local differences in drug absorption and distribution at the cellular and tissue level in the

context of local differences in cell architecture and local variations in permeability.



1.2 Rationale and Significance

1.2.1 Paradigm shift in drug development process

Today, the burden on research and development budget of pharmaceutical
companies is increasing by escalating costs for drug development and drug attritions. A
recent report has mentioned that the final price to get a successful drug on the market
might be more than a billion dollars with research time running into more than 10 years
(25). However, FDA drug approvals have declined or remained flat through these years.
It has been estimated that about 40-60% of such failure are caused by the deficiencies of
ADME/Tox (26, 27). The significant failure rates of drug candidates in the late stages of
drug development process have evoked the need for development of new in vitro, in vivo,
and in silico tools that can eliminate inappropriate compounds before wasting substantial
resources. Accordingly, a paradigm shift has occurred in the initial phases of the field of
drug discovery and development. In the traditional drug design paradigm, the central
stage focused on the activity and the specificity of a drug candidate, while some other
properties, especially those related to ADME/Tox, are only considered at a later stage.
The in vitro screening in the traditional paradigm usually failed to lead to good drug
candidates because compounds with high molecular weight and lipophilicity tend to have
high potency but poor absorption/distribution behaviors.

Therefore, in addition to the screening of pharmacological activity, ADME/Tox
properties of a drug are now considered at an early stage to select drug candidates. Now,
it is widely believed that the commercial success of a new chemical entity (NCE)

depends on ADME properties with pharmacological activity. However, even though
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combinatorial chemistry, automation, and high throughput screening (HTS) have
contributed to test numerous compounds in a comparatively short time, success rate of
clinical testing to final approval has remained low. Greater than 90% of the compounds
entering phase | clinical trial failed to go on market and so did 50% going into phase IlI
(27). Thus, the task of screening discovery compounds for biopharmaceutical properties
(e.g., solubility, intestinal permeability, metabolic stability and recently drug-drug
interaction) is now a major challenge facing the industry. It is highly demanding to
develop the mechanism-based pharmacokinetic model to define physicochemical
properties of drug-like molecules which can exhibit optimal pharmacokinetics in clinics

with high efficacy, low clearance, and low toxicity.

1.2.2 In Silico model development to predict pharmacokinetic properties

In the early- to mid-1990s, assaying numerous compounds was enabled by the
advances in automation technology and experimental ADME/Tox techniques such as the
in vitro permeability screening, the metabolic stability screening using hepatocytes or
microsomes and the cytochrome P450 inhibition assays (28). In addition to the
development of high throughput screening experimental assays, it was also urgently
needed to develop effective computational methods for predicting ADME/Tox-related
properties. Until now, many computational approaches have been developed for the
ADME/Tox properties, such as bioavailability, aqueous solubility, intestinal absorption,
blood-brain barrier penetration, drug-drug interactions, enzyme, transporter, plasma-
protein binding and toxicity (29). Substantial progress has been made in developing a

broad spectrum of models for estimation of drug absorption/disposition.



For the compounds to be developed with drug-like properties, the Lipinski’s ‘rule-
of-five’ has been considered as a general principle to distinguish drug-like molecules
from nondrug-like molecules. This rule, the most popular filter for ADME predictions,
was proposed by Lipinski and coworkers in 1997 from analysis of 2,245 drugs from the
World Drug Index (30, 31). They found that poor absorption and permeation are more
likely to occur when molecules have properties such as: 1) molecular weight >500, 2)
calculated logP >5 (CLOGP), 3) number of hydrogen-bond donors (OH and NH groups)
>5, or 4) numbers of hydrogen-bond acceptors (N and O atoms) >10. However, this rule
should be regarded as a minimum criterion of a molecule to be drug-like. In fact, most
compounds that fall within the ‘rule—of-five’ were found to have no potential to lead to a
drug. Therefore, a lot of in silico models have been developed to predict drug-likeness in
specific manners. Predicting the ADME properties were performed in two different ways:
molecular modeling and data modeling. For molecular modeling, pharmacophore
modeling or molecular docking has been used to explore the potential interactions
between the small molecules and proteins known to be involved in ADME processes,
such as cytochrome P450s, receptors or transporters (32). For data modeling, quantitative
structure-activity relationship (QSAR) approaches have been applied using statistical
methods (multiple linear regression (MLR), modern multivariate analysis techniques or
machine-learning methods), based on appropriate descriptors. Currently, there have been
many trials to establish QSAR model or statistical fitting model for drug absorptions or
drug interactions with the metabolic enzymes or efflux transporters in the liver, intestine,

blood-brain barrier. The QSAR model needs large datasets of molecules for the model



training, which may not be feasible for model development for inhaled drugs due to a
lack of data with lung-targeting small molecules.

In contrast to these empirical models, mechanistic physiologically-based models
predict more relevant kinetic parameters to physiological conditions without needs of
large training sets of molecules and statistical fitting. Mechanistic models consider
physiological, biophysical parameters and physicochemical properties of small molecules
and input parameters should be based on scientific knowledge. As representative,
pioneering studies in this area, S. Trapp and his coworkers have developed non-polarized
suspension cell model to explain the cellular transport and intracellular accumulations of
the small molecules in tumor cells, based on their prior plant cell model (16, 33). Basic
principles in their models include: mass balance, Fick’s law of passive diffusion, Nernst-
Planck equation, Henderson-Hasselbalch equation, pH-partitioning theory, and ion-
trapping mechanism. Using these principles, they explained molecular uptake and
accumulations in each compartment, including cytosol, mitochondria and lysosomes as
subcellular compartments. Suborganelles were defined as compartments based on
morphology and physiology. In comparison, S. Balaz et al. divided cellular
compartments into N compartments, which were composed of alternating agueous and
lipid phases as a catenary chain to describe kinetics of drug disposition and subcellular
distribution (15, 34). In addition to the suborganellar distribution, drug metabolism has
been studied as an important component for the cell-based pharmacokinetic models.
Various catenary models to predict ADME profiles of small molecules in liver or
intestine have been developed to include passive diffusion, protein binding, drug carriers,

and efflux transporters and metabolic enzymes by K. S. Pang et al. (18, 19).



On the basis of these pioneering works, the state-of-art cellular pharmacokinetic
model (1CellPK) was established by X. Zhang et al. to capture drug transport across
membranes and also intracellular distribution into suborganelles such as mitochondria or
lysosomes of the polarized epithelial cell in the presence of the apical to basolateral
concentration gradient of monobasic molecules (20). The model was constructed with the
coupled differential equations describing the mass balances in the multi-compartments by
the Fick-Nernst-Planck equation. Passive diffusion was modeled by the Fick’s law of
diffusion for neutral molecules, and by combination of the Fick’s law of diffusion and the
Nernst-Planck equation for ionized molecules. This model considered both the
physiological properties of the cells and physicochemical properties of the small
molecules, and gave quantitative predictions of drug transport as well as concentration-
time profiles in the functional subcellular organelles (mitochondria or lysosomes).
1CellPK showed good prediction of permeability in Caco-2 cell monolayer for
monobasic drugs, and also for lysosomotropic drug molecules (20, 21, 23). Further,
1CellPK was utilized to develop the in silico lung model and also PBPK model for

inhaled drug molecules (24).

1.2.3 Invitro cell-based assays for optimizing inhaled drug formulations

As the most convenient method for medication, oral administration has been
widely studied with various models for different drug molecules ranging from small
molecular compounds to large molecules such as proteins. For accurate and effective
prediction of intestinal absorption, several in vitro methods have been developed. Among
them, the most popular cell-based models for intestinal permeability were Caco-2 or

MDCK (Madin-Darby canine kidney) cell culture systems (2, 35, 36). As another



important route of drug delivery, inhalation to airway in the lung is a well-established
means for treating respiratory diseases with rapid onset of drug action, low systemic
exposure, and reduced adverse effects (37, 38). The immediate onset of drug action is
absolutely necessary to relieve acute asthmatic symptoms. By this route, pharmaceutical
aerosols delivering the bronchodilators or glucocorticoids can obtain the high local
concentrations of drug molecules in the target cell to treat asthma, chronic obstructive
pulmonary disease (COPD) or pulmonary hypertension. On the other hand, the inhalation
has been utilized for systemic drug delivery of the drugs with poor oral absorption such
as peptides, proteins, or oligonucleotides into the deep lung regions due to the advantage
of large absorptive area and comparatively low metabolism (39). As the global
importance and rising prevalence of chronic respiratory diseases have been recognized,
research for upper respiratory treatment is increasing in industry and academia (40). Even
though inhalation has been used for delivering the drugs with diverse physicochemical
properties, there has been little study about the relationship between the physicochemical
properties of drug molecules and their pharmacokinetics in the respiratory system.

While most research has been focused on drug pharmacokinetics in the intestine,
liver, or blood-brain barrier, few studies have been done about the drug transport and
metabolism in the lung. Assessing the fate of the inhaled drugs is difficult due to the
inaccessibility, delicate nature or complex structure of lung. In order to increase local
drug concentration and decrease systemic bioavailability, transport mechanism and
metabolism of the inhaled or oral drugs for pulmonary diseases have to be investigated.
The interpretation of results in the animal or tissue studies (41, 42) can be complicated by

inter-species variation and imprecise drug delivery into the lung. Commonly used ex in
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vivo experiments for lung absorption studies, isolated perfused lung (IPL) (43) requires
specialized techniques to maintain structural and functional integrity of the lung.
Compared to complex experimental system, the use of airway epithelial cell cultures such
as Calu-3, 16HBE140-, or NHBE has advantages in mechanistic analysis about drug
transport and metabolism in lung (44-46). The culture conditions on the transwell inserts
have been well characterized for these cells under air-liquid interface (ALI) or liquid-
liquid interface (LLI) culture conditions (46, 47). These in vitro cell-based assays have
been used to study drug absorption, distribution or toxicity in airway (48-50). The in
vitro-in vivo correlations in drug permeability have been reported with these cell cultures
(51). Especially, Calu-3 has been widely utilized for drug permeability screening as well
as studied for dissolution kinetics of particles (52, 53). It has been recognized as a
promising airway cell model for optimizing the inhaled drug formulations (i.e., size,
shape, or charges of drug particles).

For in vitro respiratory epithelial cell model, various immortalized cell lines (e.g.,
A549, L-2, H441, and MLE-15) have been characterized for the drug absorption
including paracellular markers (54). However, significant variations in transepithelial
resistance measurements from these cells among different laboratories make it very
difficult to interpret drug transport data. In contrast to the lack of functional tight
junctions in these immortalized cell monolayers (55), primary cultured pneumocyte
monolayers appeared to show reliable tight junctions as useful in vitro cell culture models
for drug absorption assays (56). As an in vitro biological microfluidic system of 2 cm-
polymer chip, lung-on-a-chip was developed to study efficacy or toxicity of the inhaled

drug formulations by reproducing the conditions of alveolar capillary interface in the lung
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and mechanical environment of breathing (57). This biomimetic microsystem could
reproduce organ-level response to different cell stimuli such as cytokines in
microenvironment of the physiological lung and be utilized to investigate the interactions

between particles from the inhaled formulations and the respiratory system.

1.2.4 Invitro cell-based assays for optimizing nanoparticle formulations

Nanobiotechnology plays an important role in the paradigm of drug
discovery/development process. Nanoparticles made from biocompatible materials have
contributed to improving the ADME properties of drug molecules ranging from small
molecules to large molecules (e.g., DNA, Protein, siRNA) and also utilized to facilitate
drug targeting and enhancing drug efficacy with lessened side effects (58-60). In a
parallel of advances in nanotechnology with nanofabrication, nanofluidics and nanoarrays,
there have been various types of cell-based assay developments for different purposes
(61). Various cancer or normal cell-types were used for testing the efficacy, toxicity, or
targeting efficiency of nanoparticles for cancer diagnostic or therapeutic purposes (62-64).
Advanced imaging techniques have been used in the process from characterization after
synthesis, mechanistic studies (i.e., endocytosis), to application of the nanoparticles (i.e.,
transmission electron microscopy (TEM), confocal microscopy, magnetic resonance
imaging (MRI)) (65-68).

Recent significant advances in nanoparticle technology have made it possible to
integrate drug delivery, targeting and imaging into a single nanoparticle (62). This
nanotheranostics combines drug therapy and diagnostic imaging using nanoparticle
carriers, exhibiting significant clinical benefits. Superparamagnetic iron oxide

nanoparticles (MNPs) have been recognized as feasible, biocompatible, stable
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nanotheranostics for tumor imaging and drug delivery. MNPs can be used for MRI
contrast agents (69) and easily modified on their surface with other biocompatible
materials for the purpose of targeting or increasing stability in the blood stream (70). The
surface coating can prevent particle precipitation and also protect the particles from being
taken up by the reticular endothelial system (RES) such as macrophages in the circulation
in vivo (71, 72). Modifications on surface charge or size of MNPs can enhance the
interactions with the target cells and accordingly, cellular uptake (73-75). By the applied
magnetic field, more amounts of MNPs locally or systemically administered can be
detected in the target sites than in the neighboring cells (76-78).

Magnetofection is to enhance drug or gene delivery with MNPs into the cells by
the externally applied magnetic field (79). MNP formulations for hyperthermia treatment
can be tested in vitro tumor cell cultures. This assay utilizes the characteristics of tumor
cells being more thermosensitive than the normal cells. The hyperthermia can be obtained
by applying alternating magnetic fields of suitable frequencies that produce heat
dissipation through the oscillation of MNPs’ internal magnetic moment to kill the tumor
cells with MNPs. With the in vitro cell-based system, the field strength or frequency of
the magnetic field have been adjusted to optimize the MNP formulations to achieve better
efficiency of magnetofection (80) or hyperthermia (81). For the cell/tissue engineering,
cell micropatterning with the magnetic field applications could be used to generate
microengineered platforms. External magnetic field can enhance cell-seeding into three-
dimensional scaffolds using MNPs (82).

For the ADME/Tox studies, Caco-2, MDCK, Calu-3 cells, blood brain barrier

(BBB) in vitro assays or primary cell cultures have been used to characterize the
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functionalized nanoparticles (e.g., polymer or lipid-based nanoparticles) in the context of
transport/absorption as drug carriers (83-87). The in vitro BBB cultures were used for
optimizing MNP formulations for brain targeting and MRI (88, 89). For inner ear
diseases, the round window membrane (RWM) cultures composed of MDCK cells and
fibroblasts (90-92) have been used to test transport efficiency and cellular uptake of
MNPs. The in vitro studies about MNP transport across the cellular barriers under the
magnetic field application should be more investigated for various batches of MNP
formulations because it is hard to disseminate the effects of magnetic field on the
interaction of MNPs with the cells from other physiological factors in the in vivo settings.
It is meaningful to examine how MNPs interact with the cell surface under different
magnetic field conditions in various initial doses of MNPs because administered doses of
particles should be adjusted according to the magnetic field application and different
MNP formulations for better ADME behaviors. With this initiative, my thesis work
examining the transport/uptake of MNPs in MDCK cells on transwell inserts under
different magnetic field application is expected to have an impact on the field of magnetic

targeting and MRI.

1.2.5 Considerations in cell-based assay system for pharmacokinetic profiles

Due to the flexibility and low costs, in vitro cell-based model using the epithelial
cells cultured on transwell inserts is useful for high throughput screenings of new
chemical entities (NCE) or drug compounds with modified physicochemical properties.
Epithelial cells are the main barrier for drug absorption when drug molecules are
administered. Absorption of a drug molecule across cell barriers includes two stages:

dissolution and membrane transfer. After administration, the drug molecule is dissolved
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in the aqueous phases of the cell surface. The dissolved molecule is then transferred
across the actual barrier composed of lipid bilayer membranes to reach the blood
circulation. Then, the dissolved molecule crosses the biological membranes of the
epithelial cells by two pathways of passive diffusion processes, transcellular (through the
lipid bilayer membrane) and paracellular (via the pores of tight junctions), driven by a
concentration gradient (93). The balance between the two pathways can be controlled by
lipophilicity of the compound, which can be estimated by logP values (logarithm of
octanol/water partition coefficient). At present, most of pharmaceutical research in
industry or academia is focused on enhancing transcellular transport and increasing
bioavailability in target sites with less toxicity or side-effects by reducing unnecessary
accumulations of drug molecules.

The in vitro models with the respiratory cells (Calu-3 or 16HBE140- cells) or
other epithelial cells such as Caco-2, MDCK cells have been proven to be reliable models
for the drug transport, so far (2, 36, 45). Yet, the experimental results found in various
research sources show discrepancies caused by the different experimental settings or
variations in the experimental system, even with the same drug molecules. The most
reproducible and robust method should be established for measuring drug permeation and
bioavailability by taking account of all the key factors determining drug transport
measurements in order to guide more accurate data interpretation for reliable information.
Transcellular transport of drug across cells could be affected by not only the
physicochemical properties of drug molecules, but also cell surface properties - effective
cellular penetrations could be determined by extracellular interactions between drug

molecules and the cell surface. So far, few studies have been done to investigate
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interactions between drug molecules and the cell surface, which is important to optimize
drug absorption and distributions for better behaviors after drug administration. Different
cell surface properties of different cells from various origins may influence the drug
absorption, distribution and affect plasma concentrations, drug concentrations in target
sites, and pharmacokinetic profiles (drug bioavailability, clearance, volume of
distributions, eliminations).

Permeability and solubility are important pharmacokinetic properties as they are
the main determinants of cellular penetration and bioavailability (increasing drug
concentrations in plasma or target sites). There are several strategies to enhance drug
permeability or solubility. Various co-solvents (e.g., DMSO, ethanol, etc) have been used
to resolve solubility issues, but those had disadvantages related to toxicity with the using
doses (94, 95). Biocompatible reagents such as cyclodextrins, lipids or polymers have
been utilized to increase solubility of poorly soluble drug molecules and also enhance
transcellular permeability of drug compounds (96-99). Nanoparticle technologies have
been also widely used to improve those properties of drug compounds in the market (100,
101). Moreover, the nanoparticles fabricated with active moieties such as antibodies or
ligands have been used for active targeting to specific sites with less drug accumulation
in unwanted sites (102, 103). The strategies using magnetic nanoparticles with externally
applied magnetic field have been studied as a tool for active targeting or imaging as
diagnosis or therapeutic purposes (e.g., MRI) (104, 105). Different cell types may
produce different extracellular environment under the physiological or diseased
conditions; pH conditions, compositions of ions, membrane surface area/microvilli,

development of mucins/proteoglycans, hydration properties, ciliary motility, diffusion
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boundary layers. These factors determining the cell surface microenvironment can
influence the extracellular interactions between the cells and drug molecules or the
moieties of drug complexation agents or drug carriers and, in further, affect drug
permeation and distribution.

The significance of my work shown herein is that the integration of permeability
measurements using a cell-based model with microscopic imaging and mathematical
modeling can help interpret drug transport assay data in a more accurate way to provide
the pharmacokinetic profiles of drug-like candidates (ranging from small molecules to
nanoparticles). This can be used as a rational guide for drug discovery through chemical

modification for the purpose of drug targeting to overcome biological barriers.

1.2.6 Significance of cell microenvironment

Cell microenvironment refers to local surroundings with which cells interact
through various chemical and physical signals and therefore has a profound influence on
the behavior, growth and survival of cells (106). Biochemical components of cell
microenvironment include molecules and compounds such as nutrients, hormones or
growth factors in the fluid surrounding cells in organisms and play important roles in
determining the characteristics of cells (cell heterogeneity). A physical component of a
cell microenvironment includes the extracellular matrix (ECM) which provides not only
mechanical and structural support to cells (107, 108), but also spatial coordination of
signaling processes via soluble ligands or transmembrane receptors (109, 110). The
ability of cells to sense the chemical, mechanical and topographical features of the ECM
is important to maintain homeostasis including host defense immunity. Consequently,

dysregulation or mutation of ECM components and fluid compositions may result in a
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broad range of pathological conditions (106, 111-113). For instance, lung carcinoma was
reported to express fewer integrins than did the normal bronchial epithelium (114). Thus,
the cell microenvironment defines the physical and chemical interactions that control
cellular physiology and fate. Cell microenvironment is known to play key roles in cancer
progression and metastasis (115). Development of tight junctions in most cell barriers
(e.g., blood-brain barrier, intestine, lung) is crucial for transport control of xenobiotics
(116, 117) and cells with intact tight junctions have been utilized for drug
transport/absorption studies in various fields.

Major ECM components in epithelial cells/tissues are various types of collagens,
elastin, microfibrillar proteins, non-collagenous glycoproteins, basement membrane
proteoglycans, hyalectans, or small leucin-rich proteoglycans, and so on (118-122).
Topographical, structural characteristics of ECM such as surface profile, shape
(tortuosity), or porosity can affect the cell organization and also molecular transport (123).
Porous membranes in the transwell inserts used for drug transport assays mimic the
basemembrane beneath the cells in the physiological condition. Compositions or amount
of coated materials (e.g., collagen) (124-126) as well as pore sizes or densities in
membranes (127, 128) affect drug transport/absorption across cells. In addition to the
topography of the membrane, unstirred (or diffusion) water layer on the cell surface has
been made data interpretation difficult. This physical barrier without defined boundary is
affected by mixing conditions and also by heterogeneous cellular characteristics (e.g.,
mucus secretion in intestinal or bronchial cells) in the in vitro or in vivo drug absorption

studies (129-131).
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In our body, various epithelial cells secrete different types of mucins which are
heavily glycosylated, high-molecular weight proteins onto the cell surface. For example,
tracheobronchial epithelial cells secrete mucins composed of epithelial mucins (MUCL1,
MUC4 and MUC16) and gel-forming mucins (MUC5B and MUCS5AC) under air-liquid
interfaced conditions (132). Airway surface liquid (ASL), the thin layer of fluid coating
the