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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 
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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 
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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). 
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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. 
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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 I clinical trial failed to go on market and so did 50% going into phase III 

(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. 
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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 
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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 aqueous 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). 
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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 In vitro 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 



  

10 

 

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, 16HBE14o-, 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 In vitro 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 16HBE14o- 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 (MUC1, 

MUC4 and MUC16) and gel-forming mucins (MUC5B and MUC5AC) under air-liquid 

interfaced conditions (132). Airway surface liquid (ASL), the thin layer of fluid coating 

the airway epithelium, is composed of mucin, glycans, and macromolecules in water. Its 

composition and thickness are controlled by ion or water channels, providing hydration 

of cell surface and facilitating mucociliary clearance (133, 134). Mucociliary clearance is 

an important mechanism in the airway for innate lung defense and comprised of three 

components that influence drug transport/absorption in the lung: mucin secretion, and 

ciliary activity, ion transport activities controlling ASL. Pulmonary surfactants can also 

affect dissolution and permeability of particles from inhaled drug formulations (135, 136).  

The amount, pH conditions, or composition (e.g., ions, proteoglycans, other 

dissolved substances) of the fluidic phase in the cell microenvironment differ greatly 

depending on the origin of the cells (137). Many studies indicated that the tumor cell 

microenvironment has hypoxia (a reduction in oxygen tension) and an acidic interstitial 

fluid phase (138). Besides general ion channels, there are mechanosensitive ion channels 

(e.g., K
+
, Na

+
, Ca

2+
 channels) expressed in the cells. In addition to integrin signaling in 

ECM, mechanosensitive ion channels can also regulate mechanoresponsiveness of cells 

and their fluidic phase environment through dynamic changes of ion substances (139, 

140). Changes in ions in the cell surface could result in varied conditions in pH, 

hydrostatic and osmotic pressure, affecting transport of nutrients, signaling molecules, or 

drug molecules (141). 
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1.3 Questions and Hypotheses 

As we discussed so far, cells have complex features in their structures and 

functions. Therefore, it is difficult to interpret drug transport phenomena solely based on 

intracellular organization and/or the properties of drug molecules. Many cases in drug 

transport system include multiple components besides drug molecules. In in vitro cell-

based transport system, there could be chemical counterparts (solubilizing agents) or 

physical counterparts (external magnetic fields) of drug-like molecules in addition to 

biological cell barriers. It is important to consider the effects of multi-components on 

molecular interactions in the outer cell surface in the context of drug permeation across 

cell barriers. For the multi-component, cell-based transport assay system, we may ask the 

following questions and propose hypotheses according to these questions:  

(1) Do interfacial phenomena at the cell surface play a major role in affecting the 

rate of cell barrier penetration under different conditions?  

 Molecular interactions at the outer cell surface are the most critical 

determinants of transcellular transport. 

(2) How does an external magnetic force affect the interactions between magnetic 

iron oxide nanoparticles (MNPs) and the cell surface?  

 Externally applied magnetic fields may influence the MNPs’ transport or 

cellular uptake by modulating extracellular interactions between particles 

and cells.  
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(3) Can the mechanistic cell-based pharmacokinetic model probe the effects of 

extracellular interactions on drug transport/accumulation in varied local regions 

of organs? 

 Computational algorithms using the cellular pharmacokinetic model may 

help guide the data interpretations of molecular transport and cellular uptake.   

(4) What are key parameters affecting drug transport/uptake in in vitro cell-based 

permeability assay system?  

 Key parameters determining extracellular interactions of drug molecules 

might be predicted by the optimization algorithm in the mechanistic cellular 

pharmacokinetic model. 

(5) Do solubilizing agents affect the local microenvironment on the cell surface? 

 Solubilizing agents may affect permeation of drug molecules across the cell 

by controlling extracellular microenvironments. 

 

1.4 Mechanisms of Extracellular Interactions 

Mechanistically, we propose that cells vary greatly in surface properties and that 

this exerts the greatest influence on the pathway through which molecules are taken up by 

and make their way across cells. Multi-components in transport assays could interact with 

the cell surface properties, resulting in altered local microenvironments, and subsequently, 

passive transport of drug molecules. Depending on the assay system, various multi-

components could co-exist with molecules or particles of interest.  
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By variations in the external magnetic force, magnetized particles could 

differentially interact with each other and exhibit varied particle distributions 

immediately on the cell surface, affecting the MNP’s targeting. Quantitative transport 

assays with mass balance and microscopic imaging could exhibit how MNP 

transport/uptake is affected by extracellular interactions on the cell surface under 

spatiotemporal variations of magnetic field (pulsed vs. constant vs. no magnetic field).  

Under physiological conditions, cell organization can lead to variations in the cell 

areas exposed to the drug molecules. Varied extracellular microenvironments along the 

airway to the alveoli in the lung exemplify the complex histology of the lung involving 

various factors including the secretion of substances on the cell surface, ion balance, 

hydration, pH conditions, ciliary motility, and physical structures of the ECM. In our 

system, we use physiologically-relevant cell models for in vitro cell-based permeability 

assays, together with collaborational works including an in silico model constructed with 

histological and physiological parameters of the lung and an in vivo animal model using 

local drug administration (intratracheal (IT) instillation). The integrated approach of in 

vitro-in silico-in vivo models could help to analyze the extracellular and/or intracellular 

components affecting local absorption/distribution of small molecules in airway vs. 

alveoli. 

Unstirred water layers on the cell surface have been claimed to be absorption 

barriers for drug molecules in various in vitro and in vivo permeability studies. Effective 

diffusion aqueous layers could be measured according to varied stirring conditions in the 

experimental setup. However, the diffusion aqueous barriers could apparently reflect the 

combined variations of extracellular microenvironment factors related to extracellular 
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matrix and surface fluid, which renders difficult measurement of the barrier’s thicknesses 

with bulk experimental methods. In our studies, the static aqueous layer components are 

incorporated into the mathematical cell-based pharmacokinetic model with the ranges of 

thicknesses based on the literature to reveal the effects of extracellular interactions of 

drug molecules on passive transport in the representative airway epithelial cell models. 

Drug complexing agents such as cyclodextrins (CDs) are utilized in various 

pharmaceuticals due to the benefits of increasing drug solubility. The mechanism of the 

role of CDs to promote drug penetration into the cell membranes has been investigated in 

various scopes. A CD is a hydrophilic compound with a large molecular weight, making 

the drug-CD complex difficult to permeate across the cell membrane. However, the rapid 

equilibrium between the drugs in complex and the free drugs in the aqueous exterior 

could enable free drug permeations across the lipid membrane. Physiologically, diffusion 

aqueous barriers on the cell surface also impact drug transport in addition to the lipid 

membrane. Previous studies have shown that CDs can promote drug penetration with low 

toxicity by modulating the thicknesses of unstirred water layers. In our studies, the role of 

CDs would be investigated in the context of permeation and cell-association of a poorly 

water-soluble drug, curcumin, in the airway epithelial cell model, Calu-3, and airway 

tissues. Enhanced efficacy of curcumin advantaged by complexation with CDs would be 

confirmed by in vivo experiments with inflammatory conditions conducted by the 

collaborators. 
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1.5 Specific Aims 

Accordingly, our studies presented herein evidence of the importance of 

molecular interactions at the outer cell surface in order to better understand cell barrier 

penetration, based on these specific aims to identify: 

1) The effect of cell surface interactions on MNP aggregate formation leading to 

reduced cell barrier penetration in response to magnetic fields in vitro. 

2) The effect of differences in cell surface area on the differential targeting of 

lipophilic cations to upper vs. lower airways in vitro (and in silico, in vivo). 

3) The influence of differences in cell surface microenvironment as a likely 

explanation for the variation in transport rate in Calu-3 vs. NHBE cells in vitro. 

4) The ability of cyclodextrin-curcumin complexes to promote curcumin transport 

across the Calu-3 cells in vitro (and in vivo). 

The experiments that I performed were focused on probing the importance of the 

drug interactions on the cell surface using microscopic imaging, in silico modeling, and 

in vitro model systems with Transwell inserts. Additionally, relevant in vivo studies and 

in silico modeling were performed by my collaborators. 
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Chapter 2  

Transcellular Transport of Heparin-coated Magnetic Iron 

Oxide Nanoparticles (Hep-MION) Under the Influence of 

an Applied Magnetic Field 

 

2.1    Background 

Magnetic nanoparticles (MNPs) have been widely explored in biomedical 

applications, including drug/gene magnetofection, hyperthermia or cancer therapy and 

magnetic resonance imaging (MRI) (1). MNPs with iron cores (usually Fe3O4 or Fe2O3), 

also called magnetic iron oxide nanoparticles (MIONs), have superparamagnetic 

properties (2). Due to superparamagnetism, these particles generate significant 

susceptibility effects only in the presence of the external magnetic field. These properties 

are very useful to obtain MRI contrast enhancement, signal amplifications, and 

significant magnetic targeting efficiency. Due to the potential of “theranostics”, many 

efforts have focused on modifying the sizes or surface coating materials of MNPs to 

stabilize the particles in suspension and increase efficiency for delivery (3). The surface 

coating of MNPs is critical for the stability as well as for the biodistribution and 

pharmacokinetics of MNPs. Without surface coating, the large hydrophobic surfaces of 

MNPs would induce interactions between the particles, resulting in aggregation and 
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precipitation. In addition, the surface coating of MNPs can protect them from the 

reticular endothelial system (RES) and therefore, prolong their systemic circulation in 

vivo (4, 5). Various coating materials have been used to minimize aggregation or 

precipitation under physiological conditions including both inorganic components (e.g., 

silica, gold, gadolinium (Gd), carbon) and organic shells (e.g., polymers, polysaccharides, 

proteins, lipids) (6-8). 

Efficient magnetic targeting is highly dependent on physicochemical properties of 

MNPs, the strength of the applied magnetic force, and the particle pharmacokinetics. 

Efficient targeting occurs when the magnetic force is sufficient to overcome drag force. 

The magnetic force on a MNP is a function of the magnetic field gradient (flux density, 

ΔB), the core material’s magnetic susceptibility (χ), and the core volume (V) as shown in 

equation 1. 

                                                                                                                  (1)    

where μ0 is the magnetic permeability of free space. Volume is an adjustable property by 

particle size. Based on this equation, larger particles tend to be pulled toward the 

magnetic field. However, larger particles have the propensity for aggregating by 

themselves or as a result of magnetic field. Large number of particles captured by the 

magnetic field could block the blood vessel before the particle go into the target sites (9). 

It is quite challenging for the particles to go across the epithelial cell barriers into the 

systemic circulation or target tissues/organs under physiological conditions.  
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2.2    Rationale and Significance 

 To improve behavior of MNPs in pharmacokinetics, it is important to address the 

interactions between the MNPs and the magnetic field at the cell barriers. Cell 

permeability measurements could be useful to assess MNP transport and cellular uptake 

under various conditions (i.e. varying initial particle concentrations or magnetic field 

applications). Even though there have been many investigations in drug/gene delivery in 

vitro or in vivo and MRI, we have little knowledge about how extracellular interactions 

between particles and magnetic field could affect transcellular transport of MNPs.  

Pharmacokinetic knowledge obtained from cell-based permeability assays has 

been an important basis for the high throughput screening of small molecular drugs (10, 

11). In the simple, flexible in vitro cell-based permeability assays, various components 

contributing to drug transport could be analyzed more accurately, which could be 

difficult in the complex in vivo system. Herein, we use MDCK cells grown in the 

Transwell inserts for the in vitro, proof-of-concept transport assays with MNPs. MDCK 

cells are known to be a generic epithelial cell model, and also used for round window 

membrane (RWM) model of the inner ear transport studies with MNPs (12-14). Based on 

this simple experimental design, we can investigate how MNPs are transported across the 

cellular barriers toward the magnetic field, which is important for improving various 

nanoparticle formulations using magnetic fields as promising pharmaceutical agents. 

  

2.3    Abstract 

In this study, magnetic iron oxide nanoparticles coated with heparin (Hep-MION) 

were synthesized and the transcellular transport of the nanoparticles across epithelial cell 
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monolayers on porous polyester membranes was investigated. An externally applied 

magnetic field facilitated the transport of the Hep-MION across cell monolayers. 

However, high Hep-MION concentrations led to an increased aggregation of 

nanoparticles on the cell monolayer after application of the magnetic field. Our results 

indicate that magnetic guidance of Hep-MION most effectively promotes transcellular 

transport under conditions that minimize formation of magnetically-induced nanoparticle 

aggregates. Across cell monolayers, the magnet’s attraction led to the greatest increase in 

mass transport rate in dilute dispersions and in high serum concentrations, suggesting that 

magnetic guidance may be useful for in vivo targeting of Hep-MION. 

 

2.4    Introduction 

Magnetic iron oxide nanoparticles (MION) in colloidal dispersions have many 

different applications, including in vitro cell separation (15-17), drug delivery (18), gene 

delivery (i.e., magnetofection) (9, 19), tumor hyperthermia (20), and as magnetic 

resonance imaging (MRI) agents to enhance contrast of organs and tissues (21-23). 

Magnetic nanoparticles have raised a considerable amount of interest amongst 

pharmaceutical scientists, as vehicles to deliver genes or drug molecules to specific target 

sites. The transport of gene or drug molecules to specific target sites can be enhanced by 

the interaction of magnetic iron oxide nanoparticles with applied magnetic fields (14, 24). 

When therapeutics (drugs or genes) attached to the MION are injected at or near a target 

site and an external magnetic field applied, the therapeutic agents can be effectively 

concentrated in the target cells or tissues (25-27). Therefore, targeted drug or gene 

delivery with high efficacy and low side effects can be enhanced by using MION.  
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Mechanistically, various transport routes can be exploited for directing 

nanoparticles to specific sites of action within the living organism (28, 29). Epithelial cell 

monolayers are amongst the most important barriers limiting nanoparticle diffusion and 

distribution in the body. While lipophilic small molecules can easily diffuse across the 

plasma membranes of epithelial cells, molecules with larger size and less lipophilicity are 

not able to cross phospholipid bilayers (30, 31). Instead, they may be able to cross cell 

monolayers through gaps that may be present between cells, referred to as paracellular 

transport. We considered the possibility that transport of MION across cell monolayers 

may be facilitated by an external magnet field by attracting the particles and facilitating 

their passage between the cells. Transcellular transport of large hydrophilic molecules 

can be facilitated transporters, adsorptive or receptor-mediated transcytosis, which would 

be enhanced by high local concentrations of nanoparticles (32-34). Paracellular transport 

could also be facilitated simply by increasing the concentration of particles at the surface 

of the cells.  

However, magnetic nanoparticle suspensions also have concentration-dependent 

stability issues, especially in the presence of a magnetic field. In the presence of a 

magnetic field, particles tend to attract to each other via strong magnetic dipole-dipole 

attractions between the particles (24, 35). Anisotropy of the forces between induced 

dipoles has been reported to cause the particles in dispersions to form linear chains (36). 

Moreover, the magnitude of the induced dipolar magnetic forces depends on the intensity 

of the applied magnetic field. When the magnetic nanoparticles orient in the direction 

created by the applied magnetic field, the induced dipole-dipole interactions become 

larger resulting in increased particle aggregation.  To optimize these properties, various 
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synthetic methods have been developed to modulate the physicochemical properties of 

magnetic nanoparticles such as size, charge, and magnetic behavior (37-39). Surface 

coating methods have been developed to modify the nanoparticles with nontoxic and 

biocompatible stabilizers for practical biomedical applications of MION. Various 

polymeric coating materials such as dextran, carboxydextran, starch, and PEG 

(polyethylene glycol), etc. could be useful to prevent irreversible aggregation MION in 

aqueous or biological media. 

In this study, the ferrite cores (maghemite (Fe2O3), magnetite (Fe3O4)) of MION 

coated with polymeric shells containing heparin were synthesized and evaluated in terms 

of the magnetization by applied magnetic field and transport across semipermeable 

membranes and epithelial cell monolayers. For testing, the Madin-Darby canine kidney 

(MDCK) epithelial cell line was used in the transport studies because they can 

differentiate into polarized columnar epithelium and form the cell monolayer with tight 

junctions when cultured on permeable membrane supports (40-42). MDCK cells are a 

common, model cell system to study passive and active, transcellular and paracellular 

transport mechanisms (41-43). We examined the superparamagnetic properties and 

stability of the Hep-MION suspensions. Then, we evaluated the transcellular transport of 

the Hep-MION in the presence and absence of an applied magnetic field. With the in 

vitro cell culture system, we studied how the applied magnetic field modulated the 

interactions of MIONs and cell monolayers. With microscopic observations, we 

monitored how the magnetic field affected the aggregation of particles in suspension and 

at the cell surface. We report that the ability of magnetic field to promote transport was 
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dependent on the concentration of nanoparticles, and was inhibited by the formation of 

particle aggregates at increasing particle concentrations. 

  

2.5   Materials and Methods 

Materials. Chemicals used to prepare the iron oxide nanoparticles were ferrous chloride 

tetrahydrate (Fluka), iron chloride hexahydrate (Sigma-Aldrich), and heparin sodium salt 

(Sigma, H4784). Lucifer Yellow (LY) was obtained from Sigma-Aldrich and DYNAL®-

MPC-L magnet bar was purchased from Invitrogen (Carlsbad, CA). Transwell inserts 

with polyester membrane (pore size: 3 m) were obtained from Corning Life Sciences 

(Lowell, MA). Dulbecco’s Modified Eagle Medium (DMEM), Penicillin-Streptomycin, 

Dulbecco’s phosphate buffered saline (DPBS), Fetal bovine serum (FBS), and Trypsin-

EDTA solution were purchased from Gibco BRL (Invitrogen, Carlsbad, CA). All the 

chemicals used for preparation of Hank’s balanced salt solution (HBSS) were purchased 

from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific Co. (Pittsburgh, PA).  

Synthesis of the Hep-MION. MION were synthesized according to the procedure 

previously reported by Kim et al. (44). The solution containing 0.76 mol/L ferric chloride 

and 0.4 mol/L of ferrous chloride (molar ratio of ferric to ferrous = 2:1) prepared at pH 

1.7 under N2 protection was added into a 1.5M NaOH solution under mechanical stirring. 

The mixture was gradually heated (1 ºC/min) to 78 ºC and held at this temperature for 1 h 

with stirring and N2 protection. After the supernatant was removed by a permanent 

magnet, the wet sol was treated with 0.01 M HCl and sonicated for 1 h. The colloidal 

suspension of MION was filtered through a 0.45 µm and then a 0.22 µm membrane, 

followed by adjusting to a suspension containing 0.7 mg Fe/mL. Then, 200 mL of 0.7 mg 
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Fe/mL iron oxide nanoparticles were added to 200 mL of 1 mg/mL glycine under stirring 

condition, ultrasonicated for 20 min, and in further stirred for 2 hours. After free glycine 

was removed by ultrafiltration, the iron concentrations of the samples were measured by 

the inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis using 

the Perkin-Elmer Optima 2000 DV device (Perkin-Elmer, Inc., Boston, MA, USA), and 

then diluted to a concentration of 0.35 mg Fe/mL. As a final process, 100 mL of 0.35 mg 

Fe/mL of glycine-MION were added to 100 mL of 1 mg/mL heparin solution, under 

stirring condition and ultrasonication. The heparin-coated MION (Hep-MION) were 

obtained after free heparin was removed by ultrafiltration.  

Physicochemical Characterization of the Hep-MION. Volume-weighted size and zeta 

potential of Hep-MION were measured with a NICOMP 380 ZLS dynamic light 

scattering (DLS) instrument (PSS, Santa Barbara, CA, USA), using the 632 nm line of a 

HeNe laser as the incident light. Transmission electron microscopy (TEM) using a JEOL 

3011 high-resolution electron microscope (JEOL Tokyo, Japan) at an accelerated voltage 

of 300 kV. Samples were prepared by placing diluted particle suspensions on formvar 

film-coated copper grids (01813-F, Ted Pella, Inc, USA) and then dried at room 

temperature. Superparamagnetic properties of the Hep-MION were examined by using a 

superconducting quantum interference device (SQUID) (Quantum Design Inc., San 

Diego, CA, USA) at 25 ºC. The contents of irons in the magnetic nanoparticles were 

measured by the ICP-OES analysis and calibrated with an internal standard Yttrium and a 

work curve of iron standard samples from GFS Chemicals®. In order to test stability of 

the nanoparticles in the transport buffer, the sizes and distributions of nanoparticles in the 

various solutions such as water, HBSS with 1% FBS, or HBSS with 10% FBS were 
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measured after incubation at 37 ºC using NICOMP 380 ZLS DLS instrument. These 

nanoparticles solutions were also examined with a Nikon TE2000 inverted microscope 

(10  objectives).  

Transport of the Hep-MION across the polyester membrane. For the transport 

experiments using Hep-MION, the transport buffer, HBSS was prepared containing 137 

mM NaCl, 5.4 mM KCl, 0.34 mM Na2HPO47H2O, 0.44 mM KH2PO4 (anhydrous),  

1.3 mM CaCl22H2O, 0.8mM MgSO47H2O, 25 mM D-glucose in 1 L of Milli-Q water. 

As a buffering agent, 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazine ethane sulfonic 

acid; C8H18N2O4S) was added to HBSS. The pH value of the HBSS with 10 mM HEPES 

was adjusted to be 7.4 by adding 1 N NaOH, and then used for the transport experiments 

after filtering through a 0.22 m membrane. The transport experiments of Hep-MION 

were performed in 24-well culture plates with Transwell inserts of pore size 0.4 or 3 m 

with sterile water or HBSS (pH 7.4) in the presence or absence of 1% or 10% FBS. 

Transport buffer (600 µL) at 37 ºC without the nanoparticles was added into the receiver 

chambers (basolateral compartments) in 24-well plates. The nanoparticle solution (100 

µL of Hep-MION in transport buffer; 0.206, 0.2575, or 0.412 mg/mL) was added to the 

donor chamber (apical compartment) in Transwell insert with the polyester membrane. 

The insert containing the nanoparticle solution was transferred to the next well containing 

600 µL of fresh transport buffer without the nanoparticles at each time point. After 

transport experiments were performed under stirring condition with VWR rocking 

platform shakers, the sample solutions were collected from the receiver (basolateral) 

sides at each time point and the donor (apical) side at the last time point. The solutions 

that might contain the remaining nanoparticles were also taken by washing the walls of 
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the donor sides and receiver sides with the transport buffer. Standard solutions for various 

concentration ranges (0.000515, 0.00103, 0.00206, 0.00412, 0.0103, 0.0206 mg/mL) 

were made by diluting the nanoparticle stock solution in sterile water (2.06 mg/mL) with 

the transport buffer. Two hundred l of the standard solutions and all the samples were 

put into each well of Costar® 96-well cell culture plates (Corning Life Sciences), and the 

UV absorbance of the solutions in each well was measured at 364 nm by the UV plate 

reader (Powerwave 340, BioTEK, co.). The concentrations of the nanoparticles in all the 

samples were calculated based on this standard curve. The transcellular permeability 

coefficient, Peff (cm/sec) was calculated by normalizing the mass transport rate (dM/dt) 

with the insert area, Ainsert (0.33 cm
2
) and apical concentration of nanoparticles, Cap as 

shown in the following equation (2): 

                                                      eff

insert ap

dM

dtP
A C




                                                    (2) 

With the magnet bar located beneath the plates, the transport experiments with shaking 

were also performed in order to assess the mass transport of nanoparticles in the presence 

of an applied magnetic field.  

Transport of the Hep-MION across the cell monolayer. MDCK strain Ⅱ cells 

obtained from American Type Culture Collection (ATCC) (Manassas, VA) were 

maintained in 75-cm
2
 flasks at 37 ºC in a 5% CO2 containing humidified incubator. 

MDCK cells were cultured with media containing the DMEM with 2 mM L-glutamine, 

4500 mg/l of D-glucose, and 110 mg/L of sodium pyruvate, 1× non-essential amino acids 

(Gibco 11140), 1% penicillin-Streptomycin (Gibco 10378), and 10% FBS. Culture media 

were changed every second day during the cultures. At confluency, MDCK cells were 
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trypsinized from the culture flasks and resuspended in the media. One hundred L of the 

cell suspension with the density of 4 × 10
5
 cells/cm

2
 was added on the apical side of 

polyester membrane (0.33 cm
2
, Transwell inserts, pore size: 3 m) in 24-well culture 

plate containing 600 L of media. After overnight incubation at 37 ºC in a 5% CO2 

atmosphere, the cell morphology and confluency were determined with the Nikon 

TE2000 microscope. Confluent cell monolayers seeded on transwell inserts in 24-well 

plates were rinsed twice by HBSS without the nanoparticles and incubated for 20 min in 

the HBSS with 10% FBS at 37 ºC in a 5% CO2 atmosphere. After the incubation, 

transepithelial electrical resistance across the cell monolayer was measured at room 

temperature in each insert with the cells by Millipore Millicell® ERS electrodes. The 

inserts with the cells with TEER values higher than 150 × cm
2
 after 1 day’s incubation 

was used for the transport experiments. All the transport experiments with or without the 

magnetic field were performed in the same way as described in the Experimental Section 

2.4. The apical-to-basolateral transport experiments were conducted until 90 min with the 

magnetic bar (DYNAL®-MPC-L), while the experiments without the magnetic bar were 

performed until 120 min. Transcellular permeability coefficients, Peff  was calculated with 

the mass transport across the cell monolayer with equations (2). After the experiments, 

TEER was measured and the cell monolayer was examined with the microscope to verify 

the integrity of cell monolayer. Permeability of Lucifer Yellow (LY) was also measured 

with confluent cells on inserts to examine the intactness of the cell monolayer, using the 

Perkin-Elmer LS 55 fluorescence spectrometer (Ex 430 nm/Em 520 nm) to measure LY 

concentration changes in the basolateral compartment (with the aid of a standard curve). 

As a fluid phase marker, LY was used in order to examine endocytosis, in the presence or 
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absence of nanoparticles, with MDCK cells exposed to magnetic fields (45). Transport 

experiments were carried out by adding 80 L of nanoparticle solution (0.322 mg/mL) 

and 20 L of 10 mM Lucifer Yellow in the apical side with or without the magnetic field. 

After 90 min, the walls of apical side and basolateral side were rinsed twice with DPBS 

and the cells on the membrane in the insert were detached by trypsinization. The cells 

were examined in 96-well optical bottom plates on the Nikon TE2000S epifluorescence 

microscope using a standard FITC filter set acquisition channel (100 × objectives). 

Images were acquired with a CCD camera (Princeton Instruments). All the cell images 

were analyzed with Adobe photoshop and Metamorph® software. 

 

2.6 Results and Discussion 

2.6.1 Physicochemical Characterization of the Hep-MION Nanoparticles 

Tissue targeting by magnetic nanoparticles depends on the magnetic 

susceptibility, size distribution and superparamagnetic properties of MION (35, 37-39). 

The magnetization/demagnetization curves of Hep-MION exhibited superparamagnetic 

behaviors without any hysteresis loop or remanence (Figure 1a). With increasing 

magnetic field (Gauss), the magnetization curves reached a plateau at high magnetic 

fields. As the applied magnetic field decreased, the Hep-MION became demagnetized 

and finally had negligible remnant field in the absence of an applied magnetic field. The 

remnant field of these nanoparticles was almost zero in the absence of an applied 

magnetic field. Our results were consistent with SQUID magnetization/demagnetization 

curves of different MION superparamagnetic nanoparticles (46). The lowered saturation 

magnetization (70 emu/g Fe) compared to bulk magnetite (92 emu/g Fe) is a phenomenon 



  

46 

 

that is commonly observed with magnetic nanoparticles (47). This has been typically 

attributed to the surface effects arising from a magnetically inactive layer covering the 

ferrite cores (maghemite (Fe2O3), magnetite (Fe3O4)). The saturation magnetization has 

also been shown to be dependent on synthesis methods and also particle size; decreasing 

as particle size is reduced (48, 49). The hydrodynamic size and zeta potential of the Hep-

MION nanoparticles were 40.6 nm (±30 nm) and -51.2 mV, respectively. TEM images 

showed that these nanoparticles had small sizes around 10 nm which were smaller than 

the hydrodynamic size measured by light scattering in water (Figure 1b). According to 

previous studies, MION particles 6–15 nm in diameter can have a single magnetic 

domain with superparamagnetic properties, so they can be used for effective magnetic 

targeting or imaging (50). 

2.6.2 Stability of the Hep-MION Nanoparticle Dispersions 

The colloidal dispersions of Hep-MION were stable in water and maintained the 

hydrodynamic size distribution of the particles at room temperature even after the 

nanoparticles were stored at 4 ºC more than 1 year. To examine the stability of Hep-

MION in physiological conditions, the nanoparticles were diluted in various buffers. 

Brown precipitates formed in PBS (phosphate buffered saline) without calcium and 

magnesium ions within 40 min at room temperature (data not shown). Larger precipitates 

formed in HBSS (cell culture medium containing calcium and magnesium ions). In the 

presence of 1% fetal bovine serum (FBS) added into HBSS, brown precipitates were 

visible after 5 h incubation at 37 ºC (data not shown). However, when FBS was added at 

higher concentrations (10%), the suspension of nanoparticles did not exhibit precipitates, 

even after 24 h incubation at 37 ºC. Therefore, serum components appeared to stabilize 
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these nanoparticle suspensions. To confirm these observations, hydrodynamic sizes of 

nanoparticles of different three batches in various solutions were measured after 

incubation at 37 ºC during different time period (Figure 2). Dynamic light scattering 

histograms (DLS plots) demonstrate the larger average values of particle size in HBSS 

containing 1 % FBS, compared to the samples in water or HBSS with 10 % FBS (Figure 

2a, b, and c) after 24 h incubation at 37 ºC. After 5 h incubation, the average 

hydrodynamic sizes of the nanoparticles of three different batches in water, HBSS with 

10% FBS, or 1% FBS were 57.93 nm (±9.10 nm), 76.70 nm (±7.33 nm), or 3515.53 nm 

(±260.23 nm), respectively (Figure 2d). The narrow size distribution of nanoparticle 

suspension in water or HBSS with 10% FBS was not changed during the incubation 

period, but the particle sizes in HBSS with 1% FBS showed an increase in size and size 

distribution during the incubation period up to 24 h (Figure 2d) consisting with the 

formation of aggregates of increasing size.  

By visual inspection, we also determined how magnetic attraction patterns of 

Hep-MION varied in the presence of an applied external magnetic field (DYNAL®-

MPC-L) in various buffer conditions. As time passed under the applied magnetic field, 

more iron oxide nanoparticles attracted to the magnet were visible as brown precipitates 

in HBSS with 10% FBS or water. In addition, the reversibility of magnetically-induced 

nanoparticle aggregates was examined in the capillary tubes in the presence of the 

applied magnetic field under various buffer conditions. In water or HBSS with 10% FBS, 

the particles attracted by the magnetic became dispersed again, after the applied magnetic 

field was removed (data not shown). 
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2.6.3 Transport of the Hep-MION across Porous Membranes 

Aggregation of Hep-MION dispersions in HBSS with 1% FBS occurred gradually 

over a 24 h period (Figure 2c and d). Upon 24h incubation, the measured aggregate size 

appeared greater than the membrane pore size. To minimize buffer-induced aggregation 

and establish the effect of magnetic fields on Hep-MION permeability across porous 

membranes, transport experiments were performed with nucleopore polyester membranes 

with the pore size of 3 µm within 1 min upon dispersion in transport buffers. In the case 

of 0.206 mg/mL of nanoparticles in HBSS with 10% or 1% FBS, the Peff approximately 

doubled in the presence of the magnetic field. At higher nanoparticle concentrations in 

the absence of a magnetic field, permeability of Hep-MION was greater in 10% FBS vs. 

1% FBS (Table 1), suggesting that components in serum are affecting the diffusion 

behavior of nanoparticles across the membrane pores. With 0.412 mg/mL of 

nanoparticles in HBSS with 1% FBS, Peff was 2.4-fold higher in the presence of a 

magnetic field. In HBSS with 10% FBS, the difference in Peff in the presence or absence 

of the magnetic field became smaller with increasing nanoparticle concentrations. 

Therefore, the effect of the magnetic field on the transport of Hep-MION appears to be a 

complex function of both the concentration of the particles in the solution, as well as the 

effect of the medium on the stability of the dispersions and the diffusion of the particles 

across the membrane pores.  

2.6.4 Transport of the Hep-MION across Cell Monolayers Promoted by a 

Magnetic Field 

Next, transcellular transport experiments with Hep-MION were performed using 

MDCK cells grown on the polyester membrane (pore size: 3 m). The experimental set 
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up consisted of the cells sitting on the porous membrane in the Transwell insert of 24-

well plate, and buffer solutions in apical (donor chamber) and basolateral sides (receiver 

chamber) (Figure 3a). Applied magnetic field was provided by a permanent magnet at the 

bottom of the insert. As indicated, the upper boundary of buffer containing Hep-MION 

dispersions was separated from the surface of the magnet by 7 mm and the distance 

between the nucleopore membrane and magnet was 4 mm. As the magnetic field was 

applied from underneath the plate, Hep-MION dispersions were attracted towards the 

membranes. Based on magnetic field measurements (Figure 3b), the strength of the 

magnetic field at the level of the cell monolayer (4 mm-distance from magnet) was 100 

millitesla while at the upper boundary of the nanoparticle dispersions (7 mm-distance 

from magnet) was about 65 millitesla. According to this experimental set up, in apical-to-

basolateral transport experiments, the permeability coefficients (Peff) of membranes 

covered by cell monolayers were about 3 orders of magnitude less than membranes 

without cells (Table 1 and Table 2). The rate of mass transport of nanoparticles across 

cell monolayer was greater in the presence than in the absence of the applied magnetic 

field (Figure 4a and 4b). The nanoparticles with high concentration (0.412 mg/mL) 

showed much lower mass transport at each time point than the nanoparticles of 0.2575 

mg/mL under the applied magnetic field. The calculated permeability and mass transport 

rate across MDCK cell monolayers increased approximately ten-fold when the transport 

experiments were conducted in the presence of the applied magnetic field (Table 2). 

Based on t-test results, the permeability behaviors of iron oxide nanoparticles in the 

presence of an applied magnetic field were significantly different from those without the 

magnetic field. Nevertheless, the permeability enhancing effect of the magnetic field was 
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much greater in low concentrations (0.2575 mg/mL) of nanoparticles than higher 

concentrations (0.412 mg/mL; Table 2).  

As a reference and internal control, we compared the permeability of Hep-MION 

at two different concentrations (0.2575 and 0.412 mg/mL) with the permeability of 

Lucifer Yellow (LY; 10 M) in the same solution. LY is a soluble cell impermeant 

marker of paracellular transport. The permeability of 0.2575 mg/mL of nanoparticles 

without a magnetic field was slightly greater than the LY permeability (Figure 4c), while 

the permeability of 0.412 mg/mL of nanoparticles without magnetic field was similar to 

LY permeability (p = 0.149). Most remarkably, the permeability of Hep-MION under the 

applied magnetic field was much greater and statistically different from that of LY 

permeability (p-value < 10
-7

 (0.2575 mg/mL) and < 10
-4

 (0.412 mg/mL); Figure 4c), 

indicating that the permeability enhancement is due to a specific effect of the magnetic 

field on the particles. When the mass transport rates (dM/dt) were compared for different 

concentrations of Hep-MION under the same experimental conditions, dM/dt in low 

concentration (0.2575 mg/mL) of Hep-MION was higher than that of high concentration 

(0.412 mg/mL) of nanoparticles. Although we cannot explain the reason behind this 

difference it appeared to be statistically significance (Figure 4d; p < 0.05). 

2.6.5 Accumulation of Hep-MION on Cell Monolayers Induced by a Magnetic 

Field 

After the transport experiments, the cell monolayer on the inserts was examined 

with a microscope. There were dark regions on the cell monolayer exposed to a magnetic 

field even after various washing steps, suggesting nanoparticles were strongly bound or 

internalized by the cells (Figure 5). Without the magnet, the cell monolayer in the 
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treatment group (0.2575 or 0.412 mg/mL) was not different from the control cell 

monolayer without the nanoparticles (Figure 5a). However, after the transport 

experiments with the magnet, the cell monolayer in the treatment group became dark with 

nanoparticles. At high nanoparticle concentrations, nanoparticle aggregates were visible 

as opaque patches covering the cells (Figure 5b). From these observations (Figure 4 and 

5), we cannot distinguish if Hep-MION are transported across the cell monolayer by 

transcellular or paracellular pathways.  In either case, the transcellular transport of Hep-

MION at low concentration (0.2575 mg/mL) could be facilitated by the increased 

concentration of particles at the cell surface. Transcellular transport of Hep-MION at 

high concentration (0.412 mg/mL) can be enhanced by the magnetic field to some degree, 

but the effect of the magnet at high concentration seems to be much smaller than at low 

concentration because particles can form large aggregates, upon interacting with the cells 

and with each other.  

In order to determine whether the magnetically-induced particle associated with 

cells was specific to magnetized particles, the transport experiments were performed 

using LY as an internal, soluble reference marker. Cells were exposed to nanoparticles 

and LY, in the presence and absence of a magnetic field. After the experiments, cells 

were detached and examined by epifluorescence microscopy (Figure 6). LY served as a 

fluorescent fluid phase marker and showed endocytosed vesicles inside the cells (45). 

The overall size or distributions of LY positive vesicles inside the cells were relatively 

similar, in the presence and absence of the magnetic field. Therefore the ability of the 

magnetic field to promote the accumulation of Hep-MION on the cell monolayer is the 

result of a specific interaction between the magnetic field and the particles, as it does not 
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affect the interaction between the cells and LY, a soluble fluid phase marker of pinocytic 

uptake. 

 

2.7 Conclusions 

Hep-MION is a viable, candidate magnetic carrier for drug targeting or magnetic 

resonance imaging (MRI). In addition to the observed superparamagnetic properties, 

these magnetic nanoparticles have narrow size distribution and remain dispersed in 

physiological medium containing high serum concentrations so their physicochemical 

and stability properties are consistent with in vivo application. Hep-MION at high 

concentrations can form aggregates, especially in the presence of a magnetic field (51, 

52). In the presence of a porous membrane or a cell monolayer, the diffusion of the 

particles at the membrane or cell monolayer surface becomes limited, leading to 

accumulation of particle aggregates at the cell or membrane surface. Accordingly, the 

effect of a magnetic field on the permeability of particles across porous membranes or 

cell monolayers is lower at high particle concentrations compared to lower particle 

concentrations. Low concentration of Hep-MION (0.2575 mg/mL) was less responsive to 

the magnetic field than higher concentration (0.412 mg/mL), but because the induced 

aggregates were smaller, the magnetically-induced increase in nanoparticle transport 

across nucleopore membranes or cell monolayers was relatively greater.  
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2.9 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. 

Permeability coefficients (Peff) were assessed with three different concentrations of 

nanoparticles (0.206, 0.2575 or 0.412 mg/mL) in triplicates. Average values of Peff  are 

displayed with standard deviations in the parenthesis. 

 

Concentration 

 of Hep-MION 

HBSS with 10% FBS HBSS with 1% FBS 

Magnet (-) Magnet (+) Magnet (-) Magnet (+) 

Peff (10
-3 

cm/sec) Peff (10
-3 

cm/sec) 

0.206 mg/mL  3.19  (0.425) 7.21  (0.53) 3.04  (0.449) 6.77  (1.53) 

0.2575 mg/mL  5.73  (0.272)  8.47  (0.408) 2.67  (0.544) 6.67  (0.679) 

0.412 mg/mL   6.72   (0.17)  7.85  (0.849) 2.45  (0.425) 5.88  (0.736) 
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Table 2-2. Transport behavior of Hep-MION dispersions (0.2575 or 0.412 mg/mL) with  

 or without an applied magnetic field. 

The average and standard deviation (S.D.) of three different batches are displayed. The p-

values (two-tails) were assessed with two sample t-test with equal variance (significance 

level: p < 0.05). 

 

 Peff (10
-6 

cm/sec) dM/dt (10
-7 

mg/sec) 

Concentration 

(mg/mL) 
0.2575 0.412 0.2575 0.412 

Magnet - + - + - + - + 

Average 4.2 24 0.9 6.6 3.5 20 1.2 9 

S.D. 0.8 3.7 0.5 0.7 0.7 3.2 0.7 1.0 

p-value 5.81 × 10
-3

 3.94 × 10
-4

 5.81 × 10
-3

 3.94 × 10
-4
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2.10 Figures 
 

 

 

Figure 2-1. Physicochemical characterization of Hep-MION. 

(a) Magnetization of the Hep-MION was displayed as a function of applied magnetic 

field (Gauss) in a range between 0 and 30,000 G by using the SQUID at 25 ºC. The 

magnetization data from SQUID analysis were normalized by Fe content with the unit of 

emu per gram of Fe. The magnetization curve of the Hep-MION under increasing 

magnetic field (MFS) overlapped with the demagnetization curve under decreasing 

magnetic field, consistent with the expected superparamagnetic properties of Hep-MION. 

(b) Transmission electron microscopic images were captured at an accelerated voltage of 

300 kV. Scale bar on the image is 20 nm.  
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Buffer Water HBSS + 10 % FBS HBSS + 1 % FBS 

Incubation Time 

(h) 

0 h 5 h 24 h 0 h 5 h 24 h 0 h 5 h 24 h 

Average Size 

(nm) 

61.37 57.93 59.50 75.47 76.70 76.37 1053.27 3515.53 17659.43 

S.D. (nm) 6.07 9.10 6.38 6.31 7.33 7.46 66.82 260.23 1243.76 

 

Figure 2-2. Stability of Hep-MION dispersions in physiological buffers. 

Dynamic light scattering histograms of Hep-MION in water (a), HBSS with 10% FBS 

(b), and HBSS with 1% FBS (c) after 24 h incubation at 37 ºC. Relative intensity values 

(%) are displayed with diameters (nm) in a log-scale. Particle size measurement of Hep 

MIONs (d) in three different batches in HBSS with 1% FBS, 10% FBS, or water after 

incubation at 37 ºC for 0, 5 and 24 h (n = 3). Sizes and distributions of nanoparticles in 

the various solutions (water, HBSS with 1% FBS, or HBSS with 10% FBS) were 

measured using NICOMP 380 ZLS DLS instrument after incubation at 37 ºC. 
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Figure 2-3. Diagram of the experimental set up. 

(a) The cells were seeded on the polyester membrane (pore size: 3 µm) in Transwell 

inserts. One magnet (11 mm × 13mm) was placed beneath the well. Hep-MION 

dispersions were added into the apical compartment (donor chamber) to be transported 

through the porous membrane into the basolateral compartment (receiver chamber) 

containing transport buffer. Lengths and widths of the insert in the 24-well plate and 

magnet are displayed as millimeters. (b) Applied magnetic field of the magnet decreases 

with the increasing distance from the magnet. A 3-axis Hall Teslameter (THM 7025, 

GMW Associates, San Carlos, CA) was used to measure the magnetic field. X-axis of the 

graph represents the vertical distance from the magnet’s surface.  
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Figure 2-4. Quantitative analysis of apical-to-basolateral (AP-to-BL) mass transport of 

Hep-MION across MDCK cell monolayers. 

Transport experiments across confluent monolayers were performed with Hep-MION 

dispersions at 0.2575 (a) or 0.412 mg/mL (b) in HBSS with 10% FBS. Experiments were 

performed in triplicates and standard error bars are shown. Equations and R
2
 values of the 

regression lines of mass transport as a function of time for the apical concentration (Cap; 

0.2575 and 0.412 mg/mL) are displayed in the table. (c) The permeability coefficient, Peff 

values of the nanoparticles (Cap; 0.2575 and 0.412 mg/mL) were compared with the 

permeability of Lucifer Yellow (LY). P-values of t-test results are indicated over the each 

bar. (d) The mass transport rates (dM/dt) of the nanoparticles (Cap; 0.2575 and 0.412 

mg/mL) were displayed with p-values of t-test results to show the different effects of 
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concentration of Hep-MION on the transcellular transport in the presence or absence of 

the applied magnetic field. 
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Figure 2-5. Bright field microscopy of MDCK cell monolayers on polyester membrane 

(pore size: 3 m) after transport experiments with Hep-MION. 

The cell monolayer without (a) or with the magnetic field (b) is shown (20 × 

magnifications). Beneath each image of the cell monolayers, the regions of the monolayer 



  

61 

 

that do not exhibit shading due to the dark nanoparticle aggregates are highlighted in 

orange. Zoom-in regions are indicated with red and blue boxes in the original and 

highlighted orange images. The dark pores (size: 3 m) (indicated with arrows labeled 

“Pores”) are randomly distributed on the membrane and pointed to in the zoom-in images 

with the cells (c). With an applied magnetic field, the darker regions (in zoom-in images) 

of the cell monolayer reflect accumulation of magnetic nanoparticles (“M”) in association 

with the cell monolayer (0.2575 or 0.412 mg/mL). Scale bar corresponds to 20 µm in the 

bright field images. 
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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 magnetic field. 

The vesicles inside the cells became labeled upon incubation with the fluorescent fluid 

phase marker, LY, visible using the FITC excitation/emission channel of the Nikon 

TE2000S epifluorescence microscope (100 × objective). (a) Control experiments without 

Hep-MION. (b) Experimental treatment group with Hep-MION (0.2575 mg/mL). Scale 

bar of 10 µm and nucleus of each cell as “N” are displayed in each image. For display, 

contrast was enhanced and the circumference of each cell (in white) was manually 

outlined with Adobe Photoshop. 
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Chapter 3  

Pulsed Magnetic Field Improves the Transport of Iron Oxide 

Nanoparticles through Cell Barriers 

 

3.1 Background 

As one approach to overcome the biological barriers for the nanoparticle delivery, 

magnetic targeting has been widely studied for various applications (e.g. MRI, cancer 

research). Much research has been conducted to test various MNP formulations for 

targeting strategies in vivo using constant magnetic fields. Advanced studies with animal 

brain tumor models have shown that local administration of MNPs via intra-arterial 

injections enabled selective targeting of the tumor regions under the constant magnetic 

field (1-3). MNPs coated with the starch linked to polyethylene glycol (PEG) showed 

brain tumor targeting efficiency after systemic administration and better 

pharmacokinetics with longer circulations in plasma than starch-coated MNPs without 

PEG (4, 5). Most of animal studies with MNPs have been focused on efficacy or toxicity 

of MNPs by the applied magnetic field. Still, there is little knowledge about the rationale 

of administering doses of MNPs and strength or frequencies of applied magnetic field. 

The complex system with various physiological factors as in vivo often make it hard to 

analyze the variables substantially affecting the cell barrier penetration or distribution of 
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MNPs with various physicochemical properties. Cell-based permeability experiments 

could provide useful platforms to assess the pharmacokinetic behaviors of various MNP 

formulations according to the modulation of external magnetic field. There have been 

trials to use cell-based permeability assays using Transwell inserts to optimize MNP 

formulations for inner ear disease (6, 7). 

 

3.2     Rationale and Significance 

Many physicochemical properties of MNP preparations (i.e., size, surface 

chemistry) can influence their propensity to form aggregates and the particle aggregation 

could become severer when the particles are subjected to the external magnetic field (8-

10). As shown in our previous studies in Chapter 2, MNPs can form severe particle 

aggregations on the cell surface proportionally, depending on the particle concentrations 

under the constant magnetic field. It was shown that these particle aggregations inhibit 

the transcellular targeting with particle retentions on the cell surface.  

Clinical trials with magnetic targeting are hampered due to the concerns about the 

possibility of blockages of blood vessels by MNP aggregations under the strong magnetic 

field applied to human (3, 11-13). Magnetically induced particle aggregation can affect 

the performance of MNPs as targeting vehicles, accompanying the side effects of 

vascular thromboembolic events or unnecessary accumulation of MNPs (3, 14, 15). In 

addition, particle aggregations induced by magnetic field can affect MRI contrast effects 

by decreasing contrast enhancement (16, 17). The particle aggregations induced by 

magnetic fields could depend on the distance of the target or administration sites from the 

magnet as well as the duration or frequency of magnet application. Some in vivo studies 
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have shown that sub-maximal magnetic fields may be useful to avoid severe particle 

aggregation that often occurs during magnetic targeting experiments (3, 18). Our 

approach to characterize the MNP formulations under different magnetic field conditions 

in the presence of cell barriers could be important to establish rational guides for drug 

targeting using MNPs and magnetic field to overcome the biological barriers. 

 

3.3     Abstract 

Understanding how a magnetic field affects the interaction of magnetic 

nanoparticles (MNPs) with cells is fundamental to any potential downstream applications 

of MNPs as gene and drug delivery vehicles. Here, we present a quantitative analysis of 

how a pulsed magnetic field influences the manner in which MNPs interact with and 

penetrate across a cell monolayer. Relative to a constant magnetic field, the rate of MNP 

uptake and transport across cell monolayers was enhanced by a pulsed magnetic field. 

MNP transport across cells was significantly inhibited at low temperature under both 

constant and pulsed magnetic field conditions, consistent with an active mechanism (i.e., 

endocytosis) mediating MNP transport. Microscopic observations and biochemical 

analysis indicated that, in a constant magnetic field, transport of MNPs across the cells 

was inhibited due to the formation of large (>2 μm) magnetically induced MNP 

aggregates, which exceeded the size of endocytic vesicles. Thus, a pulsed magnetic field 

enhances the cellular uptake and transport of MNPs across cell barriers relative to a 

constant magnetic field by promoting accumulation while minimizing magnetically 

induced MNP aggregation at the cell surface.  
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3.4     Introduction 

Interest in magnetic nanoparticles (MNPs) has been considerably raised by their 

numerous biomedical applications, including cell labeling (19), in vitro cell separation 

(20, 21), drug/gene delivery (22, 23), and contrast agents in magnetic resonance imaging 

(MRI) (24, 25). Magnetic guiding of MNPs, for example, could be very useful in tissue 

engineering by facilitating delivery of attached cargoes in a precise, spatially controlled 

manner. These applications are enabled by the unique physicochemical properties of 

MNPs, including intrinsic magnetic susceptibility (10, 26), small particle sizes (27, 28), 

and multifunctional surface chemistry (9, 29). MNPs having an iron oxide core 

(magnetite (Fe3O4) or maghemite (Fe2O3)) and exhibiting superparamagnetic behavior, 

often referred to as superparamagnetic iron oxide nanoparticles (SPION) or magnetic iron 

oxide nanoparticles (MION), have attracted attention due to their relatively low toxicity 

profile. Their superparamagnetic property insures particle stability under storage and use, 

while their responsiveness to applied magnetic fields can be exploited for magnetically 

guided particle targeting (8) or imaging (30).  

The cellular targeting or transcellular transport of MNPs under the influence of a 

magnetic force can be differentially enhanced through various pathways (31, 32). 

Previously, we observed that magnetic fields can promote apical-to-basolateral transport 

of heparin-coated MNPs across epithelial cell monolayers, but only at low particle 

concentrations (33). Interestingly, transport of MNPs was inhibited at higher particle 

concentrations. This may be due to the increased tendency of MNPs to form aggregates 

in suspension at higher concentrations (34). Nanoparticles composed of bare iron oxide 

cores are especially susceptible to aggregate formation by van der Waals attraction forces 
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(35). These attractive forces are often overcome through modification of the surface 

chemistry of MNPs (35-39). Surface modification can improve the stability of MNPs as 

drug carriers in physiological media (33, 40), increase drug/gene targeting efficiency in 

vivo (5), and facilitate the targeting of MNPs to tumor sites (41, 42).  

For individual particles, size (27, 28, 43), surface chemistry (9, 29), and surface 

charge (31) are key factors that affect particle interactions with cells. Nevertheless, even 

surface-modified MNPs may agglomerate and form large clusters under the influence of a 

magnetic field due to the induced magnetic dipole-dipole attractions (44, 45). Effects of 

magnetic fields on the aggregation state of MNPs in the human body are largely unknown. 

However, animal studies indicate that magnetically induced MNP aggregation can affect 

the performance of MNPs in drug targeting and delivery applications (46). Furthermore, 

MNP aggregates can clog blood vessels and accumulate in off-target sites (47, 48). 

Because of these known complications, understanding how an applied magnetic field 

affects the aggregation state of MNPs interacting with cells could be important and 

relevant for optimizing the behavior of MNPs as MRI contrast agents and as magnetically 

guided drug or gene delivery vehicles. 

Here, we studied the effects of MNP aggregate formation on targeting and 

transport across a cell barrier. Using a controlled in vitro assay system to enable 

quantitative measurement of particle transport kinetics (Figure 1), we assessed the 

differential effects of a pulsed magnetic field and constant magnetic field on the transport 

of particles across the cell monolayer and their intracellular uptake and retention on the 

cell surface. In our experimental setup, MNPs were added in suspension to the apical 

(donor) compartment on top of a confluent epithelial cell monolayer differentiated on a 
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porous membrane support. A magnetic field was applied from the opposite side of the 

membrane and was either kept constant or pulsed on and off. Transport experiments were 

performed under different temperature conditions to determine the influence of active 

cellular processes on particle targeting, uptake, and transport. Finally, effects of 

spatiotemporal changes of the external magnetic field on the particle transport kinetics 

were investigated by transmission electron microscopy and confocal microscopy and 

related to bulk quantitative measurements of particle mass distribution.  

 

3.5  Materials and Methods 

Materials. Chemicals used to prepare the Hep-MNPs or TRITC-labeled MNPs and 

quantify the iron contents (ferrozine assays) were obtained from the Sigma-Aldrich (St. 

Louis, MO). Chemicals used to prepare Hank’s Balanced Salt Solution buffer (HBSS; pH 

7.4, 10 mM HEPES, 25 mM D-glucose) were from Fisher Scientific, Inc. (Pittsburgh, 

PA). Cell culture reagents and DYNAL-MPC-L magnet bar were purchased from 

Invitrogen (Carlsbad, CA). Transwell inserts with polyester membrane were purchased 

from Corning Co. (Lowell, MA). UV/vis plate reader (BioTEK Synergy BioTEK, Co.) 

was used to measure absorbance values of the samples from the transport experiments 

after ferrozine assays. A Phillips CM-100 transmission electron microscope and a Zeiss 

LSM 510-META laser scanning confocal microscope were used for cell examinations 

after transport experiments. 

Preparation of Heparin-Coated Iron Oxide Nanoparticles (Hep-MNPs). As 

previously reported (33), a solution containing 0.76 mol/L of ferric chloride and 0.4 

mol/L of ferrous chloride (molar ratio of ferric (Fe
3+

) to ferrous (Fe
2+

) = 2:1) was 
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prepared at pH 1.7 under N2 protection and then added into 1.5 M sodium hydroxide 

solution under stirring condition. The mixture was gradually heated (1 °C /min) to 78 °C 

and held at this temperature for 1 h with N2 protection under stirring. After the 

supernatant was removed by a permanent magnet, the wet sol treated with 0.01 M HCl 

was sonicated for 1 h. The colloidal suspension of MNPs was filtered through a 0.45 µm 

and then a 0.22 µm membrane. Suspension was adjusted to contain 0.7 mg Fe/mL. Two 

hundred milliliters of 0.7 mg Fe/mL iron oxide nanoparticles were added to 200 mL of 1 

mg/mL glycine with stirring. Next, the suspension was ultrasonicated for 20 min, 

followed by stirring for 2 h. After free glycine was removed by ultrafiltration, the iron 

content of the samples was measured by inductively coupled plasma-optical emission 

spectroscopy (ICP) analysis using a Perkin-Elmer Optima 2000 DV instrument (Perkin-

Elmer, Inc., Boston, MA), calibrated with an internal Yttrium reference, and a standard 

curve of iron samples (GFS Chemicals). The MNP suspension was diluted to a 

concentration of 0.35 mg Fe/mL. As a final step, 100 mL of 0.35 mg Fe/mL of glycine-

MNPs were added to 100 mL of 1 mg/mL heparin solution, under stirring condition and 

ultrasonication. Heparin-coated MNPs (Hep-MNPs) were obtained after free heparin was 

removed by ultrafiltration. Superparamagnetic properties of Hep-MNPs were confirmed 

with a superconducting quantum interference device (SQUID) (Quantum Design Inc., 

San Diego, CA, USA) (33). Physicochemical characterization of MNP preparations was 

conducted by measuring the size and zeta potential of MNPs in water or in the serum-

containing buffer solution using Malvern Zetasizer (Malvern Instruments, Malvern, UK) 

(see Appendix A; Figure A1). 
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Cell culture. MDCK strain II cells obtained from American Type Culture Collection 

(ATCC) (Manassas, VA) were cultured in 75 cm
2
 flasks at 37 C, 5% CO2 containing 

humidified incubator. MDCK cells were cultured with growth medium consisting of 

Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA) with 2 mM L-

glutamine, 4500 mg/L of D-glucose, and 110 mg/L of sodium pyruvate, 1non-essential 

amino acids (Gibco 11140), 1 % penicillin-Streptomycin (Gibco 10378), and 10% fetal 

bovine serum (FBS; Gibco 10082). After reaching 70-80% confluency, MDCK cells 

were detached from the culture flasks using trypsin, and subcultured at a split ratio of 

1:10.  

To prepare supported cell monolayers for transport experiments, cells in 

suspension (100 μL, 410
5
 cells/cm

2
) was added into the apical side of Transwell inserts 

with the polyester (PET) membrane (area = 0.33 cm
2
, pore size = 3 m) (Corning co., 

Lowell, MA) in 24-well culture plate containing 600 L of growth media in the 

basolateral side. After overnight incubation at 37 C, 5% CO2 incubator, the confluent 

MDCK cell monolayers on Transwell inserts were rinsed twice with HBSS buffer (pH 

7.4) and pre-incubated for 20 min in HBSS with 10% FBS (transport buffer) at 37 C. 

Transepithelial electrical resistance of the cell monolayer was measured by Millipore 

Millicell ERS electrodes. TEER values were calculated after subtracting baseline TEER 

values measured with membrane inserts without cells. Only inserts with the confluent 

cells showing TEER values higher than 150 cm
2
 were used for transport experiments. 

Experimental setup. Transport buffer (600 µL) without MNPs was added into the 

basolateral (bottom) chamber and MNP suspension (100 µL of MNPs in transport buffer) 

at different initial concentrations was added to the apical (top) side of the Transwell insert. 
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Apical-to-basolateral transport experiments were conducted over 90 min with or without 

the magnetic bar (DYNAL-MPC-L (Invitrogen, Carlsbad, CA)), applied to the bottom of 

the plate (Figure 1a). Magnetic flux density along the vertical distance from the surface 

of magnetic bar was measured by 3-axis Hall Teslameter and depicted with color gradient 

map by the “TriScatteredInterp” function in MATLAB R2010b (Figure 1b). 

Transport measurements and microscopic imaging. During transport experiments, 

plates were stirred using a VWR rocking platform shaker. Sample solutions (300 μL) 

were collected from the basolateral chambers at each time point. Fresh 300 μL of 

transport buffer without the particles was then added back into the basolateral chambers. 

At the final time point (90 min), the solutions from donor and receiver chambers were 

collected and both sides of the inserts were twice washed with cold Dulbecco’s phosphate 

buffered saline (DPBS). For measurements, standard and sample solutions were put into 

the 96-well plates (Nalge Nunc International, Rochester, NY) for UV absorbance 

measurement at 364 nm using a plate reader (Synergy, BioTEK, Co.). Concentration of 

MNPs in the each well of the 96-well plate was determined with the aid of a standard 

curve. 

To confirm monolayer integrity, TEER was measured after each experiment. 

Then, cell monolayers were washed with cold DPBS buffer, and the cells were examined 

using an Olympus BX-51 upright light microscope under bright field illumination. 

Images of cell monolayers after experiments were acquired with an Olympus DP-70 

digital camera. In the brightfield images, the clusters of particle aggregates in five 

different images at each case were analyzed by the Integrated morphometric analysis 

(IMA) function of Metamorph (Molecular Devices, Inc) (N = 5). Total clustered area of 
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particle aggregates was normalized by overall cell monolayer and displayed as 

percentages for the comparisons at different initial MNP concentrations.  

Effect of magnetic field variations on Hep-MNP transport. Transport studies under 

different conditions of the magnetic field were performed at 37 or 4 °C. For transport 

experiments in the presence of a constant magnetic field, the magnetic bar was fixed at 

the bottom of the plate and transport studies were performed for 90 min. For transport 

experiments under a pulsed magnetic field, cells were first incubated with MNPs but 

without the magnet during an initial 5 min period. Samples were taken out from 

basolateral side, after which the magnetic bar was placed at the bottom of the plate and 

the MNP suspensions was incubated for an additional 5 min, with shaking. At the end of 

the 5 min, the magnetic bar was removed and incubation was continued for 5 more 

minutes, with shaking. In this manner, the magnetic field was pulsed for 8 cycles. 

Transport samples in the basolateral side were collected at 5, 10, 30, 50 and 70 min. At 

the final time point (90 min), the total volume was removed from apical and basolateral 

sides. To measure the intracellular content of MNPs, cells in the inserts were washed with 

cold DPBS buffer twice and detached from the membranes with trypsin. Trypsinization 

also removed the MNPs from the cell surface. The isolated cells were counted and after 

centrifugation at 4,000 rpm, 5 min, the cell pellets were lysed with 1% Triton X-100 

(Sigma-Aldrich, St. Louis, MO) for 30 min on ice. After centrifugation at 12,000 rpm, 5 

min, supernatants of the cell lysates were analyzed for iron content. 

Quantitative analysis of iron content. Iron content was measured using Ferrozine-based 

assay. The solution of the Fe oxidizing agent, ferrozine, was prepared by solubilizing 80 

mg of Ferrozine, 68 mg of Nepcuproine, 9.635 g of Ammonium acetate (final 
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concentration: 5 M in solution), 8.806 g of Ascorbic acid (2 M in solution) in 25 mL 

Milli-Q water (Bedford, MA) while stirring. For measurements, samples collected from 

transport studies were diluted in HBSS buffer. Diluted sample solution (83.3 μL) was 

mixed with 16.7 μL of 6 N HCl (final concentration of HCl in 100 μL solution is 1 N) in 

1.5 mL microcentrifuge tubes. To release Fe from MNPs into solution, a potassium 

permanganate (KMnO4) solution in HCl was prepared by mixing 3.55 mL of 0.2 M 

KMnO4 with 1.5 mL of 2 M HCl. The sample solution (100 μL) was mixed with 100 μL 

of the KMnO4/HCl solution and then heated in a 60 °C water bath for 2 h. Next, 30 μL of 

ferrozine solution was added to the samples and vortexed. The solution was cooled down 

to room temperature (RT) and then, 200 μL samples were transferred to a 96-well plate. 

Absorbance values were measured at 550 nm with UV/VIS plate reader (BioTEK 

Synergy BioTEK, co.). Iron standards were also prepared using the same procedure and 

subject to ICP. A standard curve was generated by ICP analysis and ferrozine assay using 

the Fe standard solutions in the range of Fe content (0- 90 Fe nmoles).  

Quantitative analysis of mass balance. For quantitative analysis of mass balance, 

transported fraction of MNPs (, %), entrapped fraction of particles inside the cells 

(β, %), retained fraction of particles at apical suspension (, %), and retained fraction of 

particles at cell surface (, %) were calculated relative to the initial masses of MNPs 

(Map_initial) added to the cells at the start of each transport experiment, using equations 

(1-5).  

                                                                                                                                           (1) 
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In these equations, Mbl_final or Map_final refer to the mass of MNPs in 

basolateral (target) side or apical side at 90 min. IM_final refers to the measured 

intracellular mass of MNPs from the Triton-X treated cells following removal of 

extracellular, cell-surface-associated MNPs by trypsin digestion. The masses of particles 

retained on the cell surface (Mcellsurface) were calculated by equation (5), corresponding 

to any residual particle masses that cannot be accounted for the masses in the intracellular, 

basolateral, or apical suspensions at 90 min and the masses in the solutions used to rinse 

the apical cell surface and basolateral side (M_rinsed). The ratio /β was calculated from 

the fraction of targeted nanoparticles into the basolateral side over time (90 min) () 

normalized by the entrapped fraction of MNPs in the cells (β) at each case. 

Transmission electron microscopy (TEM). Under different magnetic field conditions 

(no magnetic field, constant or pulsed magnetic field), transport experiments in MDCK 

cell monolayers with MNPs at high particle concentration (0.659 mg Fe/mL) were 

performed at 37 °C and then cells were prepared for TEM imagings. Cell monolayers on 

the inserts were washed twice with HBSS containing 10% FBS, and then washed twice 

with Sorensen’s buffer. The washed cells on inserts were fixed for 30 min with 2.5% 
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glutaraldehyde in 0.1 M Sorensen’s buffer (pH 7.4), followed by rinsing with 0.1 M 

Sorensen’s buffer. Then, samples were incubated with 1% osmium tetroxide in 0.1 M 

Sorensen’s buffer and rinsed twice with water. Next, samples were dehydrated for 5 min 

each in 50, 70, 90, and 100% ethanol, infiltrated in Epon and polymerized at 60 °C for 24 

h. Embedded samples were sectioned with an ultramicrotome, and images were captured 

using a Phillips CM-100 transmission electron microscope at magnifications from 3,400 

to 180,000 ×. Images of MNP aggregates on the apical cell surface and cytosol were 

displayed with the scale bars. For the quantitative analyses of the TEM images, the 

diameter of the major axis in the elliptical circle of the endosome and the size of MNP 

aggregates were measured by Metamorph from at least 10 images under different 

magnetic field conditions. The sizes of endosome and MNP aggregates inside the 

endosome were measured by Metamorph from at least 10 different TEM images at each 

case of the applied magnetic field condition. In the case of endosome, the diameter in 

major axis of endosome (assumed as an elliptical circle) were measured as the sizes of 

endosomes. The distance between the both ends of the aggregates was measured as the 

size of MNP aggregates. 

Confocal microscopy. To examine the MNPs transported through the cells and pores in 

the membrane, Z-stack images were acquired using a Zeiss LSM 510-META laser 

scanning confocal microscope. For this purpose, Hep-MNPs labeled with TRITC were 

prepared. Rhodamine isothiocyanate (TRITC, Sigma-Aldrich) 1 mg dissolved in 200 μL 

of DMSO was slowly added to 5 mg Fe (200 μL of 25 mg Fe/mL stock solution) of Hep-

MNPs. After incubation for 3 hours at 25 °C, the reaction mixture was dialyzed (Sigma, 

MWCO: 12 kDa) against 10% DMF solution for overnight with change of the dialyzing 
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solution at every 6 to 8 h. Next, the reaction mixture was dialyzed against Milli-Q water. 

After transport studies with TRITC-labeled Hep-MNPs for 90 min with the applied 

magnetic field or without the applied magnetic field, the cells in the inserts were 

incubated with LysoTracker Green DND-26 (Molecular Probes, Invitrogen) for 30 min 

and then, placed on the Lab-Tek I-chamber slide for live cell imaging. Particles were 

visualized in confocal scanning through Z-axis with Helium Neon 1 laser (543 nm).   

Quantitative microscopic image analysis of magnet-induced MNP aggregates in 

suspension. Ten microliters of MNP suspension in HBSS with 10% FBS was placed on a 

slide and a No. 1 coverslip was placed on the drop of MNP suspension. The magnet was 

placed at the edge of the slide glass and the particle aggregation of MNPs in the presence 

of magnetic field was measured over time (0-3 h) at varying distances from the magnet 

(0.1-10 mm) using an Olympus BX-51 upright light microscope at 1000 × magnification. 

Using bright field optics, images were captured with an Olympus DP-70 high resolution 

digital camera at each time point (0, 5, 10, 30 min, and every 30 min until 3h). After 

background subtraction and thresholding, the images were analyzed with Metamorph 

software (Molecular Devices, Inc) using the IMA function to measure the area of clusters 

(particle aggregates). Total sizes (area, μm
2
) of clusters of particle aggregates in the 

brightfield images of particle suspension within 2 mm (0.1, 0.5, 1, and 2 mm) from the 

magnet were measured by Metamorph for different initial MNP concentrations (0.258 or 

0.412 mg Fe/mL).  

Quantitative analysis of magnet-induced changes in MNP concentration in 

suspension. Over time, magnet-induced changes in MNP concentration were measured 

as a function of distance from the magnet, using a 1 mm diameter glass tube was filled 
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with MNP suspension (0.258 or 0.412 mg Fe/mL) up to 20 mm along the tube. The 

magnetic bar was placed at the edge of the tube, horizontally, so the particles in 

suspension were pulled towards the magnet. Movement of MNPs toward the magnet to 

the distance from the magnet was examined using an UVP transilluminator (Upland, CA). 

Images of the tube aligned with the magnetic bar on the brightfield illuminator were 

captured using a Sony DSC-W70 digital camera (0-3 h). Intensity of the solution in the 

tube was measured using the Line scan function in Metamorph from three different 

images. In the equation (6), I0 or IT indicates intensity of the solution in the tube at zero or 

each time point.  

                                                                                                                                          (6) 

 

Based on the optical density (OD), the mass of MNPs at each point along the tube 

was calculated with a standard curve generated with the same set up, using MNP 

suspensions of known dilutions. Concentrations of MNPs at each segment in the tube 

(0.1-0.5, 0.5-2, 2-4, and 4-7 mm from the magnet) were calculated by dividing the 

integrated mass of MNPs over a length of the tube by the calculated volume of that 

segment of the tube, assuming a cylinder. Concentrations of MNPs (mg Fe/mL) moving 

toward the magnet across the tube were tracked with the time under the external magnetic 

field.  

Statistical analysis. GraphPad Prism 5.03 (GraphPad Software; LaJolla, CA) was used 

for data analyses. Unpaired Student’s t-test was used with a significance level, 0.05. As a 

post test of one-way analysis of variance (one-way ANOVA), Tukey’s multiple 

comparison test was performed with a significance level,  = 0.05. 

TI

I
OD 0log
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3.6     Results 

3.6.1 Enhanced Cellular Uptake and Penetration under a Pulsed Magnetic Field 

Visual inspection after transport studies under the constant magnetic field 

indicated a greater accumulation of microscopically visible MNP aggregates on the cell 

monolayers with increasing concentrations of MNP in the donor compartment (Figure A2 

in the Appendix A). Under constant magnetic field conditions, the area of the cell surface 

visibly covered by MNP aggregates at high MNP concentration (0.412 mg Fe/mL) was 

34% (±2.99), 3-fold larger than those at lower concentration (0.258 mg Fe/mL) (11% 

(±5.00)) (Unpaired t test, p value = 0.0022). Thus, we hypothesized that the decrease in 

the rate of particle transport under constant magnetic field conditions at higher initial 

MNP concentration might be due to the increased retention of large, magnetically 

induced MNP aggregates at the cell surface. To test this possibility, we decided to 

determine whether a pulsed magnetic field could be used to promote transport across a 

cell barrier relative to a constant magnetic field condition by minimizing the formation of 

large magnetized aggregates while pulling the MNPs toward the cell surface and across 

the cells. To test this, the transport of particles across MDCK cell monolayers was 

assessed under pulsed magnetic field, constant magnetic field, or no magnetic field 

conditions (Figure 2). Under pulsed magnetic field conditions, at high MNP 

concentrations (0.412 and 0.659 mg Fe/mL), the rate of particle transport across cells 

increased 8.5- and 13.6-fold compared to the rate of transport under no magnetic field 

conditions, respectively (Figure 2a). Compared with constant magnetic field conditions, a 

2.5-fold greater rate of particle transport across cells was observed under pulsed magnetic 
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field conditions, at MNP concentration of 0.412 mg Fe/mL (Figure 2a). This 

enhancement in particle transport rate was even greater (4-fold) at the highest MNP 

concentration tested (0.659 mg Fe/mL; Figure 2a). A comparison of the mass of MNPs 

internalized by cells under various magnetic field conditions (Figure 2b) revealed the 

apparent intracellular mass was 1.5- to 1.8-fold higher under pulsed magnetic field than 

under constant magnetic field conditions, indicating that pulsing the magnet promoted 

both intracellular uptake and transport of MNPs. 

3.6.2  Lowering Temperature Inhibited MNP Transport under a Magnetic Field  

The rate of MNP transport across the cell monolayers and the intracellular 

accumulation of MNPs in the presence of a magnetic field were significantly lower at 

4 °C relative to the corresponding rates measured in transport experiments done at 37 °C 

(Figure 2c). In fact, the intracellular uptake of MNPs was reduced to the point that 

intracellular MNP mass at 4 °C under pulsed or constant magnetic field conditions was 

similar to the intracellular accumulation of MNPs measured in no magnetic field at 37 °C. 

At 37 °C, the intracellular masses of MNPs under pulsed and constant magnetic field 

conditions were 3.7- to 5.5-fold and 2.5- to 3.1-fold greater, depending on MNP 

concentration, than that observed under no magnetic field conditions, respectively (Figure 

2d). However, when the studies were repeated under 4 °C, no significant increase in 

intracellular mass accumulation was found under pulsed or constant magnetic field 

relative to no magnetic field conditions (Figure 2d). Therefore, it was realized that 

lowering the temperature dramatically inhibited both the cellular uptake and transport of 

MNPs, even in the presence of the external magnetic field. 
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3.6.3 Decreased MNP Transport Were Associated with Increased MNP 

Accumulations on Cells 

On the basis of mass balance analysis using equations 1-5 in the Materials and 

Methods, the transported fraction of MNPs under a constant magnetic field condition () 

was decreased from 8% (±0.72) to 4% (±0.52) with increasing initial MNP 

concentrations (Figure 3a). However, the fraction of particles retained on the cell surface 

() exhibited a corresponding increase with increasing starting MNP concentration from 

25% (±1.42) at 0.412 mg Fe/mL to 36% (±6.31) at 0.659 mg Fe/mL (Figure 3b). Under 

pulsed magnetic field conditions, however, a significantly greater fraction of particles 

crossed the cell monolayer (), while decreased particle masses were retained on the 

apical surface of the cells (), compared to results obtained with a constant magnetic field. 

Under a pulsed magnetic field condition, the fraction of intracellular particles (β) 

remained almost constant, from 1.59% (±0.15) at 0.412 mg Fe/mL to 1.62% (±0.06) at 

0.659 mg Fe/mL, as the initial MNP concentration increased (Figure 3c). The differential 

effect of the magnet on the transport versus intracellular uptake of MNPs (/β) was 

determined by calculating the ratio of the fraction of MNPs transported across the cells 

() divided by the fraction of particles trapped inside the cells (β). While there was no 

significant change of /β under constant magnetic field compared to no magnetic field, 

notably, /β increased about 2.5-fold under pulsed magnetic field relative to no magnetic 

field conditions (Figure 3d). Thus, while transport of MNPs across cellular barriers was 

enhanced over intracellular uptake under all conditions tested, the transport/uptake ratio 

was greatest under pulsed magnetic field conditions. 
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3.6.4 Cell Surface-Associated MNP Aggregates Formed Faster than Uptake under 

a Constant Magnetic Field 

In order to assess whether the large, visible particle aggregates that accumulated 

on the cell surface under constant magnetic field conditions formed in suspension prior to 

contacting the cells, we measured the aggregation behavior of MNPs in the absence of 

the supported cell monolayers, as a function of distance from the magnet. Experiments 

were performed by subjecting MNP suspension in a transparent glass tube to the same 

magnetic field conditions used in our Transwell insert setup. A microscope was used to 

image the formation of MNP aggregates as a function of distance from the magnet over 

time, under 1000× magnification. At 0.412 mg Fe/mL (initial donor MNPs concentration), 

visible particle aggregates were detectable only at <0.5 mm from the magnet’s surface 

(Figure A4a). After 30 min under the magnetic field, visible particle aggregates were 

observed between 1 and 2 mm from the magnet. However, at distances ≥3 mm from the 

magnet, no particle aggregates were visible microscopically, even after 3 h. For statistical 

analysis, the area of MNP clusters was measured in microscopic images (Figure 4a). 

Within the closest distance from the magnet (≤1 mm), massive aggregation was observed 

as early as 10 min in a constant magnetic field.  

Nevertheless, as the distance from the magnet increased, the size of visible 

particle aggregates precipitously decreased. At distances ≥3 mm, there were no 

microscopically measurable particle aggregates. To determine the extent to which the 

magnetic field affected the concentration of MNPs at the level of the Transwell insert, we 

also measured the changes in MNP concentration in suspension over time as a function of 

distance from the magnet (Figure 4b). Rapid movement of MNPs close to the magnet 
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resulted in an increase in local concentration near the magnet. However, particles located 

>4 mm from the magnet (at the level of the Transwell insert) moved more slowly toward 

the magnet, leading to a small but insignificant change in MNP concentration at distances 

>4 mm from the magnet. Therefore, the results suggested that it was at the level of the 

cell monolayer that the magnetic force was sufficient to pull down the MNPs onto the 

cell surface. The microscopically visible aggregates most likely formed after particles 

interacted with the surface of the cells. Although it is possible that some magnetically 

induced aggregates may be formed in suspension, those aggregates would have to be 

smaller than the resolution limit of the imaging system (<250 nm). 

3.6.5 Magnetically Induced MNP Aggregation Did Not Affect Cellular 

Transport/Uptake in the Absence of Magnet 

Control experiments were performed to determine whether inducing formation of 

MNP aggregates before adding them to the cells affected cell barrier penetration, cellular 

uptake, or retention on the cell surface when the transport experiments were carried out in 

the absence of a magnetic field. Mass transport rate and apparent intracellular mass of 

MNPs were measured, and for mass balance analysis, , β, and  (%) were calculated. 

Under these conditions, there were no significant differences in MNP transport, cellular 

uptake, and particle retentions on the cell surface in the absence of a magnetic field when 

MNP suspensions were exposed to different magnetic field conditions prior to the 

transport experiments (Figure A5 and A6). Cell images captured after the transport 

experiments did not reveal obvious differences in the accumulation of MNPs on the cell 

surface. These control experiments are consistent with the applied magnetic field mostly 
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affecting the manner in which MNPs interact with the cells and with each other, at the 

moment they come in contact with the cell surface. 

3.6.6 Pulsed Magnetic Field Enhanced Uptake/ Transport and Decreased Cell 

Surface MNP Aggregates 

To further investigate the pathway through which a pulsed magnetic field 

enhances transport of MNPs across cell monolayers relative to a constant magnetic field, 

cell monolayers were examined by TEM after 90 min transport experiments at 37 °C. 

Under constant magnetic field conditions, large numbers of MNP aggregates were visible 

on the extracellular side of the apical cell surface at high MNP concentration (0.659 mg 

Fe/mL). The size of the particle aggregates on the cell surface was often >2 μm (Figure 

5a and zoom-in image). Smaller MNP aggregates were visible inside cells and were 

always observed inside the lumen of membrane-bound vesicles (Figure 5c). The 

intracellular aggregates were much smaller than those present on the extracellular face of 

the apical membrane (Figure 5b,c). Remarkably, under pulsed magnetic fields, the size of 

particle aggregates on the extracellular face of the apical membrane was 206 ± 125 nm, 

which was significantly smaller than the size of the aggregates measured under constant 

magnetic field conditions (551 ± 519 nm) (ANOVA, p value <0.001) (Figure 5d and 

zoom-in). Nevertheless, the intracellular MNP aggregates found inside membrane-bound 

vesicles in constant and pulsed magnetic field conditions were of similar size: 155 ± 123 

and 140 ± 80 nm, respectively (Figure 5c,e,f). In the absence of magnetic field, there 

were fewer aggregates on the cell surface (Figure 5g, zoom-in, and h) than under the 

applied magnetic field. In negative control experiments, no particles were observed, as 

expected (Figure 5i). Thus, while intracellular MNP aggregates were always of size 
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smaller than endosomes under various magnetic field conditions (Figure 5j), the size of 

MNP aggregates that formed under a constant magnetic field condition was greater than 

the size of the aggregates that fit in the endosomes, remaining on the extracellular, apical 

cell surface. 

3.6.7 Large Particle Aggregates Formed at the Basolateral Side under a Constant 

Magnetic Field 

Using optical microscopy, we also examined the transport of MNP suspension at 

high particle concentration (0.659 mg Fe/mL) across cell monolayers under different 

magnetic field conditions. Under bright-field illumination, there were visible differences 

in the accumulation of MNPs under various magnetic field conditions (Figure 6a). In the 

absence of magnetic field, no particle aggregates were detected by confocal 

epifluorescence microscopy (Figure 6b). Under constant magnetic field conditions, 

however, large MNP particle aggregates were observed not only on the apical side of the 

cells but also at the basolateral side of the cells, clogging the pores of the membrane. In 

contrast, under pulsed magnetic field conditions, although fluorescence of MNPs was 

observed in association with the cells, there were no large aggregates present on either 

the apical or basolateral sides of the cells. 

 

3.7     Discussion 

On the basis of this study, a pulsed magnetic field can be used to enhance the 

transport of MNPs into and across a cellular barrier (Figure 7). In contrast, when the 

magnetic field is held constant, large magnetized aggregates form at the cell surface, 

resulting in a greatly decreased fraction of particles being endocytosed by the cells or 
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actively transported across the cellular barrier. Microscopically visible MNP aggregates 

that formed at the cell surface in the presence of a constant magnetic field were too large 

to be taken up by endocytosis, and they accumulated on the cell surface at a faster rate 

than they were endocytosed by the cells. Based on the finding that all intracellular MNPs 

were found inside membrane-bound vesicles and that the size of MNP aggregates that 

can be accommodated by these vesicles is limited to the size of the vesicles, these results 

suggest that a constant magnetic field is less efficient at promoting MNP transport 

because large magnetized MNP clusters do not penetrate across the cellular barrier, due 

to steric constraints inhibiting their uptake. Supporting this notion, we did not observe 

any MNPs in the intercellular spaces at the level of the cell monolayer. We also observed 

a dramatic inhibitory effect of lowering temperature on the ability of magnetic fields to 

promote transport of MNPs across the cell monolayers, consistent with transport of 

MNPs across the cells occurring via temperature-sensitive endocytic uptake, followed by 

transcytosis. In control transport experiments carried out in the absence of a magnet, 

MNP suspensions pre-exposed to a magnetic field exhibited similar transport behaviors 

as MNP suspensions that had not been pre-exposed to a magnetic field (Figures A5 and 

A6).  

Mechanistically, our results point to endocytic uptake as a key factor affecting the 

interaction between MNPs and cells, even in the presence of an external magnetic field. 

This is consistent with previous studies (28, 48). Inhibition of endocytosis by lowering 

the temperature reduced cellular uptake and transport of MNPs. Unfortunately, probing 

the role of endocytosis on the targeting and transport of MNPs is very difficult in vivo, 

and only a few such studies on middle ear epithelium have been conducted (7, 49). 
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Nevertheless, our observations suggest that TEM analyses could be performed to study 

how a magnetic field facilitates the targeting, transport, and cellular uptake of MNPs in 

vivo. In our experiments, TEM revealed the formation of sub-micrometer-sized cell 

surface aggregates that were endocytosed, as well as the formation of large, cell surface 

MNP aggregates that were not endocytosed. Functional differences in MNP performance 

could be correlated with the targeting and transport properties of MNPs, as well as size 

differences in MNP aggregates on the cell surface or basolateral membrane under the 

different magnetic field applications (constant vs. pulsed magnetic field). Similar TEM 

observations could be performed in vivo. 

For in vitro magnetic labeling or magnetofection applications, the quantitative 

analysis developed in this study can be used to reveal how the cellular uptake and 

targeting of particles are affected by the manner in which the external magnetic field is 

modulated. For in vivo drug targeting and delivery experiments, similar quantitative 

analysis of MNP aggregation and transport pathways will be essential to guide the future 

development of magnetic targeting strategies and their downstream application in drug or 

gene delivery. For clinical MRI, quantitative analyses of magnetic field-induced MNP 

aggregation could also help improve the performance of MNPs as contrast agents and 

prevent possible side effects that may result from induced particle aggregates (e.g., 

vascular thromboembolic events or unwanted accumulation of MNPs in off-target sites) 

(14, 15, 46). While many physicochemical properties of MNP preparations can influence 

their propensity to form aggregates (8-10), the performance of MNPs as contrast agents 

for MRI experiments can be affected by their magnetically induced aggregation state (16). 

While magnetically induced MNP aggregates show decreased contrast enhancement in 
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MRI (17), our experiments are specifically relevant to MNP targeting in the context of 

magnetically guided therapy. Related to this, magnetic field strengths in clinical MRI 

instruments are orders of magnitude greater than those used in our transport experiments 

(11, 12, 46). Therefore, field-induced particle aggregates can be expected to form even 

more readily in clinical MRI applications (13). Consistent with our experiments, 

continuous exposure to high strength magnetic fields does not necessarily lead to greater 

tissue targeting, as compared with lower strength magnetic fields (46).  

Certainly, we expect that further quantitative analysis will be essential to identify 

MNP formulations with the most suitable physicochemical properties (i.e., particle size, 

surface modifications, nanomaterial types, batch-to-batch variations) for in vitro and in 

vivo use and also clinical applications. Although our experiments did not test the 

performance of different MNP formulations, spatiotemporal variations in the magnetic 

field are expected to interact differently with MNP preparations possessing different 

physicochemical properties. Most likely, magnetic field strength, number, and frequency 

of pulses will need to be optimized in a formulation-specific manner, so as to achieve 

maximal uptake (or transfection efficiency). Perhaps, more importantly, our results 

clearly indicate importance of exploring the effects of spatiotemporal variations in 

magnetic fields in the context of in vivo drug/gene delivery applications. Indeed, the vast 

majority of in vivo targeting/delivery and MRI experiments involving MNPs have been 

done in the presence of a constant magnetic field. While all our experiments have been 

done in vitro, our results suggest that the interaction of a pulsed magnetic field with 

particle dosing, the distance from the magnet, and overall duration of applying magnetic 

field may also be exploited to obtain the most effective, selective, and reliable magnetic 
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applications. Previously, submaximal magnetic field strengths have been used in vivo to 

avoid severe particle aggregations that often occur during magnetic targeting experiments 

(18). However, a pulsed magnetic field may offer distinct advantages in terms of its 

ability to minimize cell surface aggregate formation while maximizing the force driving 

the cellular uptake and transport of particles. 

 

3.8     Conclusions 

To summarize, the retention of MNPs on the cell surface, as well as the cellular 

uptake and transcellular targeting of MNPs, has been quantitatively analyzed in relation 

to the initial MNP concentrations and their interaction with a constant versus pulsed 

magnetic field. At high particle concentrations, the propensity of forming large particle 

aggregates after interaction of MNPs with the cell surface was reduced by pulsing on and 

off the magnetic field. Because of steric hindrance, large particle aggregates cannot be 

endocytosed, resulting in an increased fraction of MNPs accumulating at the cell surface 

when the magnetic field is kept constant. By pulsing the magnetic field, the apical to 

basolateral transport of MNPs across the cell monolayers was maximized by effectively 

concentrating MNPs at the cell surface while avoiding the formation of large MNP 

aggregates. Ultimately, our results suggest that spatiotemporal variations in the magnetic 

field can be effectively used to optimize in vitro and in vivo magnetically guided drug or 

gene targeting strategies for many potential clinically relevant applications. 
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3.10   Figures 

 

 
 

Figure 3-1. MNP transport experiments were carried out using Transwell inserts. 

(a) Experimental setup with the transport system using Transwell inserts. Supported 

MDCK (Madin-Darby Canine Kidney) II cell monolayers were grown on porous 

polyester membrane and used for apical (AP)-to-basolateral (BL) transport studies with 

24-well plate placed on a magnetic bar. Heparin-coated MNPs (Hep-MNPs) suspensions 

were loaded in the apical side. The transport of MNPs across cells was monitored by 

collecting samples from the basolateral side. (b) Schematic representation of the transport 

system with the magnetic flux density map. Dimensions of the experimental setting are 

depicted in mm units. Vertical color gradient bar represents the magnetic flux density (M, 

G) as a function of the distance from the surface of magnet (D, mm). 
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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).   

(a) Mass transport rates of MNPs and (b) apparent intracellular masses of MNPs per cell, 

after a 90 min transport experiment, for different initial MNP concentrations (C0: 0.412 

or 0.659 mg Fe/mL) under various magnetic field conditions (NMF, CMF, or PMF; 37 

°C). (c) Rates of mass transport of MNPs across cells at 4 °C, at 0.412 or 0.659 mg 

Fe/mL under different magnetic field conditions (NMF, CMF, or PMF). (d) Ratio of 

intracellular masses of MNPs divided by the baseline, intracellular mass measured under 

NMF condition at 37 °C, as calculated after 90 min transport experiments under various 

experimental conditions (4 °C vs. 37 °C; CMF vs. PMF). For statistical analysis, one-way 

ANOVA test was followed by Tukey’s multiple comparison tests ( = 0.05) to determine 

significant differences between the means. 

 

 



  

96 

 

 

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 conditions. 

Transport experiments were done at 0.412 or 0.659 mg Fe/mL (C0) and data were 

subjected to mass balance analysis (eqs 1-5). (a) Apical-to-basolateral transported 

fraction of MNPs,  (%); (b) fraction of particles bound to the cell surface,  (%); (c) 

fraction of particles inside the cells, β (%). (d) Ratio (/β) is depicted at 0.412 or 0.659 

mg Fe/mL under various magnetic field conditions (NMF, CMF, or PMF). Statistical 

analysis was performed using one-way ANOVA with Tukey’s multiple comparison tests 

( = 0.05) to determine significant differences between the means.  
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Figure 3-4. Visible, magnetically induced aggregation of MNPs in suspension decreased 

in size with increasing distance from the magnet. 

(a) Total sizes (area, μm
2
) of clusters of particle aggregates measured from the bright-

field images of particle suspension within 4 mm (0.1, 0.5, 1, 2, and 4 mm) from the 

magnet are displayed as a function of time (5-180 min) under the magnetic field. (b) 

MNP concentration changes at each segment in the tube (0.1-0.5, 0.5-2, 2-4, and 4-7 mm 

from the magnet) are plotted as a function of time (5–180 min) under the external 

magnetic field (0.412 mg Fe/mL).  
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Figure 3-5. Transmission electron microscopy (TEM) revealed different sizes of MNP 

aggregates associated with cell monolayers after transport experiments under different 

magnetic field conditions. 

“AP” and “EN” indicates apical side and endosome, respectively. Under CMF conditions, 

(a) large aggregates were visible on the extracellular face of the apical cell membrane 

(zoom-in image next to the original image); (b) smaller MNP aggregates were sometimes 

visible in the cell surface invaginations; (c) smaller MNP aggregates were observed 

inside endosomes. Under PMF conditions, (d) MNP aggregates on extracellular face of 

the apical cell membrane were smaller in size; (e) some MNPs were also observed in 

apical membrane invaginations; (f) intracellular MNPs were observed inside endosomes. 

Under NMF conditions, (g) only small MNP aggregates were visible on the extracellular 

face of the apical cell surface; (h) some small MNP aggregates were observed inside 

endosomes. (i) In the absence of MNPs, no MNPs were observed on the cell surface and 

inside the cells. (j) Sizes of endosome and MNP aggregates inside the endosome 

measured by Metamorph are depicted for different magnetic field conditions (NMF, 

CMF, or PMF). (k) Sizes of MNP aggregates retained on the apical cell surface are 

compared in different magnetic field conditions (NMF, CMF, or PMF). Whisker plots 

with 10-90% percentiles are depicted with the solid dots as outliers. For statistical 

analysis, one-way ANOVA test followed by Tukey’s multiple comparison testing was 

used ( = 0.05) to determine significant differences between the means.  
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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). 

MNPs showed different aggregation patterns, depending on the magnetic field conditions 

(NMF, CMF, or PMF). (a) Images of supported cell monolayers captured by Olympus 

BX-51 upright light microscope under bright-field illumination at 1000×magnifications 

(scale bar = 10 μm). (b) Images of TRITC-labeled MNPs acquired with a confocal 

fluorescence microscope, showing the pores of the membrane stained with LysoTracker 

Green dyes after 30 min incubation under NMF, CMF, or PMF conditions (scale bar = 10 

μm). The top image corresponds to a confocal plane across the PET membrane of the 

Transwell insert, parallel to the plane of the cell monolayer. The bottom image 

corresponds to an orthogonal yz plane cutting across the cells and the membrane, 

perpendicularly to the plane of the cell monolayer. Solid bidirectional arrows indicate 

cytoplasm of the cells (C), pore (P), and basolateral (B) side at each yz plane.  
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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 observations. 

“N” means cell nuclei. (a) Before the magnetic field is applied, most of MNPs (random 

assemblies of black dots) are suspended in the apical compartment. (b) Under CMF 

conditions, the suspended particles are attracted by the magnetic field toward the cell 

surface, translocated into the cell via endocytosis, and to the basolateral side via 

transcytosis. At a later time point, accumulations of larger MNPs aggregates on the cell 

surface sterically inhibit endocytosis of MNPs, and large MNP aggregates form on the 
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basolateral side, clogging the pores on the membrane. (c) Under PMF conditions, 

translocations of the particles via endocytosis are facilitated by the pulsed magnetic field 

while the formation of particle aggregates on the cell surface is minimal. There is no 

clogging by MNP aggregates at the basolateral side of the cells. (d) In the absence of 

magnetic field (NMF), endocytic uptake of MNPs occurs slowly with much fewer MNP 

aggregates visible on the cell surface or in endocytic vesicles. 

 

 

 

3.11 Supporting Information Available 

This material is published in ACS Nano and supporting information (experimental 

methods and results with figures) is available in the Appendix A.
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Chapter 4  

Integrated Pharmacokinetic Approach for Developing Site-

Directed Molecular Probes for Lung 

 

The contents in this Chapter have been published in PLoS Computational Biology 

with titled as “A Cell-Based Computational Modeling Approach for Developing Site-

Directed Molecular Probes” (Yu J-y, Zheng N, Mane G, Min KA, Hinestroza JP, Zhu H, 

Stringer KA, Rosania GR. A Cell-based Computational Modeling Approach for 

Developing Site-Directed Molecular Probes. PLoS Comput Biol. 2012;8(2):e1002378). 

My contribution to this paper was to elucidate how the different molecular probes are 

transported and accumulate in the human airway epithelial primary cells according to 

their physicochemical properties through in vitro cell-based permeability assays. My 

collaborators have performed in vitro assay with canine kidney cell lines to describe 

molecular transport with different directions (apical-to-basolateral; lateral transport), in 

silico computational modeling and in vivo studies to characterize the deposition/transport 

patterns of molecular probes in the airways vs. alveoli. My contribution illustrates the 

effects of cell areas exposed to molecules along the cell multilayers on local distribution 

of the molecules. 
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4.1 Background  

Research about site-directed probes or biomarkers has been actively conducted 

with various perspectives, from discovery of disease targets to development of specific 

probes for site imaging or drug targeting. Enzymes or receptors expressed in the specific 

local regions have been utilized as special biomarkers for disease diagnosis or therapy (1, 

2). Efforts to discover the site-directed molecules have been paralleled with the studies to 

synthesize specific activators or inhibitors for the targets to modulate the target 

molecules’ functions and relevant mechanistic pathways in the pathologies. Especially, 

imaging with the site-directed probes locally retained in the specific tissues or organs can 

help to diagnose the diseased conditions ahead of the advanced stages. For intense tissue 

remodeling such as asthma and COPD, the pulmonary pathologic conditions involve 

different molecules in the process of regulations. Therefore, there have been many trials 

synthesizing chemical acting agents for the targets (3, 4). Because of therapeutic benefits 

of the inhaled drug delivery on the pulmonary diseases (rapid onsets, low systemic 

exposure and side effects), the inhaled drug market has been gradually growing 

worldwide. The global pulmonary drug delivery technology market, valued at $19.6 

billion in 2010, is projected to reach nearly $44 billion by 2016 (5). Research and 

development (R&D) is actively engaged on new products in the inhaled drug delivery. 

 However, due to the complicated, delicate properties of the lung, it has been quite 

challenging to measure the local drug concentrations and develop locally acting, inhaled 

molecules deposited on the regions of interest along the upper to lower respiratory 

systems. Anatomically, lung is composed of two distinct regions, the central conducting 

airways and the peripheral respiratory alveolar region. Conducting airways are bifurcated 
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into smaller branches continuously starting from trachea (6). The airways are composed 

of the airway epithelial lining as a principal barrier with a secretory and ciliated 

epithelium and submucosal glands, and cartilaginous elements in the large bronchi. 

Alveoli regions are composed of a thin epithelial cell layer (Type I and II alveolar 

epithelial cells) and macrophage cells. The squamous type I cell in alveoli covers 

approximately 96% of the surface are, the rest 3% of the surface is covered by the 

cuboidal type II cells. The endothelial surface of the lung is large enough for the efficient 

gas exchange (7). The interstitium of the lung contains extracellular matrix with various 

cell components (e.g., collagen, fibroblasts, monocytes, and lymphocytes), and interstitial 

fluid (8). The heterogeneous cellular composition across different regions of the lung 

along the upper and lower respiratory thus accounts for the difference in molecular 

transport behavior between airways and alveoli. 

 

4.2 Rationale and Significance 

Previously, the cellular pharmacokinetic model (1CellPK) showed good 

predictions for intestinal permeability of drug molecules and subcellular distributions of 

lysosomotropic molecules (9, 10). This model helped establish the lung model based on 

the anatomical features of the airway and alveoli to estimate the relationship between the 

physicochemical properties of the inhaled drug molecules and the regional absorption 

rates in the lung (11). The absorption rate constants calculated by the model based on the 

physicochemical properties of the drug molecules (pKa, logP, and molecular radius) 

showed consistency with the experimental measurements of drug absorption in the lung. 
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So far, many studies have demonstrated that the regional lung deposition of drugs 

depends on the aerodynamic particle size by delivery devices (12-14). However, regional 

differences in local lung exposure to drug molecules have not been investigated based on 

the physicochemical properties of molecules for their delivery. Distribution of molecules 

in various regions of the lung could be affected by the route of administration as well as 

histological microenvironments in airway or alveoli (15, 16). Herein, on the basis of the 

anatomical and biophysical understandings of respiratory systems (upper or lower) and 

established lung model, we estimated local transport and retention of the molecular 

probes for airway or alveoli targeting with in vitro-in silico-in vivo model approach. Two 

small molecular probes, MitoTracker Red and Hoechst 33342 were investigated in 

the context of the appropriate properties as site-directed probes, by mechanism-based 

model predictions and in vitro, in vivo permeability experiments. Our approach is 

significant because it would enable us to understand how the inhaled drug molecules or 

bioimaging probes behave after local administration to the lung and thus, the effects of 

different regional cell microenvironment (airway vs. alveoli, different absorption areas) 

on drug transport. This strategy may help guide the development of lung regional-

targeted drug formulations for clinical diagnosis or therapy.  

 

4.3 Abstract 

Modeling the local absorption and retention patterns of membrane-permeant 

molecules in a cellular context could facilitate development of site-directed chemical 

agents for bioimaging or therapeutic applications. Here, we present an integrative 

approach to this problem, combining in silico computational models, in vitro cell based 
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assays and in vivo biodistribution studies. To target small molecule probes to the 

epithelial cells of the upper airways, a multiscale computational model of the lung was 

first used as a screening tool, in silico. Following virtual screening, cell monolayers 

differentiated on microfabricated pore arrays and multilayer cultures of primary human 

bronchial epithelial cells differentiated in an air-liquid interface were used to test the 

local absorption and intracellular retention of selected probes, in vitro. Lastly, 

experiments involving visualization of bioimaging probe distribution in the lungs after 

local and systemic administration were used to test the relevance of computational 

models and cell-based assays, in vivo. The results of in vivo experiments were consistent 

with the results of in silico simulations, indicating that mitochondrial accumulation of 

membrane permeant, hydrophilic cations can be used to maximize local exposure and 

retention, specifically in the upper airways after intratracheal administration. 

 

4.4 Introduction 

Local administration of therapeutic agents or bioimaging probes is commonly 

used to maximize concentrations at a desired site of action and to minimize side effects or 

background signals associated with distribution in off-target sites. However, in the 

specific case of inhaled, small molecule therapeutic agents or bioimaging probes, cell 

impermeant molecules may rapidly disappear from the sites of deposition via mucociliary 

clearance (17, 18). Conversely, cell permeant small molecules can rapidly diffuse away 

and disappear from the site absorption, down their concentration gradient (19). Therefore, 

we decided to explore an integrative simulation approach (Figure 1) to study how the 
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physicochemical properties of small molecule probes may be optimized to maximize 

local targeting and retention in the upper respiratory tract.  

Previously, we constructed multiscale, cell-based computational models of 

airways and alveoli to predict the relative absorption, accumulation and retention of 

inhaled chemical agents (11). In these models, the transport of small molecules from the 

airway surface lining to the blood or from the blood to the airway surface lining were 

modeled using ordinary differential equations (ODEs) (9, 20). These ODEs described the 

transport of drug molecules across a series of cellular compartments bounded by lipid 

bilayers (Figure 1A), which form the surface of each airway generation, modeled as a 

tube (Figure 1B). For a monoprotic base, the concentration of molecule in each 

subcellular compartment was divided into two components: neutral and ionized (10, 21). 

Accordingly, two drug specific properties were used as input to simulate the transport 

process across each lipid bilayer: the logarithms of the octanol:water partition coefficient 

of the neutral form of the molecule (i.e., logPn) and the pKa of the molecule. The 

logarithm of the octanol:water partition coefficient of the ionized form of the molecule 

(i.e., logPd) can be derived from logPn or it can be incorporated as an independent input 

parameter that can be measured or calculated with cheminformatics software. For 

different compartments with different pHs and lipid fractions, the free fraction of the 

neutral and ionized forms of molecules was calculated according to the molecule’s pKa, 

logPn, and logPd, using the Henderson-Hasselbalch equation and the laws of mass action. 

Anatomically, the structure of the airways was modeled as a tree-like branching 

system of cylinders with progressively narrowing diameter (22) (Figure 1C). Starting 

with the trachea as the trunk of the tree and ending in the alveoli as the leaves, each 
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branching segment corresponded to an airway ‘generation’ characterized by a particular 

surface area, blood flow, and cellular organization (11, 23). Histologically, the walls of 

the airways or alveoli were modeled as multiple layers of epithelial, interstitial and 

endothelial cells separating the air from the blood. Several structural and functional 

differences between the airways and alveoli are noteworthy: 1) Cartilage and smooth 

muscle are present only in the interstitium of the airways; 2) The surface area of the 

alveoli is two orders of magnitude larger than airways; and 3) While the blood flow to the 

alveoli corresponds to 100% of cardiac output from the right ventricle, the blood flow of 

the airways is approximately 1% of the cardiac output from the left ventricle (24, 25).  

To predict a molecule’s absorption and retention in different airway generations, 

the transport properties of small molecules across cellular membranes, as well as the local 

partitioning of molecules into lipid in different subcellular compartments can be 

calculated with the Fick and Nernst-Planck equations to describe the transport of the 

neutral and charged species of the molecule (11). In simulations, combinations of logP 

and pKa spanning a range of values were used as input to simulate the changes in 

concentration of molecules of varying chemical structure, as they are absorbed from the 

airway surface lining liquid into the blood or vice versa.   

Here, we applied this cell-based transport model as a virtual screening tool, to 

identify compounds with differential distribution profiles in airways and alveoli, after 

intratracheal (IT) or intravenous (IV) administration. In addition, two innovative in vitro 

cell based assays were developed to assess the absorption and retention of molecules 

across multiple layers of cells along the lateral (Figure 1 D-F) and transversal planes of a 

cell monolayer (Figure 1G)). Finally, in vivo microscopic bioimaging experiments were 
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performed to visualize the distribution of fluorescent probes in the lung after either IT or 

IV administration (Figure. 1H). The results revealed that the mitochondrial sequestration 

of hydrophilic, cell-permeant cations can provide an effective mechanism for maximizing 

their local exposure and retention at the site of absorption. Accordingly, 

mitochondriotropic cations may be useful as fiduciary markers of local, inhaled drug 

deposition patterns in the upper respiratory tract.  

 

4.5 Methods 

General Methodology. All of the equations and default parameter values were based on 

our published model (11). The ODEs that describe this lung pharmacokinetic (PK) model 

were solved numerically in a Matlab® simulation environment (Version R2009b, The 

Mathworks Inc, Natick, MA). The ODE15S solver was used to address the issue of the 

stiffness in ODEs, and the relative and absolute error tolerance was set as 10
-12

 to 

minimize  numerical errors. The Matlab scripts used for virtual screening and simulation 

purposes are provided, together with detailed instructions for running them, in the online 

supplemental materials (Text S1, S2, S3, S4, S5, S6). The results of detailed parameter 

sensitivity analysis are provided in the Appendix B. 

Virtual Screening of Small Monobasic Molecules Targeting the Airways after IT 

Instillation. For virtual screening, the airway and alveoli were linked to a systemic 

pharmacokinetic model through their respective blood compartments using a single 

compartment PK elimination model (equation 1) (26):  

                                         CLC
dt

dC
V b

b
b                                    (1) 
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Where Vb is the volume of the blood compartment; Cb is the concentration in the blood; 

and CL is the clearance. The same initial dose (1 mg/kg) was used as an input parameter 

to simulate IT instillation experiments in the airways and alveoli, respectively. For virtual 

screening, clearance in the systemic circulation was set to zero.  The logPn (-2 to 4 with 

interval of 0.1 units) and the pKa (5 to 14 with interval of 0.2 units) of monobasic 

compounds were independently varied and used as input parameters, in all possible 

combinations. For each set of physicochemical input parameters (logPn and pKa) two 

important pharmacokinetic indexes were calculated: 1) the percentage of mass deposited 

in the airways and alveoli (relative to the total mass in whole lung; and, 2) the 

concentration in the alveolar and airway regions, calculated as the sum of the masses in 

all the compartments in said regions of the lung divided by the sum of all the 

compartment volumes in that region. The area under the tissue concentration curve 

(AUC) for the airways and alveoli was calculated using the trapezoidal rule. The AUC 

ratio of airways to alveoli after inhalation was calculated by dividing the AUC of the 

airways by the AUC of the alveoli for every combination of logPn and pKa that were used 

as input.  

For comparison, simulations were also run to simulate an intravenous (IV) bolus 

injection, with the initial concentration in venous blood as calculated with equation 2: 

                                          0, /vb vbC Dose V ,                                                              (2) 

The volume of venous and artery blood was set to 13.6 and 6.8 ml, respectively (26, 27). 

The concentration in the blood was fixed (clearance set to 0) with the assumption of no 

significant plasma protein binding and a drug concentration blood to plasma ratio of 1. 
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Detailed Simulation Analysis of Fluorescent Probe Distribution in the Airways and 

Alveoli After Local and Systemic Administration. Based on the results of virtual 

screening, two fluorescent probes were selected for further testing: Hoechst 33342 (Hoe, 

Molecular Probes, CA, USA) to represent a highly hydrophobic, weakly basic molecule 

that can serve as a reference marker for a readily absorbed probe with limited 

intracellular retention; and, Mitotracker Red (MTR, Molecular Probes, CA, USA) to 

represent a more hydrophilic cation that could serve as a candidate fiduciary marker for 

local inhaled drug deposition and absorption patterns. MTR was modeled with a single, 

fixed positive charge and a logPd = 0.16. Hoe was modeled as a lipophilic, monobasic 

molecule with a pKa = 7.8 and a logPn = 4.49 (calculated with ChemAxon, 

www.chemaxon.com). These physicochemical properties were used as input parameters 

to calculate the time dependent changes of the probe concentrations in the airways and 

alveoli, respectively. For simulations of IT instillation, the same initial concentration (1 

mM) of MTR and Hoe was assumed as the initial condition for the airways and alveoli. 

The same initial dose used for IT instillation was also used for IV administration. Blood 

clearance was fixed to 0 for simulations, unless otherwise noted.  

Cell–Based Transport Assays on Microfabricated Pore Arrays. A customized 

transwell insert system was constructed using a polyester membrane with microfabricated 

pore arrays precisely machined using a focused ion beam (Hitachi FB-200A) (28) (Figure 

1E). These membranes support cell growth and the pores serve as a point source for 

compound administration to single cells on a cell monolayer (Figure 1F). The pore arrays 

were comprised of 3 μm diameter cylindrical pores, arranged 20 μm apart in a 5-by-5 

square array. Pores were also arranged 40, 80 and 160 μm apart in 3-by-3 symmetrical 
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arrays. The pores were individually machined using a high brightness Ga liquid metal ion 

source coupled with a double lens focusing system. The perforated membranes were 

glued (Krazy Glue®) to the bottom of hollow Transwell® holder (Costar 3462 or 3460), 

creating a permeable support for cell growth (Figure 1D). The integrity of the insert 

system was tested by adding 5 mM Trypan Blue (dissolved in Hank’s balanced salt 

solution; HBSS) to the insert wells (28). The insert was considered intact if there was no 

evidence of Trypan Blue leakage from the edge of the insert membrane. For assessing 

lateral cell-cell transport, Madin-Darby canine kidney (MDCK) cells were purchased 

from ATCC (CCL-34
TM

) and grown (37°C, 5% CO2) in Dulbecco’s modified Eagle’s 

medium (DMEM, Gibco 11995) containing 10% FBS (Gibco 10082), 1 × non-essential 

amino acids (Gibco 11140) and 1% penicillin/streptomycin (Gibco 15140). MDCK cells 

were seeded on polyester membranes containing the pore arrays at a density between 

1×10
5
-2×10

5
 cells/cm

2
 and were grown until a confluent cell monolayer formed (Figure 

1F). To evaluate the effect of pore arrays on cell monolayer intactness, MDCK cells were 

washed and incubated in transport buffer (HBSS buffer supplemented with 25 mM D-

glucose, pH 7.4) for 30 min followed by transepithelial electrical resistance (TEER) 

measurement using Millipore Millicell® ERS. Cell monolayers were used for 

experiments only if the background subtracted TEER values were higher than 100 Ω·cm
2
 

and if the cells covering the pore arrays appeared as an intact monolayer. 

Measurement of Lateral Cell-to-Cell Transport and Retention Using 

Microfabricated Pore Arrays. To assess cell-to-cell transport along the plane of the 

monolayer (Figure 1D-F), fluorescent dyes were added into the basolateral compartment 

of the transwell system (at time 0). The dynamic staining pattern in the cells was imaged 
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(Nikon TE2000S epifluorescence microscope equipped with a triple-pass 

DAPI/FITC/TRITC filter set (Chroma Technology Corp. 86013v2)). The 12-bit grayscale 

images were acquired using a CCD camera (Roper Scientific, Tucson, AZ). For 

measurements, individual cells or nuclei in these images were manually outlined using 

the region tool in MetaMorph® software (Molecular Devices Corporation, Sunnyvale, 

CA). The average and standard deviation of cellular or nucleus fluorescence intensity was 

measured using MetaMorph®, after subtracting the background fluorescence intensity 

estimated from the unstained regions of the monolayer distant to the pores. The rate of 

Hoe staining in the nucleus was measured as the slope of fluorescence increase 

normalized by the slope of increase in the first nucleus (closest to the pore).  

Measurement of Intracellular Retention Using Normal Human Bronchial Epithelial 

Cell Multilayers Differentiated on Air-Liquid Interfaces. Normal human bronchial 

epithelial cells (NHBE, Clonetics, passage 1; Lonza, Walkersville, MD) were cultured 

(37°C, 5% CO2) and seeded (passage 2) at 2.5 × 10
5
 cells/cm

2
 on a Transwell® insert 

(Corning Inc., Lowell, MA; area: 0.33 cm
2
, pore size: 0.4 μm) in NHBE differentiation 

media (Lonza, Walkersville, MD). The apical media was aspirated after 24 h of cell 

seeding and the cells on the polyester membrane were maintained in media only in the 

basolateral compartment of the air-liquid interface culture (ALC) (29, 30). On day 8 of 

ALC, the integrity of the cell layers on the membrane was assessed by light contrast 

microscope and by transepithelial electrical resistance (TEER) (31). After equilibration of 

the cell layers on the insert with pre-warmed HBSS buffer (10 mM HEPES, 25 mM D-

glucose, pH 7.4) for 30 min (37°C, 5% CO2), TEER values were obtained and cells with 
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TEER values of ~ 600 Ω∙cm
2
 were used for the transport and retention assays (29, 30, 32-

34). 

NHBE cell multilayers grown on the inserts were examined with a Zeiss LSM 

510-META laser scanning confocal microscope (Carl Zeiss Inc., Thornwood, NJ) with a 

60 × water immersion objective on day 8 of ALC culture. For the confocal analyses, three 

different cell-permeant dyes were prepared by dilution with HBSS buffer (10 μg/ml Hoe; 

2.5 μM Lytotracker Green (LTG, Molecular Probes, CA); and 1 μM MTR). After the 

cell multilayers were washed with HBSS, 240 μl of dye mixture (80 μl of each dye in 

HBSS) was added to the apical compartment and 600 μl of HBSS was added to the 

basolateral side. After 30 min, transport of the dyes across the cell layers was measured 

by placing the insert into a two-chambered slide (Lab-Tek; Thermo Scientific Nunc co., 

Rochester, NY) and acquiring images along the Z-axis (interval, 1 μm) in three 

fluorescence channels (coherent enterprise laser (364 nm) for Hoe, Argon laser (488 nm) 

for LTG, and Helium neon 1 laser (543 nm) for MTR). The distribution of probes applied 

in the apical compartment of the NHBE cell multilayer cultures was assessed in 3D 

reconstructions of the acquired images of probe distribution, using MetaMorph 

software (Figure 1G). The relative distributions of MTR, Hoe, and LTG dyes across the 

multilayers were assessed by imaging analyses through multiple Z-stacks. After 

background subtraction, the integrated intensity of each fluorescence channel per cell was 

summed in each cell layer and divided by the total integrated intensity in all the layers to 

calculate the percentage of relative distribution of the integrated fluorescence signal of 

each dye associated with inner cell layer or the exposed surface layer of the NHBE cell 

multilayer.   
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Visualizing Probe Distribution in Mice Lungs after IT Instillation or IV 

Administration. The distribution of MTR and Hoe in airways and alveoli after IT and IV 

injection in live mice were determined by microscopic imaging of cryopreserved lung 

tissue sections and confirmed by visual inspection followed by quantitative imaging of 

high resolution tiled mosaics assembled from fluorescence images of tissue sections 

(Figure 1H). For these experiments, male C57BL/6J mice (Jackson Laboratory, Bar 

Harbor, ME; 8 weeks, 20-30 g) were used and the protocol was approved by the 

University of Michigan’s animal care and use committee in accordance with the National 

Institutes of Health Office of Laboratory Animal Welfare “Principles of Laboratory 

Animal Care.”  MTR (50 μg in 10 μl DMSO) and Hoe (90 μl of 10 mg/ml in ddH2O) 

were mixed so that the final concentration of MTR and Hoe was 0.94 and 14.61 mM, 

respectively. Mice received either 50 µl of dye mixture or 50 µl saline (control) via IV 

tail vein injection or IT instillation (35). For IV administration, conscious mice were 

briefly restrained and for IT instillation mice were anesthetized with isoflurane gas, and 

the dose was delivered to the airway via the oral route as previously described.  

In order to study the differential regional distribution of fluorescent dyes in the 

lung, mice were anesthetized with ketamine/xylazine 40 minutes after dosing. A 

thoracotomy was performed and a heparinized blood sample was acquired by cardiac 

puncture. The trachea was cannulated (20G luer stub) after which the lungs were inflated 

with ~1 mL of a 30% sucrose-optimal cutting temperature (OCT; Tissue-Tek, Sakura 

Finetek USA, Torrance, CA USA) mixture and removed en bloc. The lungs were 

immersed in OCT and were immediately frozen (at -80°C) (36). 
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For microscopy, coronal lung sections (7 μm) were imaged using an 

epifluorescence Olympus BX-51 microscope equipped with the standard DAPI, FITC 

and TRITC filter sets. A series of low-magnification (×4) left and right lung section 

images were electronically captured with an Olympus DP-70 high-resolution digital 

camera using Image J software (ImageJ 1.44b, National Institute of Health, USA; 

http://rsb.info.nih.gov/ij). In order to permit comparisons of image brightness and 

fluorescence, images for each lung section were acquired using the same illumination and 

image acquisition settings. Mosaics of the entire lung were tiled using Photoshop 

(version 4; Adobe Systems Inc., San Jose, CA) and quantitative image analysis was 

carried out using the integrated morphometric analysis function of MetaMorph. 

Background subtracted fluorescence intensity values over the airways and alveoli were 

measured, as the integrated value of all pixels per unit area of the manually selected 

airway and alveolar tissue regions, using the images acquired with the DAPI channel. In 

turn, the same airway and alveolar tissue regions were used to measure the MTR 

fluorescence signal using the images acquired with the TRITC channel. 

 

4.6 Results 

For virtual screening experiments, molecules with maximal tissue exposure 

(AUC) in the airways after inhalation were identified by using combinations of logPn and 

pKa as input parameters in a multiscale, cell-based lung transport model (Figure 2). For 

weak bases, lower lipophilicity and higher pKa promoted intracellular retention and led to 

greater local exposure relative to the alveoli (Figure 2A, B). The calculated 

airway/alveoli exposure ratio (Figure 2C) ranged from 100 to 700 and increased with 
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lowered logPn (increasing hydrophilicity) and higher pKa (greater positively charged 

fraction at physiological pH). Essentially, cell-permeant, hydrophilic molecules harboring 

a fixed positive charge showed the greatest accumulation and retention in the cells of the 

upper airway relative to the alveoli, following IT administration.  

To probe the role of the route of administration, simulations were also performed 

by independently varying logPn and pKa to calculate the mass deposition pattern in the 

airways and alveoli under steady state conditions after IV administration (Figure 2D-F). 

In this manner we established the relationship between the physicochemical properties of 

small molecules and absolute and relative mass distribution in the airways (Figure 2D) 

and alveoli (Figure 2E). Following IV administration, the majority of the mass was 

deposited in the alveoli irrespective of the physicochemical properties of the molecules 

(Figure 2F); the airways held less than 20% of total drug mass in the lungs. Compounds 

with low logPn and high pKa tended to exhibit the largest airway to alveoli mass ratios, 

which paralleled the results obtained after IT administration. 

In order to validate the results of these virtual screening experiments, two 

fluorescent bioimaging probes, MTR and Hoe, were selected for more detailed analysis. 

MTR is cell-permeant, hydrophilic cation, and Hoe is a cell-permeant, hydrophobic weak 

base. Based on the screening results (Figure 3) and more detailed simulations (Figure 3), 

the concentration profiles of these two fluorescent molecules in the airways and alveoli 

were markedly different after IT (Figure 3A, B) and more similar after IV (Figure 3C, D) 

administration. When given IT, the predicted MTR concentration, 40 to 60 min after 

administration, was nearly 10-fold higher in the airways than in the alveoli (Figure 3A).  

Conversely, the predicted concentration of Hoe in the airways was two-fold higher in 
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alveoli than in airway (Figure 3B). When given IV, the predicted concentration of MTR 

in the airways was almost same as that in alveoli (Figure 3C). However, the predicted 

concentration of Hoe in the airways was higher in alveoli (Figure 3D). Thus, MTR should 

be retained in the airways specifically after IT administration, whereas Hoe should not be 

retained in airways relative to alveoli regardless of the route of administration. 

Next, cell-based assays were used to establish the intracellular retention of MTR 

and Hoe at a site of absorption. For this purpose, a transwell insert system with micro-

fabricated pores was constructed. After seeding MDCK epithelial cells on the patterned 

pore arrays and adding hydrophobic fluorescent compounds in the basolateral side of cell 

monolayer, the time course dye uptake in the cells sitting above the pores and the kinetics 

of lateral transport from the cells lying on top of the pore to the neighboring cells was 

visualized by fluorescence microscopy. 

Three hours after the addition of Hoe to the basolateral compartment, only cells that 

were within close vicinity of pores were stained, indicating that the cells formed a tight 

seal with the pores such that each pore fed almost exclusively into cells that were in 

immediate contact with the pores (Figure 4). Monitoring of the cell-to-cell diffusion of 

Hoe over time, indicated that the pores served as point sources of sustained dye supply to 

the adjacent cells (Figure 4A-D) and for cells grown on membranes with pores spaced by 

80 μm (Figure 4C) or 160 μm (Figure 4D), each pore could be considered as the single 

point source of dye molecules. Quantitative image analysis revealed that the rate of 

staining rapidly decreased as the distance of the cells from the pores increased (Figure 4E, 

F).  Remarkably, only cells in the vicinity of each pore were labeled. 
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As controls, cells were stained with Hoe plus BCECF-AM from the basolateral 

compartment (Figure 4G-I). BCECF-AM is a nonfluorescent cell-permeant ester, which 

generates a cell-impermeant, fluorescent molecule upon intracellular hydrolysis. While 

the extent of Hoe diffusion was dependent on the distance from the pores (Figure 4G), the 

green fluorescence of the hydrophillic ester hydrolysis product (BCECF) was exclusively 

restricted to the first layer of cells that were in direct contact with pores (Figure 4H, I). 

Similar to the Hoe staining pattern, MTR also exhibited a highly constrained 

diffusion pattern with most of the staining restricted to the vicinity of each pore (Figure 

5). After two-hours of staining from the basolateral compartment with both Hoe (Figure 

5A) and MTR (Figure 5B), only cells with 60 microns of the pore were stained with both 

probes (Figure 5C). The normalized fluorescence intensity of MTR and Hoe were similar 

in the first and second layers of cells, but MTR showed higher penetration into the third 

layer (Figure 5D).   

In the transversal direction, the absorption and retention of MTR and Hoe across 

multiple layers of cells was also assessed in primary NHBE cells differentiated as 

multilayers in ALC (Figure 6). For the experiments, MTR and Hoe were simultaneously 

added in the apical side of the cells and intracellular accumulation was assessed using 3D 

reconstructions of the cell multilayers (Figure 6). As a positive control, LTG was also 

included in the apical HBSS buffer. Thirty minutes after the addition of probes to the 

apical compartment, both MTR and Hoe staining were constrained to the first, outer 

surface layer of cells (Figure 6, left). The cells beneath the surface layer of cells were 

stained with LTG (Figure 6, right), indicating that the limited penetration of both MTR 

and Hoe. Different transport patterns of MTR, Hoe and LTG across the cell multilayers 
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were verified by image quantitation using MetaMorph software in the multiple Z-stack 

images of NHBE cell multilayers. Approximately 96% ±2.76% of MTR or 96% ±2.48% 

of Hoe was retained in the surface cell layer whereas 50% ±15.62% of LTG fluorescence 

was associated with the surface cell layer. Tukey’s multiple comparison test following 

ANOVA (one-way analysis of variance) test showed statistically significant difference 

between MTR and LTG (p-value<0.0001) and  also between Hoe and LTG (p-

value<0.0001), but not between MTR and Hoe with p-value larger than 0.05 (=0.05). 

As an ultimate test of the results of in silico virtual screening experiments, mice 

were administered a mixture of MTR and Hoe by either IV tail vein or IT instillation and 

the distribution of the molecules in the lungs was assessed by fluorescent microscopy 

(Figure 7). Hoe distributed throughout the lungs regardless of route of administration 

(Figure 7A, B) with fluorescence in both alveoli and airways (Figure 7C, D). Following 

IV administration, MTR also distributed throughout the lung in both airways and alveoli 

(Figure 7E). Conversely, IT administered MTR resulted in highly uneven fluorescence 

distribution (Figure 7F). Most importantly, the airway regions showed comparable MTR 

fluorescence in airway vs. alveoli after IV (Figure 7G) but higher MTR fluorescence 

intensity in airways compared with the alveoli following IT delivery (Figure 7H). 

To confirm these observations quantitative image analysis was performed to 

compute background subtracted integrated intensity of alveolar and airway regions, to 

quantify the relative, differential fluorescence intensity distribution of Hoe and MTR in 

airway and alveoli. The fluorescence MTR/Hoe ratio ranged from 2.42 to 3.27 for IT 

administration. For MTR and Hoe, the mean (s.d.) percent airway delivery was 23.9% 

5.8% and 8.8% 2.7%, respectively (based on 422 region measurements from a single 
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lung). For IV administration, the fluorescence MTR/Hoe ratio ranged from 0.95 to 1.45. 

The mean (s.d.) percent airway delivery for MTR and Hoe were 7.5% 2.5% and 7.1% 

1.8%, respectively (based on 383 region measurements from a single lung). The images 

and measurements were consistent with local intracellular retention of MTR in the 

airways compared with Hoe, following IT (but not IV) instillation. These in vivo results 

paralleled the in silico simulation results (Figure 3). 

In order to identify the most important parameters that might explain the 

differences in local retention of MTR and Hoe, a parameter exchange analysis was 

performed using computational simulations. For this purpose, individual parameters of 

the airway were exchanged with those of the alveoli, one at a time, and the simulations 

were rerun to calculate the exposure (AUC) of MTR and Hoe. Based on the results of this 

simulation analysis (Table 1) the volume of interstitial smooth muscle cells together with 

the volume of mitochondria were the primary factors determining the retention of MTR 

in the upper airways relative to alveoli. Secondarily, the surface areas of epithelial and 

endothelial cell layers were important, affecting retention in opposite directions. Taken 

together, these results suggest that the mitochondrial density per unit absorption surface 

area is the key histological organization parameter responsible for the higher retention of 

MTR in upper airways after IT administration.  

 

4.7 Discussion 

In traditional pharmacokinetic studies, drug distribution in the lungs is analyzed in 

a homogeneous and well-stirred compartment (26, 37). Here, we have elaborated an 

integrated, cell-based approach to model local drug absorption and transport phenomena, 
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aimed at identifying cell-permeant molecules that are retained in the cells of the upper 

airway upon local pulmonary administration via the inhaled route. This integrated 

approach can be exploited for bioimaging probe development or for optimizing the local 

concentration of pulmonary medications (15, 16).    

Locally acting, inhaled medications are of considerable interest for treating 

various pulmonary ailments, including asthma, chronic obstructive pulmonary disease 

(COPD) and pulmonary hypertension (12, 24, 38). The therapeutic benefits of inhaled 

medications include targeted drug delivery, rapid onset of action, low systemic exposure 

with a resultant reduction in systemic side effects (39, 40). Nevertheless, measuring local 

drug concentrations in the lungs is challenging. Previously, regional differences in local 

lung exposure have received little attention in the context of small molecule targeting and 

delivery. Inhaled drug development efforts ignore the possibility that local differences in 

drug exposure could influence regional differences in drug transport properties that are 

associated with structural and functional characteristics of the airways and alveoli (41-43). 

Accordingly, the approach presented here is significant because it furthers our 

understanding of how inhaled drug molecules and bioimaging probes behave after local 

administration to the lungs. These findings have important implications in pulmonary 

drug development. 

Our simulations and experiments indicate that route of administration, histological 

organization and circulatory parameters can affect the retention and distribution of 

different molecular agents in various regions of the lung based on lipophilicity and 

ionization properties of molecules, and as such, may be of pivotal importance for the 

optimization of drug targeting (15, 16). Specifically, we considered two major and clearly 
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distinguishable regions of the lungs: the airways and the alveoli, which are histologically 

and physiologically distinct. Extensive studies have demonstrated that the regional lung 

deposition of drugs is largely dependent on the aerodynamic particle size generated by 

delivery devices (12-14, 41). Here, we introduce the concept that other parameters (e.g., 

the chemical properties of molecules) may be as important for predicting the behavior of 

pulmonary delivered of drugs. This is evidenced from our simulations which indicated 

that, after absorption into the blood, the majority of drug mass (>80% of total mass in 

lungs) is predicted to accumulate in the alveoli because of its larger volume and higher 

lipid content and compounds with high lipophilicity and low pKa will accumulate to even 

a greater extent in the alveoli. Although inhaled drug targeting leads to most of the drug 

mass deposited in the upper airways, without significant intracellular retention, the 

molecules can be rapidly absorbed and circulate back to the lung to accumulate in the 

alveoli. In theory, only molecules that are retained in the cells of the upper airways at the 

local site of administration can be effectively targeted to the upper airways.   

To study the transport properties of small molecules in airways and in alveoli, we 

conducted simulations concentrated on characterizing the behavior of two fluorescent 

compounds, MTR or Hoe, because they exhibited large differences in simulated transport 

behaviors. In addition, two in vitro cell based assays were developed to test the local 

cellular uptake and retention properties of small molecules: 1) Primary NHBE cell 

cultures comprised of cell multilayers differentiated on transwell insets in the presence of 

an air-liquid interface; and 2) MDCK cell monolayer cultures on microfabricated pore 

arrays to establish the lateral cell-to-cell transport kinetics of small molecules, along the 

plane of the cell monolayer. In the case of Hoe and MTR, both in vitro assays confirmed 
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that the probes were taken up and largely retained by cells in the immediate vicinity of 

site of absorption and that the extent of diffusion followed a dye concentration gradient 

from the pores. Our in vitro findings indicated that the lateral cell-to-cell diffusion of 

MTR and Hoe was highly constrained. These in vitro results confirmed that both Hoe and 

MTR were retained intracellularly at a significant level in the presence of a transcellular 

concentration gradient both in the apical-to-basolateral and lateral directions. These 

results were also informative in terms of the time scale of intracellular accumulation and 

the relative labeling intensity afforded by these two fluorescent probes in the presence of 

a transcellular gradient. However, the in vitro assays did not reveal a major difference in 

the local retention of MTR and Hoe. Based on this observation, the behavior of these 

probes in these in vitro assays appeared most consistent with the predicted behavior of 

the probes in the alveoli. 

Nevertheless, the results of in vivo studies closely paralleled those obtained in 

silico, in that MTR was retained in airways upon local IT administration while Hoe 

distributed in both airways and alveoli irrespective of the route of administration. 

Although in vitro results were useful to confirm the high, local intracellular retention of 

the probes, the in silico model is a better representation of the three-dimensional 

organization and physiological parameters of the in vivo situation. Parameter sensitivity 

analysis indicates that mitochondrial uptake of hydrophilic cations, in relation to the 

surface area over which absorption occurs, is the critical histological component 

responsible for high exposure of MTR when given via IT instillation. This is because as 

MTR traverses from the lumen of the airway into the interstitium, it is rapidly taken up 

into the mitochondria, driven by the high negative membrane potential of the 
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mitochondrial inner membrane. Conversely, release of MTR from the mitochondria out 

into the circulation is very slow because the membrane potential slows the release. In the 

case of the alveoli, the alveolar epithelial cells have much higher apical and basolateral 

plasma membrane surface areas relative to the mitochondrial membrane surface area. The 

higher cell surface area facilitates mass transport of MTR across the cells and into the 

circulation, which reduces  MTR accumulation in mitochondria.  

In contrast to MTR, Hoe is a lipophilic weakly basic compound with a pKa of 7.5. 

Therefore, at physiological pH, half of the Hoechst molecules exist in a highly 

membrane-permeant, neutral form. Transmembrane diffusion of the neutral form of Hoe 

is orders of magnitude faster than that of a cationic form. So there is no significant 

accumulation or retention of Hoe in either the airways or the alveoli. When administered 

by IV injection, the direction of distribution is from blood to the tissue. The distribution 

between blood and tissue is mostly a function of the partitioning or binding of molecules 

from the circulation to the tissue, which is dependent on the cell density of the tissue, the 

membrane content of the tissue, and the affinity of the probes for membranes and 

intracellular components in the tissue. Thus, after IV administration, both Hoe and MTR 

tended to partition more into alveoli than into the airways.  

In conclusion, we have elaborated an integrated in silico-to-in vitro-to-in vivo, 

modeling approach which has applicability toward the optimization of site-specific 

targeting of locally-administered molecules. In the process, we have found that MTR is a 

candidate fiduciary marker for local drug deposition and absorption patterns in the 

airways. Due to the compartmental nature of the lungs, computational simulations can be 

linked to upstream process, such as pulmonary particle deposition, dissolution and mucus 
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clearance, as well as to downstream processes that can be captured by pharmacodynamic 

models (44-46). With additional effort this approach can be expanded to include 

macromolecules, acidic, zwitterionic molecules as well as molecules possessing multiple 

ionization sites, to further development of probes of lung structure and function (47, 48). 
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4.9 Tables 
 

                    Table 4-1. Results of parameter exchange analysis. 
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4.10   Figures 

 
 

Figure 4-1. General methodology of integrative, cell based transport modeling. 

A) For in silico simulations at the cellular level, a monobasic compound diffuses across a 

phospholipid bilayer and undergoes ionization and partition/binding in each compartment. 

The neutral form of the monobasic molecule is indicated as [M], and the protonated, 

cationic form of the molecule is indicated as [MH
+
]. B) For in silico simulation at the 

histological level, each airway generation is modeled as a tube lined by epithelial cells; as 

molecules are absorbed over time, the drug concentration in the lumen decreases 

accompanied by an increase in drug concentration in the circulation. C) For in silico 

simulation at the organ level, the lung is modeled as a branching tree, with airway 

generation modeled as a cylinder, from the trachea to the alveoli. D) Experimental design 

of insert system with patterned pore arrays on membrane support for viewing lateral 
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transport of fluorescent molecules along the plane of a cell monolayer, away from a point 

source. E) Transmitted light image of a 5 × 5, 3 μm diameter pore array (20 μm spacings)  

on a polyester membrane. F) Transmitted light image of an MDCK cell monolayer above 

a membrane support with 3 × 3, 3 μm diameter pore array (40 μm spacings).  Scale bar: 

40 μm. G) 3D reconstruction of confocal images of the distribution of three fluorescent 

probes added to the uppermost surface of NHBE cell multilayers grown on air-liquid 

interface cultures on porous membrane support. Each 3D plane is composed of the image 

with the fluorescent channel; red (MTR), blue (Hoe), and green (LTG). H) Illustration of 

the tiling algorithm used to visualize and quantify the distribution of Hoe and MTR in 

lung cryosections, after IT and IV coadministration of the probes. 
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Figure 4-2. Virtual screening of monobasic compounds based differential tissue 

distribution in the airways and alveoli, using combinations of logPn and pKa as input. 

For simulations, the initial dose was set to 1mg/kg for airways and alveoli. Contour lines 

indicate: A) The calculated AUC (unit: mg/ml*min) in airways; B) The AUC (unit: 

mg/ml*min) in alveoli; C) The AUC contrast ratio of airways to alveoli; D) The mass 

percentage (%) inalveoli relative to the total mass in lung; E) The mass percentage (%) in 

airways relative to the total mass in lung; F) The mass ratio of alveoli to airway. 
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Figure 4-3. Simulations of local pharmacokinetics of MTR and Hoe after IV and IT 

administration. 

A) The simulated tissue concentration in airways (dash line) and alveoli (solid line) of 

MTR administered by IT instillation; B) The simulated tissue concentration in airways 

(dash line) and alveoli (solid line) of Hoe administered by IT instillation; C) The 

simulated tissue concentration in airways (dash line) and alveoli (solid line) of MTR 

administered by  IV injection; D) The simulated tissue concentration in airways (dash 

line) and alveoli (solid line) of Hoe administered by IV injection. 
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Figure 4-4. Probing the intracellular retention of Hoe along the plane of a cell monolayer. 

For the experiments, Hoe was added to the basolateral compartment and incubated for 3 

hrs, with cell monolayers sitting on top of patterned pore arrays.  Red spots indicate the 

location of pores; Scale bar: 80 μm. Cells were imaged using the DAPI channel of an 

epifluorescence microscope. A) 5 × 5 array of 3 μm pores with 20 μm spacings; B) 3 × 3 

array of 3 μm pores with 40 μm spacings; C) 3 × 3 array of 3 μm pores with 80 μm 

spacings; D)  3 × 3 array of 3 μm pore array with 160 μm spacings; E) Fluorescent 

images of a cell monolayer incubated for 3 hours in the presence of Hoe in the basolateral 

compartment; F) corresponding measurements of fluorescence intensity of cells in A), 

showing the average fluorescence of each nucleus normalized by the average 

fluorescence of the nucleus closest to the pore at the 3 hr time point, and plotted as mean 

± s.d. (n = 6). G)  Fluorescence image of cell monolayer on a 3×3 array of 3 μm pores 

with 40 μm spacings after 2 hr incubation with Hoe and BCECF-AM in the basolateral 

compartment; H) FITC channel corresponding to BCECF staining of the same cells as 

in ; I) Image overlays of C and D. 
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Figure 4-5. Probing the intracellular retention of MTR along the plane of a cell 

monolayer.   

Cell monolayers on pore arrays were incubated for 2 hr with Hoe and MTR in the 

basolateral compartment.  White spots indicate the location of pores; Scale bar: 20 μm. 

A) Fluorescent image acquired with the DAPI channel showing Hoe diffusing on a cell 

monolayer sitting on top of a single pore of a 3×3 array of 3 μm pores with 160 μm 

spacings; B) Same field as in A, visualized with the TRITC channel to show the staining 

of MTR; C) Overlay of A and B showing the overlapping Hoe (blue) and MTR (red) 

staining patterns. D) Plots of the fluorescence intensity of Hoe and MTR, separated by 0, 

1, 2 or 3 layers of cells from a pore, and normalized by the fluorescence intensity of the 

cell closest to the pore; asterisk indicates a statistically significant difference using 

Student’s T-test; p<0.05; n= 6). 
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Figure 4-6. Fluorescent confocal images of NHBE cell multilayers on the porous 

membrane with Z-stacks stained with MTR, Hoe and LTG. 

Each compartment (membrane inserts (bottom), inner cell layers, surface cell layer, and 

apical compartment (top)) through z-axis were indicated with the red arrows in xz planes 

while cell nuclei and cytoplasm in xy planes. The panel to the left shows an x, y cross 

section through the apical surface layer of the cell multilayer. The panel to the right 

shows an x, y cross section through the inner cell layer of the cell multilayer. Scale bar: 

20 μm.  
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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. 

A) DAPI channel fluorescence image showing Hoe distribution following IV 

administration; B) DAPI channel fluorescence image showing Hoe distribution following 

IT administration; C) High magnification view of the boxed region in A; D) High 

magnification view of the boxed region in B; E) TRITC channel fluorescence image 

showing MTR distribution following IV administration; F) TRITC channel fluorescence 
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image showing MTR distribution following IT administration; G) High magnification 

view of the boxed region in E; H) High magnification view of the boxed region in F. 

Scale bar = 1 mm.  
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4.11   Supporting Information Available 

This material is published in PLoS Computational Biology and supporting 

information (Parameter sensitivity results) is available in the Appendix B. 
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Chapter 5  

The Extracellular Microenvironment Explains Variations 

in Passive Drug Transport across Different Airway 

Epithelial Cell Types 

 

5.1 Background 

Variations in the extracellular microenvironment are known to impact the 

molecular transport across the epithelial cells. Interstitial fluid phase and extracellular 

matrix (ECM) as components of extracellular microenvironment are controlled by 

physiological interactions including biochemical factors such as signaling molecules, 

growth factors, mucus (1, 2) and physical factors such as collagens (3-5).  

In the airway, mucociliary clearance influences drug penetrations into the 

epithelial cell linings, controlled by ciliary movements and mucus secretions (2). 

Normally, the airway surface layer (ASL) is composed of ~98% water, 1% salt, and 1% 

proteins by weight, including the high molecular weight mucins which determine the 

viscoelastic properties of the mucus layers. Proper hydration and thickness or volume of 

ASL is controlled by a balance between ion secretion and ion absorption (6, 7). Diffusion 

barriers with unstirred water layers on cell surface have been claimed as impairing the 

drug permeability, especially for lipophilic drug compounds. There is much evidence 
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indicating that the variations in the aqueous barriers tend to arise due to experimental 

conditions such as stirring speeds or apparatus designs (8-10).  

The ECM variations also contribute to controlling cell structures and 

morphologies and accordingly, biochemical interactions and drug transport (11-13). In 

the transwell apparatus for in vitro drug transport studies, pore size or density and 

tortuosity of the porous membrane (14, 15), and coating materials on the membrane 

affect the variations in ECM (16-18). The different cell areas exposed to drug molecules 

in different regions along the airways also affect the varied transport and retention of the 

molecules in the target sites. For example, differentiated NHBE (primary, normal human 

bronchial epithelial) cells have shown to grow in transwell inserts as multilayers (19). 

Different cell areas in bottom or top cell layers resulted in varied exposures to molecular 

probes (MTR or Hoe) according to the physicochemical properties of drug molecules as 

shown in Chapter 4.  

 

5.2 Rationale and Significance 

The mechanism-based cellular pharmacokinetic model (1CellPK) has 

demonstrated its usefulness to predict the cell permeability based on the physicochemical 

properties of the drug molecules and cell physiological parameters (20-22). By using 

parameter optimization algorithm, the model could help distinguish key parameters 

contributing drug transport phenomena. The varied ranges of cell physiological 

parameters (i.e., area or volume of the cell, area or volume of subcellular organelles, pH 

and electrical membrane potential) are determined, based on the relevant literatures, the 

established 1CellPK model, and the microscopic imaging examination. Input parameters 
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related to the physicochemical properties of drug molecules would be based on the 

calculations of pKa and logP values.  

Calu-3 cells have been widely used as the representative airway cell model of the 

drug transport assays (23, 24), but primary cells, NHBE might be more physiologically 

relevant to the lung than the Calu-3 originated from cancer. However, in the transport 

assays from NHBE cells, the multilayer formation could vary the drug exposures in 

different cell layers (19), making the data interpretation difficult. Generally, 

advantageous to cell-to-cell interactions, mixed co-culture methods have been used to 

establish in vitro working models in various fields (25-27). Therefore, mixed co-cultures 

of NHBE and Calu-3 cells at an optimal ratio might provide cell monolayer conditions of 

NHBE and could be used to calculate drug transport/cellular uptake in NHBE. 

Integrations of drug transport assays using co-cultures of airway epithelial cells and the 

computational modeling could help dissect the various factors affecting mass transport 

and explain the effects of the extracellular microenvironment (presented as unstirred 

water layers) on drug transport.  

 

5.3 Abstract 

We sought to identify key variables in cellular architecture and physiology that 

might explain observed differences in the passive transport properties of small molecule 

drugs across different airway epithelial cell types. Propranolol (PR) was selected as a 

weakly basic, model compound to compare the transport properties of primary (NHBE) 

vs. tumor-derived (Calu-3) cells. Differentiated on Transwell inserts, the architecture of 

pure vs. mixed cell co-cultures was studied with confocal microscopy followed by 
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quantitative morphometric analysis. Cellular pharmacokinetic modeling was used to 

identify parameters that differentially affect PR uptake and transport across these two cell 

types. Pure Calu-3 and NHBE cells possessed different structural and functional 

properties. Nevertheless, mixed Calu-3 and NHBE cell co-cultures differentiated as stable 

cell monolayers. After measuring the total mass of PR, the fractional areas covered by 

Calu-3 and NHBE cells allowed deconvoluting the transport properties of each cell type. 

Based on the apparent thickness of the unstirred, cell surface aqueous layer, local 

differences in extracellular microenvironment explained the measured variations in 

passive PR uptake and permeation between Calu-3 and NHBE cells. Mixed cell co-

cultures can be used to compare the local effects of the extracellular microenvironment 

on drug uptake and transport across two epithelial cell types.  

 

5.4 Introduction 

Measurements of small molecule transport across epithelial cell monolayers in 

tissue culture are routinely performed in pharmaceutical research laboratories to predict 

the absorption properties of drug candidates, with applications ranging from drug 

development to regulation. For gastrointestinal drug absorption, Caco-2 or Madin-Darby 

Canine Kidney (MDCK) cells have been widely used to measure permeability of oral 

drugs using in vitro assay systems. When cultured on porous membrane supports, the 

ability of these cells to form a monolayer with tight junctions enables reproducible and 

biorelevant measurements of drug transport and metabolism. In vitro transcellular 

permeability measured using these cell culture models shows good correlation with in 

vivo intestinal permeability measured in animals or humans (28, 29).  
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Calu-3 cells (American Type Culture Collection, ATCC HTB-55) are a sub-

bronchial adenocarcinoma epithelial cell line derived from a human malignant pleural 

effusion (30). To assay the transport properties of inhaled drugs, Calu-3 cells are most 

widely used due to their low cost, simple culture conditions and reproducible assay 

results. Calu-3 cells can be grown on porous supports on which they form a polarized cell 

monolayer with constant thickness (24, 31-33). These cells can be also cultured under an 

air-liquid interface (ALI) in the absence of cell culture media in the apical side, 

mimicking the environment in the intact lung. When differentiated in ALI conditions, 

Calu-3 cells form tight junctions, secrete mucus on their surface and undergo ciliogenesis 

(34). These cells are also used to study the dissolution-absorption kinetics of drug powder 

formulations (35-37). In addition, Calu-3 cells are used to study active transport 

mechanisms influencing drug absorption, metabolism and efflux (38, 39) and for in vitro-

in vivo correlation studies involving permeation of passively or actively transported drug 

molecules in the airways (24, 40). 

As an alternative to Calu-3 cells, primary normal human bronchial epithelial 

(NHBE) cells can be obtained from different locations of the lungs of human cadavers 

(41). NHBE cells are considered more physiologically relevant because they do not have 

the transformed phenotype of Calu-3 cells (42, 43). However, unlike Calu-3 cells, NHBE 

cells are difficult to propagate and mucociliary differentiation becomes significantly 

impaired after three sub-cultures. Variations in cell culture media composition also 

influence the differentiated phenotype of NHBE cells (32, 39, 44). Like Calu-3 cells, 

NHBE cells can be cultured under ALI conditions (45, 46) but they form multilayers of 
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variable thickness and cellular composition which complicate interpretation of drug 

uptake and permeability measurements. 

Here, to identify specific structural and functional features that might be 

responsible for differences in the transport properties of NHBE and Calu-3 cell 

monolayers, we established a specialized in vitro assay system. Since NHBE cells tend to 

differentiate into multilayers, NHBE cells were mixed with Calu-3 cells in various ratios 

and cultured on a polyester membrane in Transwell inserts under ALI conditions. After 

establishing cell monolayer integrity and tight junction formation, the 3D architectures of 

the cells differentiated on Transwell insert system were investigated using confocal 3D 

microscopy. By measuring the transport properties of PR across a pure Calu-3 cell 

monolayer and based on the cell numbers and areas occupied by NHBE and Calu-3 cells 

in mixed cell monolayers, we calculated the transport properties of PR across individual 

NHBE cells. In turn, by fitting the data with a cellular pharmacokinetic model, parameter 

optimization and sensitivity analysis led to the identification of key structural and 

functional variables that explain the observed differences in PR uptake and transport 

kinetics across these two cell types. 

 

5.5 Materials and Methods 

Materials. Hank’s balanced salt solution (HBSS buffer, pH 7.4, 10mM HEPES, 25mM 

D-glucose) was prepared with chemicals obtained from Fisher Scientific, Inc. (Pittsburgh, 

PA). NHBE cells (Clonetics; normal human bronchial epithelial cells; passage #1), 

bronchial epithelial basal medium (BEBM) and the associated bullet kit including 



  

151 

 

subculture reagents were from Lonza (Walkersville, MD). Dulbecco’s Modified Eagle 

Medium: Nutrient Mixture F-12 (DMEM:F12) was from Invitrogen (Carlsbad, CA). 

Lucifer Yellow CH dipotassium salt (MW: 521.57) was from Sigma-Aldrich (St. Louis, 

MO). MitoTracker® Red CMXRos (M7512), Hoechst 33342 (H3570), LysoTracker® 

Green DND-26 (L7526), and Alexa Fluor® 488 phalloidin (A12379) were from 

Molecular Probes, Invitrogen. Transwell inserts with polyester membranes (area: 0.33 

cm
2
, pore size: 0.4 μm) were from Corning Co. (Lowell, MA). Nunc Lab-Tek I-

chamber slides were used for the microscopic examination of cells. Propranolol, atenolol, 

anhydrous ethyl acetate, acetonitrile (LC/MS grade) and formic acid were from Sigma-

Aldrich. Metabolite standards (4-hydroxypropranolol and N-desisopropyl propranolol) 

were from Alsachim (Strasbourg, France). Water purified with a Milli-Q water system 

(Bedford, MA) was used for LC/MS analyses. 

Cell culture. Calu-3 cells obtained from American Type Culture Collection (ATCC) 

(Manassas, VA) were cultured in 75 cm
2
 flasks (37C in a 95 % air/5 % CO2) in media 

containing a 1/1 mixture of DMEM:F12 containing 2 mM L-glutamine, high glucose, 1% 

(v/v) non-essential amino acids, 1% (v/v) penicillin-streptomycin, and 10 % FBS. Culture 

media was changed every second day until cells were confluent. At that time, Calu-3 cells 

were subjected to trypsin and sub-cultured at a 1:3 ratio. 

NHBE cells (passage #1) were thawed according to the manufacturer’s instruction 

and grown in a 75 cm
2
 flask (500 cells/cm

2
 at 37°C, 5% CO2) until they were 70-80% 

confluent (46). NHBE cells were maintained in the growth medium (BEGM) of serum-

free BEBM supplemented with the growth factors in the bullet kit (human recombinant 

epidermal growth factor, insulin, transferrin, hydrocortisone, triiodothyronine, 
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epinephrine, retinoic acid, gentamycin / amphotericin-B and bovine pituitary extract (35 

mg/ml)).  

Air-liquid interface (ALI) cultures on inserts. For transport experiments and confocal 

image analyses, Calu-3 cells (passage 26-36) were seeded at 5 × 10
5
 cells/cm

2
 on the 

porous membranes (area: 0.33 cm
2
) of Transwell inserts in 24-well plates. They were 

maintained in culture media in apical and basolateral sides (37C, 5% CO2). After an 

overnight incubation, polyester membranes were examined using an inverted Nikon 

TE2000 microscope to ascertain cell attachment and viability. For ALI conditions, the 

apical media was aspirated and the basolateral media was replaced with fresh media. The 

apical sides of the inserts were washed with HBSS buffer (pH 7.4) to remove unattached 

cells. Media in the basolateral sides of the inserts were replaced with fresh media every 

day while cells were maintained (37C, 5% CO2). Transepithelial electrical resistance 

(TEER) measurements were made to assess the integrity of the intercellular junctions as 

previously described (37). 

NHBE cells (passage #2; 2.5 × 10
5
 cells/cm

2
) were seeded on Transwell inserts 

in 24-well plates with differentiation media. Mixed media (1/1) of BEBM and 

DMEM:F12 supplemented with 8 growth factors (the same ingredients in the BEGM 

preparation) except for bovine pituitary extract was used as differentiation media for 

NHBE cells on the inserts (45, 46). To achieve ALI conditions, the media in the apical 

chamber was removed by aspiration 24 h after cells were plated on the inserts and 

differentiation media in the basolateral side was replaced every day during which cells 

were maintained (37C, 5% CO2). 
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For the mixed cell co-cultures, Calu-3 and NHBE cell suspensions were mixed in 

differentiation media at various ratios (see Table C1 in the Appendix C). Since the cell 

doubling times are different for these two cell-types, the optimal cell seeding densities in 

pure culture were considered in the mixed conditions. To monitor culture conditions, 

functional assays by measuring TEER and lucifer yellow (LY) permeability were 

periodically conducted as previously described (37). Cytometric analyses by confocal 

microscopy were also periodically performed. 

Confocal fluorescence microscopy and 3D reconstructions. Mixed solution (240 μl) of 

three different dye molecules (80 μl of each dye, 1 μM MitoTracker® Red (MTR), 10 

μg/ml Hoechst 33342 (Hoe) and 2.5 μM LysoTracker® Green (LTG) in HBSS) were 

added to the apical side of inserts with cells in the presence of buffer (600 μl) in the 

basolateral chamber. After a 30 min incubation (37°C, 5%), the cell-containing inserts 

were put on a chamber slide (Lab-Tek). Images were acquired across the z-axis with 

using 1 μm intervals by a confocal microscope at a different fluorescent channel (UV 

(364 nm), Argon laser (488 nm), Helium neon 1 laser (543 nm)). A Zeiss LSM 510-

META laser scanning confocal microscope (Carl Zeiss Inc., Thornwood, NJ) with a 60 × 

water immersion objective was used for scanning the insert through the z-axis. Three 

dimensional (3D) reconstructions of image stacks were performed using the microscope’s 

built-in software package. Additionally, cell-to-cell junction formation between Calu-3 

and NHBE cells were also analyzed by confocal microscopy after actin staining with 5 

U/ml Alexa Fluor® 488 phalloidin (46). 

Morphometric analysis of cell monolayer architecture. Confocal Z-stack images of 

the cells on the inserts under ALI conditions were analyzed using MetaMorph image 
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analysis software (Molecular Devices, Sunnyvale, CA) as previously described (47). 

Briefly, after background subtraction, regions around each cell were manually drawn 

using the “Trace region” tool. Region area and integrated intensity of MTR or LTG 

corresponding to each region were measured using the “Region measurement” function. 

Assuming the shape of a cell as a polyhedron, cell volume was calculated by summing 

the segmented cell areas (polygonal area) along the z-axis based on 1 µm spacing 

between sequential images according to Simpson’s rule for integrations (47). Based on 

the measured areas and calculated cell volumes, cell population distribution histograms 

were generated and plotted with MATLAB R2010b. A normal mixture statistical model 

with probability density function in MATLAB was used to estimate the fraction of the 

mixed cell population in each image that was occupied by Calu-3 or NHBE cells. 

Assessment of PR metabolism. Confluent cells were harvested using trypsin and the 

isolated cell suspension (10
7
 cells in 1 ml) was incubated with PR (50 or 100 μM) by 

shaking (37°C, 5% CO2) for 4 h. After incubation, the cell suspension was centrifuged 

(1,300 × g, 5 min, 4°C). The supernatant was collected and the cell pellets were washed 

with cold DPBS twice by centrifugation. In preparation for LC/MS analysis, cell pellets 

were extracted with cold methanol. For PR metabolite detection, confluent cells in 75 

cm
2
 flasks were incubated with PR (50 or 100 μM) for 4 h. Cells were isolated by trypsin 

and centrifuged (200 × g, 5 min, 4°C). Then, the supernatant was collected and cell 

pellets were washed twice with cold DPBS (15 ml). Cells were extracted with cold 

methanol. All the samples were stored at -80°C.  

PR transport experiments. Transport experiments were performed using Calu-3 cells, 

NHBE cells or the mixed cell cultures (1/1 Calu-3/NHBE ratios) on inserts in both 
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directions (apical-to-basolateral (APBL) and basolateral-to-apical (BLAP)) after 8 

days in culture under ALI conditions. For the assays, cells on the inserts were washed and 

left to equilibrate in HBSS at 37°C for 30 min. For APBL transport assays, 110 μl of 

PR in HBSS buffer (5, 10, 20, 50, 80, or 100 μM) was added into the apical side of the 

inserts, with 600 μl of HBSS buffer without PR in the basolateral side. For BLAP 

transport assays, 600 μl of PR in HBSS was added to the basolateral side, and 110 μl of 

PR-free HBSS buffer was added to the apical side. Plates with inserts were incubated 

(37°C, 5% CO2) while on a shaking platform and samples were collected from the 

receiver side at various time points until 4 h and a single sample was acquired from the 

donor side at 4 h. After transport experiments, cells on the inserts were washed twice 

with cold DPBS and detached with trypsin. The isolated cells were counted and after 

centrifugation (1,300 × g for 5 min), the cell pellets were lysed with cold methanol and 

sonication (10 min) and were incubated on ice. The methanol in the cell lysis supernatant 

was evaporated by Savant DNA SpeedVac Concentrator (Thermo Scientific) for 50 min 

and then reconstituted with HBSS. PR concentrations in the samples from transport 

studies were quantified with LC/MS.  

LC/MS analysis. Stock solutions (500 µM) of PR, atenolol (internal standard; IS) or 

standard metabolites of PR (4-OHP and N-DIP) were prepared in methanol. They were 

diluted with acetonitrile:water (1:1) with 0.1 % formic acid (mobile phase) to generate 

standard solutions of 0.005, 0.01, 0.05, 0.1, 0.5, and 1 µM. Internal standard was 

prepared by diluting the stock atenolol to yield a final concentration of 5 µM in 

acetonitrile:water (1:1) with 0.1 % formic acid. Twenty µl of IS solution in mobile phase 

was added to each standard solution (230 µl) in acetonitrile:water (1:1) with 0.1 % formic 
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acid. The mixtures were vortexed and filtered (0.22 µm). The solutions were transferred 

to vials for LC/MS. 

Standards or samples from transport studies were diluted with water to which 

atenolol (5µM) was added. The solutions were alkalinized with ammonium hydroxide 

(25%) to a pH 8-10. The solutions were extracted with 3 ml of anhydrous ethyl acetate 

(EtOAc), vortexted, then centrifuged (200 × g, 5 min, 4°C) to separate the solvent layers. 

The EtOAc layers were transferred to tube and evaporated in a SpeedVac Concentrator 

for 50 min. The dried residues were reconstituted with 250 μl of mobile phase solvent 

(acetonitrile:water (1:1) with 0.1 % formic acid). After filtering (0.22 μm syringe filter), 

samples (5 μl) were injected into LC/MS. 

Three different batches of standards at six concentrations were prepared for 

intraday and interday validation on three consecutive days. Precision was evaluated as the 

relative standard deviation of the mean (% CV). For intraday and interday validations, 

CV values at each concentration level (0.01, 0.05, 0.1, 0.5, and 1 μM) yielded less than 

15 % (< 20 % CV at LLOQ (lower limit of quantification)). Three replicates of 

unextracted and extracted standards were evaluated for extraction efficiency (% recovery). 

The extraction efficiency was determined by dividing the peak area of compound in the 

extracted sample by the peak area in the unextracted sample. Standard curves for the 

calibration were determined using linear least-squares regression analysis based on the 

peak area of PR normalized by the extraction efficiency of the IS. 

The LC/MS analysis was conducted using Shimadzu HPLC system coupled to a 

Shimadzu 2010A mass spectrometer equipped with electrospray ionization (ESI) source. 

The system was operated by LC/MS solution Ver. 3 software. Quantitative analysis was 
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accomplished on an XTerra MS C18 column (5 µm, 2.1 x 50 mm; Waters Co.). The 

mobile phases were 0.1% formic acid in purified water (mobile A) and 0.1% formic acid 

in acetonitrile (mobile B). The gradient of mobile B was 5% (0-5 min), increased to 70% 

at 10 min and to 80% at 12 min, then held at isocratic 80% B for 3 min, and then 

immediately returned to 5% for re-equilibration. Flow rate was set at 0.2 mL/min. The 

LC/MS was operated at positive ESI with a detector voltage of 1.5 kV, the nebulizing N2 

gas flow of 1.2 ml/min, CDL temperature of 250°C and heat block of 200 °C. The m/z 

ratios for propranolol and atenolol are 260.30 and 267.10, respectively. SIM and full scan 

mode was used to detect specific ions and possible fragments.  

Mass transport and cellular uptake data analysis. By using the transported PR mass 

measured in pure Calu-3 monolayer and in mixed Calu-3/NHBE cell monolayer (1/1 

ratio) and the fraction of each cell population in the mixed cell monolayer that were 

directly measured in the distribution analyses of the confocal images, transported PR 

mass per NHBE cell at each time point was readily calculated with equation 1.  

                                                                                                                                          (1) 

Where TMass_total is total transported mass of PR in the mixed cell monolayer at each time 

point; TMass is the transported PR mass per a Calu-3 or NHBE cell at each time point; f is 

the fraction of cell population (Calu-3 or NHBE) in the mixed cell monolayer and, Cno is 

total cell numbers in the mixed cell monolayer. 

Similarly, intracellular mass of PR in the NHBE cell monolayer was calculated 

using equation 2.                                                                                                                                                             

                                                                                                                                          (2)      

noNHBENHBEMassnoCaluCaluMasstotalMass CfTCfTT   )()()3()3(_

noNHBENHBEMassnoCaluCaluMasstotalMass CfCCfCC   )()()3()3(_
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Where CMass_total is total cell mass of PR in the mixed cell monolayer; CMass is the 

intracellular PR mass per a Calu-3 or NHBE cell. Masses of PR were calculated with 

molecule numbers to help determine the number of drug molecules that are transported or 

trapped inside the cells. 

The rate of PR transcellular mass transport (dM/dt) in the NHBE cell monolayer 

was estimated by using the rate of PR mass transport in the Calu-3 monolayer and the 

mixed cell monolayer and also the fraction of each cell population in the mixed cell 

monolayer from the distribution analyses of the confocal images in equation 3. 

                                                                                                                                          (3) 

The transcellular permeability coefficient (Peff) for the NHBE cell monolayer was 

calculated using equations 3 and 4  

                                                                                                                                          (4)      

Where dM/dt is mass changes in the receiver side per time; Area is the insert area (0.33 

cm
2
); and CD is PR concentration at donor side. 

Statistical analyses were performed using GraphPad Prism 5.03 (GraphPad 

Software; LaJolla, CA). Data were analyzed by either an unpaired Student’s t-test or a 

one-way analysis of variance (ANOVA;  = 0.05) as appropriate. For data analyzed by 

ANOVA, a Tukey’s multiple comparison test was used if needed. In all cases, a p-value < 

0.05 was considered statistically significant. 

Mathematical model of cellular pharmacokinetics. A biophysical compartmental 

model of passive small molecule transport across single cells (20) was adapted to model 

the cellular pharmacokinetics of PR transport across lung epithelial cells. This model uses 

coupled sets of ordinary differential equations to simulate drug transport between 8 
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different compartments: apical; apical unstirred water layer; cytosol; mitochondria; 

lysosomes; porous membrane; basolateral unstirred water layer; and, basolateral 

compartments. According to the model, the passive mass transport of PR is driven by the 

concentration gradients of PR between adjacent compartments. PR ionization is modeled 

with the Henderson-Hasselbalch equation, as a weakly basic molecule existing as neutral 

or protonated species in instantaneous equilibrium determined by the local pH and lipid 

fractions of each compartment. Membrane permeability across each lipid bilayer was 

estimated based on the physicochemical properties of PR: 1) pKa (the dissociation 

constant of the protonated functional group); 2) log Pn (the logarithm of lipid/water 

partitioning coefficient of neutral forms of PR); and, 3) log Pd (the logarithm of 

lipid/water partitioning coefficient of ionized forms of PR). The net fluxes (J) of passive 

diffusion in a unit area of neutral and ionized forms of PR were expressed using Fick’s 

equation and the Nernst-Plank equation, respectively (see online supplement). Liposomal 

partition coefficients for neutral and ionized forms of PR were calculated with the 

empirical equations (20). 

To capture the effect of the local cell surface microenvironment on PR transport, 

we included an unstirred water layer in the apical and basolateral side of the cell surface. 

The aqueous diffusion coefficient (Dw) of PR was estimated from the empirical equation 

(equation 5) (48) using the molecular weight of PR (MW: 259.3 g/mole). The aqueous 

permeability across the unstirred water layers (Pa and Pb for the apical and basolateral 

side, respectively) was calculated with Dw and the layer thicknesses (Haq or Hbq) 

(equation 6).  

                                                                                                                                          (5) MWDw log4609.0113.4log 
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                                                                                                                                          (6) 

PR concentrations (μM) in each compartment were calculated over time using 

MATLAB R2010b ODE solver (see Appendix C). PR mass was calculated by 

multiplying concentration to volume of each compartment, after converting mass units 

using Avogadro’s number (6.022 × 10
23

 molecules/mol) and PR’s molecular weight. 

Parameter optimization and sensitivity analysis. Input parameters in the model were 

optimized using a physiologically-relevant, experimentally-determined range of values. 

For each parameter, subscripts a, c, m, l, M, b, aq, and bq, respectively correspond to the 

following compartments: apical, cytosol, mitochondria, lysosome, porous membrane, 

basolateral, apical unstirred water layer, and basolateral unstirred water layer. 

Physiological parameters varied in the optimizations were: 1) membrane electrical 

potentials (Ea, Em, El, Eb); 2) pH (pHa, pHc, pHm, pHl, pHb); 3) lipid fractions (Lc, Lm, Ll) 

of each compartment; and, 4) the thicknesses of the apical or basolateral unstirred water 

layers (Haq, Hbq). It is assumed that pH in the apical unstirred water layer is same as pH in 

the apical compartment and pH in the membrane pores and basolateral unstirred water 

layer is the same as pH in the basolateral compartment. The thicknesses of apical or 

basolateral unstirred water layer (Haq or Hbq) were varied within the range of reported 

measurements (49). Histological parameters that were varied were: 1) cell surface areas 

(Aa, Aaq, Abq, Ab, Am, Al), and, 2) cell volumes (Vc, Vm, Vl). Surface areas in unstirred 

water layers (Aaq and Abq) were varied within the ranges of minimal cross-sectional area 

of a Calu-3 and maximal area of a NHBE cell. Apical membrane surface area (Aa) was 

varied between the minimal area of Calu-3 and the maximal area of NHBE multiplied by 

50 considering that there may be villi or cilia on the apical membrane (50). Basolateral 
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membrane surface area (Ab) was varied within the total area of pores per cell and the 

maximal area in basolateral unstirred water layer (Abq). Cytosolic volume (Vc) was varied 

with the minimum cell volume of a Calu-3 and the maximum of NHBE cell measured in 

quantitative imagings. Other parameters were kept fixed including: 1) physicochemical 

properties of propranolol, pKa, log Pn and log Pd calculated with Chemaxon software; 2) 

mitochondrial and lysosomal area and volume (Am, Al, Vm and Vl) (20). The thickness of 

the porous membrane (HM) was fixed as 10 μm according to the manufacturer’s 

instructions and volume of solution inside the pores per cell (VbM) was calculated by total 

area of pores per cell (AbM) and thickness of membrane (HM). Initial starting values for 

PR were used as input to model specific experiments (5, 10, 20, 50, 80, or 100 µM). The 

volume of apical or basolateral compartments (Vat and Vbt) was also used as input from 

specific experiments, as well as the number of cells. Apical or basolateral volume per cell 

was calculated with dividing Va or Vb by the total number of cells measured in each 

insert.  

Range of parameter values tested was chosen to capture the range of physiological, 

histological, and experimental conditions. For high initial PR concentrations (50, 80 or 

100 μM), the experimental data from the transport studies for both directions (APBL; 

BLAP) were used for optimizations. In the algorithm of parameter optimizations, the 

bounded minimum search function fminsearchbnd (available at www. matlabcentral.com, 

developed by J. D’Errico) with a cost function was used to find the 19 optimal parameters 

to produce good data fits. The criterion for the optimization was to find the parameter sets 

which provided the solution to predict the transported and intracellular mass of PR for 

Calu-3 or NHBE cells with the lowest optimization cost (minimized objective function) 
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and that were consistent with measured cellular physiological and architectural 

parameters through 15000 times of iterations as maximum. This process was performed 

with 100 random starting values of each parameter within the ranges as well as 3 starting 

value sets including mean values and the lower and upper boundaries in the range of each 

parameter. 

Parameter sensitivity tests for transported mass and intracellular mass of PR in 

both directions of transport (APBL; BLAP) were performed with the optimized 

parameters of Calu-3 or NHBE cell at 50 μM (initial PR concentration) for 1h transport. 

In these tests, each of 19 parameters (Aa, Aaq, Abq, Ab, Vc, Haq, Hbq, Ea, Em, El, Eb, pHa, 

pHc, pHm, pHl, pHb, Lc, Lm, and Ll) was varied with a uniform distribution within the 

range used for the parameter optimization process when the other parameters were fixed 

as optimized with the lowest cost in Calu-3 or NHBE cell. 
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5.6 Results 

5.6.1 Calu-3 and NHBE Cells in Mixed Co-Culture Exhibited a Range of 

Phenotypes.  

First, we assessed the differentiation status of Calu-3, NHBE and mixed cell co-

culture systems by assaying the tightness of intercellular junctions using TEER 

measurements (Figure 1). In pure Calu-3 cell cultures, TEER values increased during the 

first four days of culture. After four days of cultures, TEER values plateaued at 350 

∙cm
2
, which is a typical TEER value for confluent Calu-3 monolayers with tight 

junctions (45). Between day 7 and day 15, TEER values remained constant (Figure 1a). 

In contrast, TEER values of primary NHBE cells in ALI condition increased at a faster 

rate and plateaued at a higher TEER value than the Calu-3 cells, reaching 1041 ± 34.9 

∙cm
2
 on day 14 (Figure 1b). In Calu-3/NHBE cell co-cultures plated at a ratio of 99/1, 

9/1, and 1/1, TEER values were similar to those of pure Calu-3 cell monolayers (Figure 

1c). However, when the ratio of Calu-3 to NHBE cells was 1/9 or 1/99, the TEER values 

were similar to those of the primary NHBE cell cultures. 

Next, the tightness of intercellular junctions was independently confirmed using 

LY as a cell impermeant, paracellular transport probe (Table 1). There were no 

differences among the Peff values of LY in the Calu-3, NHBE or mixed cell cultures 

(ratios = 99/1, 9/1, 1/1, 1/9, or 1/99) in APBL and BLAP directions (p > 0.05). 

Interestingly, the paracellular transport properties and TEER of Calu-3/NHBE cells co-

cultured at a ratio ≥1/1 also resembled that of pure Calu-3 monolayer cultures, and varied 

according to the cells’ monolayer vs. multilayer organization.  
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5.6.2 Mixed Cell Cultures of 1/1 Calu-3 and NHBE Formed Stable Cell 

Monolayers. 

Next, we used confocal fluorescent microscopy followed by quantitative image 

analysis to establish the 3D architecture of the differentiated cells (Figure 2a) (see 

Appendix C; Figure C1 and C2). Calu-3/NHBE mixed cell co-cultures showed a typical 

pattern of actin filament staining at intercellular junctions (Figure 2b). Mixed cell co-

cultures with cells of Calu-3/NHBE ratios ≥1/1 formed cell monolayers, similar to pure 

Calu-3 cell cultures. However, co-cultures with cells of Calu-3/NHBE ratios of <1/9 

formed cell multilayers, like pure NHBE cell cultures. The mono- vs. multi-layer 

organization paralleled the observed differences in TEER values. 

Quantitative image analysis also revealed a large difference in the volume of 

Calu-3 and NHBE cells (Figure 3a). Accordingly, cell volume measurements could be 

used to distinguish Calu-3 from NHBE cells in mixed cell cultures. Mixed cell co-

cultures plated at 99/1, 9/1, or 1/1 (Calu-3/NHBE ratios ≥1/1) exhibited a bimodal 

distribution of cellular volumes (Figure 3b). The volumes of these two cell 

subpopulations corresponded to the volumes of the pure Calu-3 and NHBE cells, while 

the relative ratios corresponded to the approximate plating ratios (Figure 3a). In the case 

of the mixed cell co-cultured multilayer (those plated at a Calu-3/NHBE ratio <1/1), the 

bottom and top layers were separately analyzed (Figure 3c). A bimodal distribution of 

cell volumes was observed in the layer of cells closest to the membrane (bottom layer), 

while unimodal distribution was observed in the top layer of cells (Figure 3c). The 

volumes of the bottom layer corresponded to the volumes of Calu-3 and NHBE cells 

while the volume of the top, outer layer corresponded to a pure NHBE cell population. 
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Most importantly, in 1/1 co-cultures, Calu-3 cells completely suppressed multilayer 

formation by NHBE cells, forming stable monolayers.  

5.6.3 Passive Transport Explains PR Permeation across Calu-3/NHBE Mixed Co-

Cultures. 

Next, we used PR as a model transport probe (51). In both NHBE and Calu-3 

cells, no PR metabolites were formed when cells were incubated with PR (Figure 4), 

consistent with a previous study (41). The transport properties of PR were compared in 

Calu-3 and NHBE cells, in the mixed 1/1 Calu-3/NHBE cell monolayers (Figure 5). PR 

transport was concentration dependent in both APBL (Figure 5a and b) and BLAP 

directions (Figure 5c and d) in both Calu-3 and NHBE cells. Computer simulations of 

passive PR transport behavior in both Calu-3 and NHBE cells yielded close fits to the 

data. Transport rate of PR across a NHBE cell was 1.5 fold greater than across Calu-3 

cells in both directions (APBL; BLAP) across all concentrations tested. 

In 1/1 Calu-3/NHBE monolayer co-cultures, the bidirectional transport ratio of 

Calu-3 cells (Peff, APBL /Peff, BLAP) was 0.85, and was constant for different PR 

concentrations. Similarly, the bidirectional transport ratio of NHBE cells (Peff, APBL /Peff, 

BLAP) was 0.88 as constant for different PR concentrations. This was consistent with a 

predominantly passive transport mechanism. Comparing the effective permeability values 

of Calu-3 vs. NHBE in monolayer co-cultures, Peff in NHBE was 1.7-fold larger than that 

in Calu-3 in all tested PR concentrations, for both APBL and BLAP transport, 

respectively (p-value < 0.0001 by ANOVA).  
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5.6.4 Passive Transport Explains PR Accumulation Kinetics in Calu-3 and NHBE 

Cells. 

The intracellular accumulation of PR was also measured in mixed Calu-3 and 

NHBE cell monolayers (Figure 6). During the transport studies, the intracellular mass of 

PR was analyzed at each time point for the Calu-3 and NHBE cells, and the cell 

accumulation of PR was fitted well using the cellular pharmacokinetic model. For fitting 

the data, parameter optimization was performed to minimize the absolute difference 

between calculated and experimental values (transported PR mass and the intracellular 

mass). The measurements indicate that intracellular mass accumulation of PR in NHBE 

cells was about 2-fold greater than in Calu-3 cells, both in APBL (Figure 6a and b) and 

BLAP directions (Figure 6c and d) at 4 h.  

5.6.5 Variations in Apparent, Unstirred Water Layer Thickness Explain 

Transport Differences. 

With the cellular pharmacokinetic model, parameter optimization and sensitivity 

tests were carried out to identify the individual parameters that exerted the greatest 

impact on drug transport and intracellular accumulation, within the range of measured 

cell physiological and architectural parameters (Table 2). Parameter sensitivity tests 

showed that only a few parameters (Ab, Haq, Hbq, Em, pHm, and Lm) individually affected 

transport or intracellular accumulation by >1.5–fold when they were varied within a 

physiologically-relevant range of values. Based on the results (Table 3, and Figure C3 in 

the Appendix C), the apparent, unstirred water layer thickness (Hbq) on the basolateral 

side of the cells was the individual parameter with the greatest effect on 

transport/intracellular accumulation in both directions (APBL; BLAP). Based on 
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parameter sensitivity results and the goodness of fits, Hbq in Calu-3 was 4–fold larger 

than that in NHBE (Table 2). Variations in the cell surface area (Aaq or Abq) or cell 

volume (Vc) showed little effect on the transported mass and intracellular accumulation 

for both directions in NHBE or Calu-3 (Table 3). Variations of all other physiological 

parameters, except for thickness of apical and basolateral unstirred water layers and the 

basolateral area Ab, exerted a relatively minor effect on transport or uptake (Table 3 and 

Figure C3). However, Ab variation alone was not sufficient to explain observed kinetic 

differences of PR transport and uptake in Calu-3 or NHBE cells. We also found that total 

intracellular PR mass was sensitive to changes in mitochondrial pH (pHm), electrical 

potential (Em), and lipid fraction (Lm), which is consistent with PR’s tendency to 

accumulate in mitochondria. However, the rate of PR transport across the cells was not 

sensitive to variations in these parameters. Only the apparent thickness of the basolateral 

unstirred water layer (Hbq) was necessary and sufficient for explaining the differences in 

PR transport and uptake across these two airway epithelial cell types.  

 

5.7 Discussion 

In this study, we combined an innovative in vitro cell-based assay system with an 

in silico cellular pharmacokinetic modeling approach to identify key parameters that can 

explain differences in the absorption and transport properties of PR in two types of 

airway epithelial cells. Remarkably, we found that the apparent thickness of the unstirred 

water layer exerted the most significant effect on the transport properties of Calu-3 and 

NHBE cells. This apparent, unstirred water layer thickness is an empirical variable that 

captures a large number of factors such as viscosity, convection, ciliary motility, and 
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macromolecular crowding, which can affect differences in the local, passive diffusive 

properties of PR in the layer of fluid immediately above and below the surface of each 

cell. Thus, differences in PR accumulation and permeation between Calu-3 and NHBE 

likely result from cell type-dependent, local differences in the extracellular, surface 

microenvironment. 

Previously, the role of apparent unstirred water layer on cellular transport has 

been mostly considered in the context of drug permeability studies across intestinal 

epithelial cells (49, 52, 53). This unstirred water layer thickness is not a physical 

parameter that is directly measured, but rather it is an empirical variable that is 

determined by fitting the transport data with a mathematical model. In previous 

experiments, the unstirred water layer thickness has appeared as a highly variable 

parameter, affected by local differences in stirring speed, buffer volume, and the 

geometrical design of the assay apparatus (48, 49, 54). Hence, it has been previously 

considered as a real, hydrodynamic parameter that can dramatically affect the measured 

permeability of passively diffusing compounds (55). 

Of noteworthy significance, in our 1/1 Calu-3/NHBE cell co-cultures, the stirring 

conditions between Calu-3 and NHBE cells were nearly identical since the cells are 

randomly dispersed. Therefore, we expected the actual thickness of the unstirred water 

layer above Calu-3 and NHBE cells in co-culture to be similar. Therefore, the reason that 

fitted Haq and Hbq values appear different is most likely the result of variations in the 

local extracellular microenvironment surrounding NHBE vs. Calu-3 cells, which affect 

the passive diffusion of PR in the immediate vicinity of the cell surface. Mechanistically, 

there are many known cell physiological variables that can explain differences the 
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passive diffusion of PR on the surface of Calu-3 vs. NHBE cells. Under the ALI-

conditioned cultures, lung epithelial cells secret mucus which coats the extracellular, 

apical side of the cells in culture (32, 56). Depending on the part of the airway from 

which NHBE cells were obtained, the expression levels of different classes of mucin (i.e., 

MUC2, MUC5AC, and MUC5B) and the cell surface pattern of mucin secretion can be 

quite variable (57, 58). The culture environment of NHBE cells, including the 

extracellular matrix and the medium’s composition, exert a major influence on mucus 

secretion (58, 59). In addition, Calu-3 and NHBE cells possess different ion regulatory 

mechanisms including differences in Cl
-
 channel and Ca

2+
-activated potassium channel 

function (60, 61). These differences could potentially affect the hydration, viscosity and 

thickness of the mucus layer on the cell surface.  

Perhaps more importantly, Calu-3 and NHBE cells possess motile cilia on their 

surface, which is the main reason why the unstirred water layer on airway epithelial cells 

has to be considered as “apparent”. Calu-3 and NHBE cells exhibit differences in the 

expression and location of ciliary markers (-, β-, γ-Tubulin) (57, 62). Calu-3 show 

diffused immunostaining patterns with higher mRNA levels of β-tubulin compared with 

NHBE cells which show localized tubulin staining patterns on the cell surface with low 

or intermediate mRNA expression levels (57). Previous transmission electron 

microscopic analyses indicate that the morphology of cilia is different in Calu-3 vs. 

NHBE cells (50). Accordingly, variations in cell surface area, viscosity and ciliary 

motility could also lead to differences in convection around the cell which is reflected in 

the different fitted Haq and Hbq values. 
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Previous investigations of the transport properties of small molecules across 

different types of airway epithelial cells have focused on the effects of active transporters 

(i.e., P-glycoprotein). NHBE and Calu-3 cells exhibit significant differences in 

transporter expression which has been linked to differences in the effective permeability 

of small molecules (44, 63). However, these past studies have largely relied on 

measurements performed across NHBE cell multilayers differentiated on porous 

membranes. Arguably, the 1/1 Calu-3/NHBE cell co-culture system elaborated in this 

study, combined with cellular pharmacokinetic analysis and mathematical 

modeling/optimization approach, could offer a more accurate way to measure the cellular 

permeation of both passively and actively transported molecules across NHBE cells. 

Previously, we studied the staining pattern of MTR in NHBE cell multilayers on 

Transwell inserts by confocal microscopic analyses (19). We observed MTR 

accumulation was largely restricted to the solvent exposed, upper layer of cells. This is 

consistent with the local microenvironment in NHBE cell multilayers exerting a 

significant influence on the observed cellular transport behavior. 

To summarize, a Calu-3/NHBE mixed cell co-culture model was developed to 

suppress cell multilayers formed by NHBE cells differentiated in ALI conditions. Based 

on the differences in morphology between Calu-3 and NHBE, the relative areas occupied 

by these two cell types in the mixed co-cultures allowed calculating the differential 

contribution of NHBE vs. Calu-3 cells to the transport properties of the monolayer. 

Differences in the transport and uptake of a passive transport probe, coupled to cellular 

pharmacokinetics analyses suggest that variations in the local microenvironment account 

for the observed differences in PR transport properties.  
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5.8 Conclusions 

For inhaled drug development, in vitro cell-based assays can be used to measure 

the uptake and transport properties of small molecules across airway epithelial cells, to 

identify drugs that are substrates of active transport mechanisms affecting drug 

permeability, and to assay the dissolution-absorption behavior of inhaled drug 

formulations which is important for regulatory purposes (44, 64). From the trachea and 

bronchi to the most distal airways and alveoli, the thickness, viscosity and flow properties 

of the airway liquid lining vary by orders of magnitude. Furthermore, the local 

composition of the extracellular matrix and the airway liquid lining surrounding epithelial 

cells also vary greatly under normal physiological conditions, and may vary even more 

under pathological conditions. While the effect of the airway cell surface 

microenvironment on the absorption properties of inhaled drugs in the lungs would 

ultimately need to be studied in vivo, our results are significant because they demonstrate 

how differences in the cellular uptake and transport properties of small molecules can be 

studied in relation to local differences in the extracellular microenvironment, using co-

cultures of normal and transformed airway epithelial cells differentiated in vitro. 
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5.10  Tables 

 

Table 5-1. Lucifer Yellow (LY) permeability (Peff) measurements in Calu-3, NHBE, 

and Mixed cells with different mixed ratios on day 8 of ALI cultures 

 

Peff 

(× 10
-7

 cm/sec) 

 

Calu-3 

 

NHBE 

Mixed cells (Calu-3/NHBE) 

99/1 9/1 1/1 1/9 1/99 

APBL 0.78 

(0.29)
 a
 

0.68 

(0.16) 

0.77 

(0.19) 

0.73 

(0.23) 

0.67 

(0.17) 

0.71 

(0.08) 

0.62  

(0.03) 

BLAP 0.84 

(0.10) 

0.78 

(0.30) 

0.88 

(0.10) 

0.74 

(0.29) 

0.81 

(0.11) 

0.81 

(0.05) 

0.75 

(0.09) 
a 
Standard deviations (S.D.) are displayed in the parenthesis under the average values 

(N=3). 
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Table 5-2. Optimized parameters for Calu-3 or NHBE cells, and the range of 

starting values used for the optimization process. 

 

Optimized parameter Calu-3
 a
 NHBE

 a
 LB

 b
 UB

 b
 

Area (μm
2
)   

Aa 2.48E+04 2.48E+04 79 2.69E+04 

Aaq 198 154 79 538 

Abq 262 197 79 538 

Ab 6.91 7.05 0.84 538 

Unstirred water layer thickness (μm)   

Haq 495 217 1.00E-03 500 

Hbq 52.5 13.2 1.00E-03 500 

Cell volume (μm
3
)   

Vc 2707 6971 1239 8483 

Membrane electrical potential (V)   

Ea -0.0065 -0.0140 -0.0143 -0.0043 

El 0.0102 0.0150 0.005 0.015 

Em -0.1727 -0.1717 -0.21 -0.11 

Eb 0.0069 0.0070 0.0069 0.0169 

pH   

pHa 7.8 7.8 6.0 7.8 

pHc 7.0 7.1 7.0 7.8 

pHl 5.6 4.9 4.8 6.0 

pHm 7.8 7.7 7.7 8.2 

pHb 7.0 7.1 7.0 7.8 

Lipid fraction   

Lc 0.08 0.08 0.05 0.15 

Lm 0.08 0.15 0.05 0.15 

Ll 0.07 0.07 0.05 0.15 
a 
Optimized parameters with the predictions of the lowest errors for Calu-3 or NHBE 

b 
LB (lower boundary) or UB (upper boundary) of ranges within which each 

parameter is varied for optimizations. 
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Table 5-3. Parameter sensitivity analysis results using the Calu-3 and NHBE cell 

models. 

 

Optimized 

parameter 

Fold changes of Mass Transported
 a
 Fold changes of Mass Uptake

 a
 

Calu-3 

(AB) 

Calu-3 

(BA) 

NHBE 

(AB) 

NHBE 

(BA) 

Calu-3 

(AB) 

Calu-3 

(BA) 

NHBE 

(AB) 

NHBE 

(BA) 

Aa 1.1 1.1 1.1 1.1 1.0 1.1 1.0 1.1 

Aaq 1.4 1.3 1.4 1.2 1.2 1.2 1.1 1.4 

Abq 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Ab 25.9()
d
 42.3() 19.6() 33.4() 7.3()

e
 30.3() 6.9() 25.3() 

Haq 1.5()
c
 1.5() 1.8() 1.6() 1.1 1.2 1.1 1.3 

Hbq 8.5() 11.7() 9.0() 12.3() 1.6()
b
 10.2() 1.5() 11.3() 

Vc 1.1 1.1 1.1 1.1 1.4 1.3 1.2 1.2 

Ea 1.2 1.1 1.1 1.2 1.2 1.2 1.1 1.2 

El 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Em 1.2 1.2 1.3 1.2 1.8() 1.7() 1.6() 1.6() 

Eb 1.2 1.1 1.2 1.2 1.1 1.1 1.1 1.2 

pHa 1.1 1.1 1.1 1.1 1.1 1.2 1.1 1.2 

pHc 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1 

pHl 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

pHm 1.2 1.2 1.3 1.2 1.8() 1.8() 1.7() 1.6() 

pHb 1.1 1.1 1.0 1.1 1.0 1.1 1.0 1.1 

Lc 1.1 1.0 1.1 1.1 1.1 1.1 1.2 1.2 

Lm 1.3 1.2 1.3 1.2 1.9() 1.8() 1.7() 1.7() 

Ll 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
a 

Fold changes of mass transported or uptake of PR (maximal change divided by 

minimal change) by each parameter varied within the range (Table II) as other 

parameters were fixed as optimized for Calu-3 or NHBE. 
b 

Upward arrows indicate the increase by more than 1.5-fold in mass transported or 

uptake as the varied parameter increases. 
c 
Downward arrows indicate the decrease by more than 1.5-fold in mass transported 

or uptake as the varied parameter increases. 
d 

Red bold upward arrows indicate the increase by more than 5-fold in mass 

transported or uptake as the varied parameter increases. 
e 

Red bold downward arrows indicate the decrease by more than 5-fold in mass 

transported or uptake as the varied parameter increases. 
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5.11   Figures 

 

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. 

(a) TEER measurements of cells plated on inserts were made as the cells differentiated 

under ALI conditions. (a) Calu-3 cells showed increased TEER values as cells 

differentiated. (b) NHBE cells in differentiation medium had higher TEER values than 

Calu-3 cells. Mixed cells with various ratios of Calu-3 (C)/NHBE cells (N) exhibited 

TEER values between those of NHBE and Calu-3 cells. 
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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.  

Images were acquired on day 8 under ALI conditions. (a) Mixed cells on the inserts were 

incubated for 30 min (37°C, 5% CO2) with dye mixtures containing Hoe, MTR, and LTG 

staining cell nuclei, mitochondria, and lysosomes. Zeiss LSM confocal microscopy was 

used for the examination with z-axis scanning. Two dimensional images in xy planes 
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show cell nuclei (blue), mitochondria (red), and lysosomes (green) and cell architecture 

on the insert are shown in yz planes with the arrows indicating “apical medium”, “cell”, 

and “membrane”. (b) Development of tight junctions in cell-to-cell contacts was 

examined for the mixed cell cultures on day 8 in ALI condition. Actin filaments in the 

cells grown on the inserts were stained with Alexa Fluor® 488 phalloidin (green) and cell 

nuclei stained with Hoe (blue). For the mixed cells (Calu-3/NHBE = 99/1), the vertical 

arrows represent “apical medium”, “cell layers”, and “porous membrane”. As shown in 

the yz planes, the mixed cells with more NHBE cells (Calu-3/NHBE = 1/9 or 1/99) 

formed multilayers with varied thickness of layers. The arrows point to the top cell layer, 

bottom cell layer and porous membrane support. 
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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 model. 
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Cell volume (μm
3
) was calculated by Metamorph in the confocal 3D images and was 

used as a representative cytometric parameter to evaluate the distribution profiles in the 

pure and mixed cell populations. All the mixed cell cultures (Calu-3/NHBE = (b) 99/1, 

9/1, 1/1, (c) 1/9, and 1/99) showed bimodal distributions with two distinct cell 

populations as indicated with the blue arrows (group 1 and 2). For the multilayers in the 

mixed cell cultures with more NHBE cells (Calu-3/NHBE= 1/9 or 1/99), the bottom cell 

layers and top cells were separately analyzed. As shown in (c), bottom cell layers 

consisted of two cell populations while top cells showed unimodal distribution, reflecting 

one cell-type in the top layer.   
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Figure 5-4. PR is not metabolized to any significant extent in NHBE or Calu-3 cells 

based on LC/MS ion chromatograms. 

After adding PR to cells (10
7
 cells in ml) in suspension, the cells were lysed and the 

samples were prepared for LC/MS. In NHBE (a) or Calu-3 (b) cells, PR (m/z: 276.30) 

eluted at 11 min as indicated with red arrows in the chromatogram. However, there was 

no metabolite peak (blue arrow at 9 min) in the chromatogram of cell lysate. (c, d) In a 

positive control experiment, pure PR metabolite standards could be readily detected. The 
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metabolite standards, (c) 4-OHP (4-hydroxypropranolol) or (d) N-DIP (N-desisopropyl 

propranolol) showed peaks at 9 min with m/z 273.30 and 218.30, respectively. 

 

 

 

 

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, 

d).  

Bidirectional transport studies were performed with the Calu-3 monolayers (N = 3) or 

mixed cell monolayers (1/1) (N = 3) on the Transwell inserts. Representative results 

obtained with three different initial PR concentrations (10, 50, and 100 μM) are displayed 

in the plots. The transported mass (molecules/cell) of PR in a Calu-3 or NHBE cell was 

plotted as function of incubation time. It is noted that the kinetics in the APBL 

direction (a, b) are similar to kinetics in the BLAP direction (c, d), consistent with a 

passive transport mechanism. Fitted curves correspond to the calculated mass transport 

kinetics in both directions, based on the optimized, cellular pharmacokinetic model. 
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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). 

(a) Based on transport experiments in the APBL (a, b) or BLAP (c, d) directions, 

the intracellular PR mass (molecules/cell) in a Calu-3 or NHBE cell was analyzed over 

time. For the PR uptake measurements, cells were collected from the inserts by trypsin 

digestion at each time point (0, 5, 30, 60, 120, 180, and 240 min) after the transport 

studies and lysed in cold methanol by 10 min-sonication and incubation in the ice. Cell 

lysis in buffer was subjected to the extraction process for LC/MS analysis. The plots 

show representative results using three different initial PR concentrations (10, 50, and 

100 μM). Fitted curves correspond to the calculated PR mass uptake kinetics, based on 

the optimized, cellular pharmacokinetic model. 
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5.12    Supporting Information Available 

Supporting information is available in the Appendix C.
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Chapter 6  

Enhanced Permeability and Efficacy of Curcumin-

Cyclodextrin Complex in the Airway in vitro and in vivo Model 

 

The contents in this Chapter have been published in American Journal of 

Respiratory Cell and Molecular Biology with titled as “Pulmonary Administration of 

Water-soluble Curcumin Complex Reduces ALI Severity” (Suresh MV, Wagner MC, 

Rosania GR, Stringer KA, Min KA, Risler L, Shen DD, Georges GE, Reddy AT, 

Parkkinen J, Reddy RC. Pulmonary Administration of Water-soluble Curcumin Complex 

Reduces ALI Severity. Am J Resp Cell Mol. 2012; 47(3):280-287). My contribution to 

this paper was to confirm the effects of complexation with cyclodextrin on the transport/ 

cellular uptake of curcumin across the human airway epithelial cell line, Calu-3. Data 

from in vitro cell-based permeability assays and microscopic imaging are critical for this 

study to show more enhanced transport and cell-association of curcumin-cyclodextrin 

complex (CDC) with lower toxicity than those of curcumin solubilized with co-solvents. 

My collaborators have performed in vivo animal experiments to confirm the tissue 

permeation of CDC via IT instillation and anti-inflammatory and antioxidant effects of 

CDC in the animal model.  
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6.1 Background 

Turmeric as an Indian spice, derived from the rhizomes of the plant has been used 

as medicine for treating inflammatory diseases. Curcumin identified by Lampe and 

Milobedzka in 1910 is the primary active, yellow color constituent of turmeric (the 

common name for Curcuma longa) (1). Curcumin has been reported to have numerous 

pharmacological activities such as antioxidant (2), antimicrobial properties (3), and anti-

inflammatory activities (4). Despite of its therapeutic potential, use of curcumin as drugs 

is hampered by the poor pharmacokinetic profiles. Curcumin is a lipophilic polyphenol 

that is nearly insoluble in water (logP= 4.12; calculated by MarvinView 5.3.2 

(ChemAxon Ltd.)), causing low bioavailability (5). Animal studies have shown rapid 

metabolism with conjugation in the liver, and excretion into the feces of curcumin, 

resulting in poor systemic bioavailability (6). The pharmacokinetic studies with curcumin 

in humans, mostly conducted on cancer patients and some in healthy subjects, also 

showed the issues of the limited bioavailability and metabolism of curcumin. Clinical 

trials conducted with cancer patients taking oral doses of curcumin daily demonstrated 

that curcumin was poorly absorbed and serum concentration peaked in 1-2 hours post-

dose, declining rapidly (7). Plasma concentration of curcumin was not detectable in the 

patients taking low doses (< 10 g) (8). Other clinical studies have shown that curcumin 

was rapidly cleared and subsequently conjugated in the GI tract and liver (9). Because of 

the limited therapeutic applications of curcumin by its rapid plasma clearance and 

metabolism, a lot of research has been devoted to investigate the ways to increase 

systemic bioavailability of curcumin by complexing agents.  
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Cyclodextrins (CDs) are cone-shaped cyclic oligosaccharides with a hydrophilic 

outer surface and a hydrophobic central cavity. Hydroxypropyl CD derivatives of β- and 

γ-CD (HP-β-CD, HP-γ-CD) have been of pharmaceutical interest because of the safety 

and efficiency for enhancing solubility of lipophilic drugs. There are more than 30 

different pharmaceutical products containing CDs in the market worldwide. In the 

pharmaceutical products, CDs have been used as complexing agents to increase the 

aqueous solubility and stability of lipophilic drugs, and ultimately to increase the 

bioavailability of drugs (10). Most trials to increase curcumin solubility with CDs aimed 

to develop intravenous or oral delivery curcumin agents, but achieved moderate systemic 

bioavailability because of metabolism of curcumin. Therefore, development of CD-

curcumin complex for pulmonary diseases is promising for pulmonary drug delivery. 

 

6.2 Rationale and Significance 

It is quite challenging for drug molecules to go through the biological membrane 

for being delivered into the drug-acting site. Although there are specialized transport 

systems in the plasma membranes, most drugs should permeate the membranes by 

passive diffusion as described in the Fick’s diffusion law (equation 1): J is the net drug 

flux through a membrane; P, the membrane permeability of drug; and C, the aqueous 

drug concentration. 

                                                                                                             (1) 

The membrane permeability, P is defined as the equation 2, where D is the diffusion 

coefficient of drug within the cell membrane; K, the partition coefficient of drug from the 

aqueous phase into membrane; and h, the effective thickness of the membrane. 

CPJ 
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                                                                                                             (2)  

Equations 1 and 2 indicate that for successful drug transport through the cell membrane, 

the drug molecule must have sufficient aqueous solubility (a high C value) as well as 

sufficient lipophilicity to be able to partition from the extracellular aqueous phase into the 

lipophilic membrane (high K value). Adjacent to the cell membrane surface is an 

unstirred water layer that acts as a diffusion barrier for rapidly permeated drugs with high 

lipophilicy. The thickness of this diffusion barrier and its significance in the overall 

barrier function of the epithelial cell depend on the physicochemical properties of the 

drug molecule. For the lipophilic drugs, diffusion through the water layer becomes the 

rate-limiting step in the absorption process.  

There is much published evidence that hydrophilic CDs may enhance drug 

delivery through biological membranes without affecting their barrier function at optimal 

concentrations (11-13). These observations indicate that under normal conditions, neither 

the free hydrophilic CDs nor their drug complexes are able to permeate lipophilic 

biological membranes. The chemical structure of CDs (the large number of hydrogen 

donors and acceptors), large molecular weight ( 1,000 Da) and very low octanol/water 

partition coefficient (logP ≤ -3) are all characteristics of CDs that do not readily permeate 

biological membranes (10). Based on the reports, it has been suggested that CDs enhance 

drug delivery through biological membranes by increasing the availability of dissolved 

drug molecules in the aqueous layer in the vicinity to the lipophilic membrane surface (11, 

14). According to the quasi-equilibrium model proposed by A. Dahan et al., CDs 

solubilize the water-insoluble drug molecules in an aqueous vehicle and enhance the drug 

permeation through an aqueous diffusion layer on the cell surface by decreasing the 

h

KD
P
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thickness of unstirred water layers (15). CDs can only act as drug penetration enhancers 

when permeation through the unstirred water layer contributes to the overall barrier 

function of the cell membrane (Paq (aqueous permeability) ≤ Pm (membrane 

permeability)). Since the excessive amount of CDs is more than is needed to dissolve the 

drug, it will hamper drug permeation through the membrane (15, 16). It is of utmost 

importance to optimize CD concentrations in the complex formulations. Appropriate 

settings of in vitro cell model and in vivo model are important to test the optimal CD-drug 

formulations. Acute lung injury (ALI) is known as a pulmonary disease with high 

mortality and no effective treatment. With the high potential therapeutic activity of 

curcumin, the study of curcumin formulations in the cell cultures, lung tissues, and 

animal model has high impacts on the lung complications with inflammation including 

ALI. 

Many studies have indicated that curcumin might have anti-inflammatory effects 

by modulating signal transduction processes related to inflammatory responses. 

Curcumin is known to be involved in the suppression of nuclear factor-kappa B (NF-B) 

activation (17), resulting in COX-2 and iNOS inhibition and inhibiting the inflammatory 

process and tumorigenesis (18). Based on the relevant importance of CD-curcumin 

complexes as promising drugs, herein, we focused on the in vitro transport studies of CD-

curcumin complexes using the Calu-3, the representative airway epithelial cell model to 

investigate the enhancing effects of CDs on transcellular transport and cellular uptake of 

curcumin. In addition to our cell-based permeability studies, our collaborators examined 

the therapeutic effects of CD-curcumin complexes in the lung inflammatory model. 
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6.3 Abstract 

Local or systemic inflammation can result in acute lung injury (ALI) and is 

associated with capillary leakage, reduced lung compliance, and hypoxemia. Curcumin, a 

plant-derived polyphenolic compound, exhibits potent anti-inflammatory properties, but 

its poor solubility and limited oral bioavailability reduce its therapeutic potential. A novel 

curcumin formulation (CDC) was developed by complexing the compound with 

hydroxypropyl -cyclodextrin (CD). This results in greatly enhanced water solubility and 

stability that facilitates direct pulmonary delivery. In vitro studies demonstrated that CDC 

increased curcumin association with and transport across Calu-3 human airway epithelial 

cell monolayers compared to uncomplexed curcumin solubilized using DMSO or ethanol. 

Importantly, Calu-3 cell monolayer integrity was preserved after CDC exposure, while it 

was disrupted by equivalent uncomplexed curcumin solutions. We then tested whether 

direct delivery of CDC to the lung would reduce severity of ALI in a murine model. 

Fluorescence microscopic examination revealed association of curcumin with cells 

throughout the lung. Administration of CDC following LPS attenuated multiple markers 

of inflammation and injury, including pulmonary edema and neutrophils in 

bronchoalveolar lavage (BAL) fluid and lung. CDC also reduced oxidant stress in the 

lungs and activation of the pro-inflammatory transcription factor NF-B. These results 

demonstrate the efficacy of CDC in a murine model of lung inflammation and injury and 

support the feasibility of developing a lung-targeted curcumin-based therapy for the 

treatment of patients with ALI. 
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6.4 Introduction 

Acute lung injury (ALI) can result from a variety of pulmonary and extra-

pulmonary insults and is characterized by capillary leakage with resulting pulmonary 

edema and hypoxemia (19). In the early acute phase, ALI exhibits severe neutrophil-rich 

alveolar inflammation (20) and associated oxidant stress (21). The result is epithelial and 

endothelial injury that increases permeability and impairs fluid clearance. Mortality 

remains high and there is no effective pharmacotherapy (22). Novel therapies for ALI are 

therefore urgently needed. 

Curcumin, a polyphenolic compound from the rhizome of the Curcuma longa 

plant commonly known as turmeric, has been shown to exhibit a number of beneficial 

effects (23) that are exerted through a wide variety of signaling pathways (24-27). These 

effects include potent anti-inflammatory and antioxidant activities. Although use of 

curcumin appears potentially attractive in a number of disease states, clinical applications 

have been restricted because of its limited water solubility and oral bioavailability make 

it difficult to achieve therapeutically useful concentrations. For example, Garcea et al. 

found plasma concentrations only in the low nanomolar range following oral doses of 

450 to 3,600 mg/d for 1 week (28). Others have similarly observed very low or 

undetectable plasma concentrations following doses up to 8 g/d or 12 g as a single dose 

(29, 30). Oral bioavailability of curcumin is similarly limited in the mouse, with plasma 

concentrations in the low nanomolar range following daily doses of 300 mg/kg by oral 

gavage (31).   

We have recently developed a stable, water-soluble formulation of curcumin 

(CDC) in which the compound is complexed with hydroxyalkyl-substituted -
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cyclodextrin (32). This formulation can be administered in ways not feasible with free 

curcumin, including delivery directly to the lung. Direct pulmonary administration is 

particularly attractive for lung diseases such as ALI because it bypasses the systemic 

circulation, thus reducing the potential for both metabolic breakdown and unwanted 

systemic effects. This route of administration also directly targets the drug to the site of 

therapeutic action. Direct pulmonary delivery is further supported by the canine 

pharmacokinetic study reported here, which demonstrates rapid plasma elimination of 

curcumin following intravenous (IV) CDC administration. However, it is possible that 

complexation of curcumin with cyclodextrins may alter the activity of the compound and 

impair cell penetration. We therefore tested the ability of CDC to penetrate and permeate 

human airway-derived epithelial cells, and determined whether intratracheally (IT) 

instilled CDC reduced inflammation and injury in a murine model of ALI induced by 

lipopolysaccharide (LPS). 

 

6.5 Materials and Methods 

Cell Culture. Cell culture methods are described in the Appendix D. 

Curcumin Transport across the Calu-3 Cell Monolayer. A more detailed description 

of these methods is provided in the Appendix D.  

Evaluation of Cell-associated Curcumin. Methods for qualitative and quantitative 

determination of curcumin associated with Calu-3 cells are described in the Appendix D. 

Cell-associated curcumin was detected with the FITC channel of an epifluorescence 

microscope, as previously described (33-35). 
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Animals. Male C57BL/6 mice at 6-8 wk of age were obtained from Jackson Laboratories 

(Bar Harbor, ME). Beagles were purchased from commercial kennels and raised at the 

Fred Hutchinson Cancer Research Center (FHCRC). All experimental animal care and 

treatments followed the guidelines established by the University of Michigan, Atlanta VA 

Medical Center, and FHCRC Committees on Use and Care of Animals. 

LPS and Curcumin Administration. Mice were anesthetized with 50 mg/kg ketamine 

and 5 mg/kg xylazine, administered via intraperitoneal injection. A tracheotomy was 

performed and mice were injected IT with 50 μg/50 μl of E. coli LPS O111:B4 (Sigma-

Aldrich; St. Louis, MO) or vehicle (PBS). Two hours later they received 30 µg/50 μl of 

curcumin as CDC or vehicle (CD). 

Bronchoalveolar Lavage (BAL) Fluid Protein and Cell Count. BAL fluid was 

collected by flushing 3 × 1 ml of PBS into the lung via the tracheal cannula. The BAL 

fluid was centrifuged at 500 × g, 4°C for 5 min. The supernatant was analyzed for total 

protein using the BCA Protein Assay Kit (Pierce; Rockford, IL). Pelleted cells were then 

resuspended in 1 ml of PBS. Total cell number was counted by hemocytometer and a 

differential cell count was performed by cytospin staining with Diff-Quik (Scientific 

Products; McGaw Park, IL). 

Nuclear Protein Preparation and NF-κB (p65) Transcription Factor Assay. Nuclear 

protein from lung tissue was isolated using a nuclear protein extraction kit (Cayman 

Chemical; Ann Arbor, MI). NF-B activity was measured using the ELISA-based NF-κB 

(p65) Transcription Factor Assay kit (Cayman Chemical). 
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Wet:Dry Weight Ratio and Lung Histology. These methods are described in the 

Appendix D.  

Measurement of Oxidant Stress. H2O2 production in lung tissue was determined using 

the Amplex Red Hydrogen Peroxide Assay Kit (Molecular Probes; Eugene, OR) 

according to the manufacturer’s direction. The fluorescence intensity of samples and 

standards was measured in a plate reader (PerkinElmer; Waltham, MA) with an 

excitation at 560 nm and emission at 590 nm. The concentrations of nitrite/nitrate and 

malondialdehyde (MDA) in lung homogenates were measured using commercially 

available colorimetric assay kits (Cayman Chemical), according to the manufacturer’s 

instruction. 

Statistical Analysis. Data are presented as means ± SD. For the sample analyses, 

Tukey’s multiple comparison test was used following ANOVA using GraphPad Prism 

5.03 (GraphPad Software; LaJolla, CA). P values < 0.05 were considered statistically 

significant.  

 

6.6 Results 

6.6.1 Curcumin Association with and Transport by Human Lung Epithelial 

Cells 

The local absorption, tissue distribution and intracellular accumulation of drug 

molecules can be a critical determinant of drug efficacy. The epithelial lining of the lung 

serves as a barrier preventing the absorption of inhaled substances, thus potentially 

blocking the ability of inhaled drugs to reach the underlying endothelial cells and 
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interstitial spaces where inflammatory cells can accumulate. The ability of epithelial cells 

to take up and transport curcumin in vitro was therefore used to assess whether the CDC 

formulation may be adequate as an ALI treatment. For this purpose, we used a standard 

human lung epithelial cell line, Calu-3 cells, grown in an air-liquid interface system that 

resembles the natural conditions in the lungs (36). Both apical-to-basolateral (APBL) 

and basolateral-to-apical (BLAP) transport of CDC solutions in HBSS transport buffer 

were examined over a range of therapeutically relevant concentrations (0 – 200 μM). For 

comparison, we conducted similar studies using a standard, commercially available 

curcumin diluted from stock solutions prepared in DMSO (DMSO-C) or ethanol (EtOH-

C). We found that with CDC formulations at 200 μM, curcumin was transported across 

intact cell monolayers at rates as high as 22 × 10
-5

 nmol/sec. At the equivalent curcumin 

concentration, DMSO-C or EtOH-C showed slightly higher mass transport rates (Figure 

1A) but cell monolayers were disrupted (see below). Observed curcumin mass transport 

rates were concentration-dependent and were higher in the APBL than the BLAP 

transport direction. 

The cellular permeability coefficient (Peff), a parameter describing mass transport 

rate normalized by  donor initial concentration and monolayer area, for the APBL 

direction was maximal at 50 μM and appeared to decrease with increasing curcumin 

concentrations in the donor compartment, suggesting a complex transport pathway  

(Figure 1B, top). Peff in the BLAP direction was much lower than in the APBL 

direction (Figure 1B, bottom), consistent with a cellular mechanism selectively 

facilitating passage of curcumin in the APBL direction. Peff in the BLAP direction 

was relatively constant at different donor drug concentrations with no evidence of 
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saturation. Peff for CDC was greater than that for either DMSO-C or EtOH-C at 50 μM in 

the APBL direction and at both concentrations in the BLAP direction.  

In all studies, Lucifer Yellow (LY) transport was also measured. As a hydrophilic, 

membrane impermeant compound (MW 457), LY is commonly used as a marker for 

paracellular transport (37). The calculated Peff of LY was very low (Peff, APBL: 8.21×10
-8

 

cm/sec (±2.99×10
-8

), Peff, BLAP: 4.69×10
-8

 cm/sec (±2.72×10
-8

)), thus confirming 

integrity of the cellular monolayers for the transport experiments. In addition, monolayer 

integrity before and after transport studies was independently established by 

measurement of TEER. TEER values were unchanged in 50 μM CDC in the APBL 

direction, and in 50 and 100 μM CDC in the BLAP direction, although TEER 

decreased slightly with increasing curcumin concentration. The 200 μM (donor) 

concentrations of DMSO-C and EtOH-C decreased TEER values from 422±6 to 176 ±12 

Ω∙cm
2
 and from 418±3 to 152±9 Ω∙cm

2
, respectively, in the AP→BL direction, 

suggesting disruption of monolayer integrity. In 200 μM CDC, TEER values changed 

from 423±5 to 351 ±13 Ω∙cm
2
.  Nevertheless, TEER values remained >350 Ω∙cm

2
, 

consistent with preservation of monolayer integrity. 

We next assessed the extent to which Calu-3 cells accumulated curcumin in the 

CD solutions. First, inserts were examined with the 10 × objective of a fluorescence 

microscope following incubation with the nucleus-specific molecular probe Hoechst 

33342 (10 μg/ml). Cell-associated curcumin was detected in the FITC channel and nuclei 

were visualized in the DAPI channel. Microscopic examination showed concentration-

dependent cell association of curcumin, which was greater following exposure on the 

apical side than on the basolateral side (Figure 2A). Our methods cannot determine 



  

201 

 

whether this cell association represents extracellular attachment or intracellular uptake, 

although we find it is not removed by rinsing. 

 To quantify cell-associated curcumin, additional Calu-3 cell monolayers on 

inserts were incubated for 90 min with 1% Triton X-100 and the mass of curcumin 

extracted from the cell monolayers was measured. This value was normalized by the 

number of cells on the membranes (detached by trypsinization) and plotted as cell-

associated mass per cell (Figure 2B, C). Cell-associated curcumin mass increased in 

proportion to the extracellular curcumin concentration under all conditions examined 

(Figure 2B). Significantly greater curcumin mass was observed following apical exposure 

to CDC than to DMSO-C or EtOH-C, but curcumin mass associated with cells from the 

basolateral compartment was nearly similar under all conditions tested (Figure 2B, C). 

 Because absorption of inhaled drug formulations involves a transient drug 

exposure, the tightness of cell-to-cell contacts as measured by the TEER value is a key, 

highly sensitive indicator of epithelial barrier function. Since exposure to DMSO-C or 

EtOH-C concentrations ≥ 100 μM led to significant changes in TEER values after 

transport, we assessed the effect of CDC, DMSO-C, and EtOH-C on cell monolayer 

integrity using microscopy over the course of the transport studies. Following CDC 

exposure, microscopic analysis revealed no evidence of cell-cell separation or 

detachment under any condition (Figure 2A). With DMSO-C or EtOH-C, however, 

evidence of cell rounding and cell-cell disruption appeared at 100 μM and was prominent 

at the 200 μM level for AP BL transport. Cell monolayer integrity was compromised at 

200 μM for BLAP transport whether the initial solvent was DMSO or ethanol (Figure 

2A).  
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6.6.2 Pharmacokinetics and Toxicology Following Systemic CDC 

Administration 

CDC was administered IV to beagle dogs at doses as high as 10 mg/kg twice daily 

for 14 days, with no adverse effects being observed in any dog (Supplemental Material; 

Appendix D). Pharmacokinetics of curcumin was also assessed. Both curcumin and its 

principle metabolite, tetrahydrocurcumin, disappeared rapidly and plasma concentrations 

were undetectable after 30 min. After repeated daily administration, tetrahydrocurcumin 

sulfate became a major metabolite, peaking at 30 min and largely disappearing by 60 min. 

This rapid plasma clearance of curcumin following systemic CDC administration 

supports our choice of pulmonary administration for further in vivo studies.  

6.6.3 Curcumin Deposition in the Lungs 

To test the efficacy of pulmonary CDC delivery in a relevant animal model of 

ALI, we extended our in vitro studies by determining the extent of curcumin 

accumulation on or in lung cells following intratracheal CDC administration. One hour 

after intratracheal administration of CDC (Figure 3, bottom) or vehicle (Figure 3, top) the 

lungs were removed, fixed, and sectioned. Sections were examined by light microscopy 

and by fluorescence microscopy at curcumin-specific emission and detection 

wavelengths. Some intrinsic autofluorescence was observed at these wavelengths, but 

fluorescence was much brighter following curcumin administration and was prominent 

throughout most of the lung. These observations support successful delivery to cellular 

targets in this organ.  
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6.6.4 Inhibition of LPS-induced Lung Inflammation and Injury by CDC 

Administration 

Since our data demonstrated that the potent anti-inflammatory agent curcumin is 

extensively taken up by cells throughout the lung following CDC administration, we 

proceeded to test whether CDC could inhibit lung inflammation induced by LPS, a well-

characterized murine model of ALI. LPS was administered IT to mice, followed by CDC 

(30 μg) or vehicle 2 hours later. The CDC dose was based on preliminary dose response 

studies (data not shown). Four hours after the CDC dose, BAL fluid was collected and 

the lungs were prepared for microscopic examination of lung injury. Both cell counts 

(Figure 4A, left) and microscopy (Figure 4B) showed notably fewer cells in BAL fluid 

from CDC-treated than from vehicle-treated mice. Furthermore, whereas a majority of 

the cells in BAL fluid of vehicle-treated mice were inflammation-related neutrophils, this 

proportion was markedly reduced following CDC treatment (Figure 4A, right).  

Activation of specific transcription factors, notably NF-B, and consequent 

production of pro-inflammatory cytokines and other molecules is a prominent feature of 

inflammation. We next tested whether reduced inflammation is reflected in 

downregulation of NF-B activity. Nuclear protein was isolated from the lungs of mice 

treated with LPS and CDC or vehicle and NF- B activity was determined. The increase 

in activity following LPS treatment was significantly reduced by CDC (Figure 4C). 

Inflammation and activation of NF-B upregulates production of reactive oxygen species 

and thus oxidant stress. Measured markers of LPS-induced oxidant stress (H2O2 

production, nitrite/nitrate concentration, and malonaldehyde as a measure of lipid 

peroxidation) were also attenuated by CDC treatment (Figure 4C). 
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 To further assess the ability of CDC to inhibit LPS-induced lung injury, we 

measured the amount of protein in the BAL fluid. Protein was significantly increased by 

LPS, but this increase was largely blocked by CDC treatment (Figure 5A). We also 

examined changes in the ratio of wet:dry weight in lung tissue, a quantitative measure of 

vascular permeability and resulting edema (38). We found that LPS treatment produced 

significant increases in the wet:dry weight ratio and CDC attenuated this increase (Figure 

5A). Histopathological examination of H&E-stained lung tissue also showed reductions 

in inflammatory markers following CDC treatment (Figure 5B). 

  

6.7 Discussion 

Clinical use of curcumin has been limited by its low solubility and poor oral 

bioavailability. Delivery by inhalation for treatment of pulmonary disease likewise 

appears infeasible, since the organic solvents in which it must be dissolved are toxic to 

the lung. To overcome these drug delivery obstacles, we developed a new formulation of 

curcumin in which it is complexed with hydroxypropyl ether derivatives of cyclodextrin 

(CD). This formulation of curcumin is stable, highly water-soluble, bioavailable, and 

easily produced (32, 39, 40). This permits administration by either the IV or inhalation 

routes at doses that have been shown to elicit anti-inflammatory effects. However, 

preliminary studies in beagle dogs (Supplemental Material; Appendix D) showed that 

CDC is rapidly cleared from the circulation following IV administration. Furthermore, 

oral bioavailability of curcumin is low due to metabolism in the intestine (41), which 

would presumably affect oral CDC as well. These limitations make inhalation a viable 
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route of administration for CDC, particularly for the targeted treatment of inflammatory 

lung disease.  

 In this study we delivered CDC IT to ensure that the dose was delivered to the 

lungs. Pulmonary delivery of a nebulized preparation via the oropharyngeal cavity may 

be more directly relevant to human use, but in rodents (obligate nose breathers) most of 

the drug deposits in the nasal passages and upper respiratory tract (42). Therefore, 

intratracheal administration is the preferred method for proof-of-concept studies in which 

accurate dosage is required. 

One major advantage of the CDC formulation is ease of preparation. Curcumin is 

dissolved at high pH, hydroxypropyl--cyclodextrin is added at a slight molar excess, and 

after a brief period of agitation the solution is neutralized. Previous attempts to solubilize 

curcumin with cyclodextrin or its derivatives did not use elevated pH (39). These 

formulations required large molar excesses of cyclodextrin and achieved much lower 

concentrations of solubilized curcumin. As previously reported (32), the CDC 

formulation is also much more stable in solution than those formulations. A wide variety 

of other methods also have been used to improve curcumin solubility. These include 

micro- and nano-emulsions, liposomes, several types of encapsulated nanoparticles, and 

self-microemulsifying drug delivery systems, as well as surfactants and solvents (40). 

Many of these formulations have exhibited a degree of success in preclinical studies (43). 

However, all of these approaches involve more complex procedures than those used to 

prepare CDC and many produce smaller incremental improvements in curcumin 

solubility (40). Furthermore, since these formulations were developed for IV use or with 
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the goal of improving oral bioavailability, their suitability for pulmonary delivery 

remains unclear.  

Our present studies show that curcumin transport is promoted by CDC in lung 

epithelial cells in vitro and by lung tissues in vivo. The Calu-3 cell line is a well-

established cell model for the quantitative evaluation of mechanisms and 

pharmacokinetics (e.g., drug absorption, toxicity) of formulations of lung-targeted or 

inhaled molecules and has been used to characterize in vitro-in vivo associations for 

various drug molecules (44-47). Our findings of increased curcumin association with 

Calu-3 cells agrees with previous reports indicating that CD formulations promote uptake 

of highly insoluble drugs in other in vitro cell models (32). Cyclodextrins have been 

previously tested in nebulized, inhaled drug formulations, with some reports indicating 

that CDs enhance pulmonary penetration (48-50). For these experiments, Calu-3 cell 

monolayers have been used as a standard reference cell line for establishing the transport 

properties of drug formulations (13, 50, 51). However, previous reports indicated that 

CDs promoted delivery, not by directly enhancing permeability or cell association, but by 

acting as a reservoir for drug and promoting its dispersion (52-54). Since CDs are cell 

impermeant (48, 52, 53), it is plausible that curcumin-CD complexes might inhibit the 

intracellular uptake of curcumin. Nevertheless, our in vitro and in vivo experiments 

demonstrated that CD increased the amount of delivered and cell-associated curcumin 

and its transcellular permeability, with an associated enhancement of efficacy in 

experimental ALI. 

The CD-enhanced delivery of curcumin to lung cells, together with the well-

known anti-inflammatory and antioxidant effects of curcumin (23), led us to test the 
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ability of CDC to reduce inflammation in a murine model of ALI. ALI is associated with 

influx of inflammatory cells, especially neutrophils, into the lungs, and we found that 

CDC administration following induction of ALI significantly reduced both total cell and 

neutrophil count. In addition, CDC downregulated activity of the pro-inflammatory 

transcription factor NF-B and reduced oxidant stress. This finding provides in vivo 

confirmation of previous in vitro observations that CDC reduces NF-B activity more 

effectively than uncomplexed curcumin (32). In other settings, curcumin has been shown 

to downregulate the activity of not only NF-B but also the pro-inflammatory 

transcription factors AP-1 (55) and HIF-1 (56). Production of pro-inflammatory 

cytokines, and thus subsequent inflammatory changes, are largely dependent on 

activation of these transcription factors, so the decreased NF-B activity provides a 

molecular mechanism for the observed decrease in inflammatory markers. 

To our knowledge, there has been no previous demonstration that any curcumin 

formulation can effectively treat established ALI, although several previous studies have 

shown that curcumin can at least partially prevent ALI when administered prior to the 

triggering event. In an LPS-induced model of ALI, Lian et al. found that intravenous 

curcumin dissolved in DMSO administered to rats 30 min prior to LPS reduced ALI 

severity (57). Olszanecki et al. administered curcumin intraperitoneally 2 hours before 

intraperitoneal LPS (58). They found that curcumin pretreatment decreased sequestration 

of leukocytes by the lung, and presented evidence that this was mediated by induction of 

heme oxygenase-1. We also found that administration of intraperitoneal, but not oral, 

curcumin reduced the severity of inflammation following bleomycin-induced lung injury 

(31).  
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Interestingly, in Calu-3 cells we observed that epithelial cell monolayer integrity 

was intact after transient exposures to CDC concentrations up to 200 μM, although 

monolayer integrity was visibly disrupted with lower doses of DMSO-C or EtOH-C. 

Given that the epithelial cell barrier is dependent on monolayer integrity, CDC appears to 

be safer than the DMSO or ethanol solutions commonly used to solubilize curcumin. 

Perhaps most importantly, preliminary toxicological studies of CDC in dogs similarly 

provided no evidence of adverse effects following doses up to 20 mg/kg-d for 14 days 

(Supplemental Material; Appendix D). 

Ours appears to be the first study of any curcumin formulation administered 

directly to the pulmonary system. Although we did not systematically investigate the 

toxicology of IT-delivered CDC, no drug-attributable toxicity was apparent in 

physiological parameters or on histopathological examination even when the CDC 

concentration was increased to 600 μM (data not shown). Human studies of curcumin 

have revealed no adverse effects other than diarrhea following very high oral doses (30). 

By contrast, adverse effects are frequent with commonly used systemic anti-

inflammatory agents. In ALI and acute respiratory distress syndrome (ARDS), results 

with systemic anti-inflammatory agents have been disappointing. Methylprednisolone in 

ARDS (59), as well as ketoconazole (60) and lisofylline (61) in mixed ALI/ARDS patient 

populations, have all proven ineffective. This ineffectiveness may reflect the adverse 

effects of these drugs, including interference with wound healing. Significantly, 

dysfunctional wound healing is thought to be a major pathophysiological factor in late-

stage ARDS, and methylprednisolone appears to decrease survival when started more 

than 14 days after disease onset (59). Curcumin, by contrast, has been shown to promote 
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wound healing (23). Both the greater safety of CDC and its delivery directly to the target 

organ support the possibility that CDC may prove effective where other anti-

inflammatory agents have not. 

 ALI remains a disease with high mortality and no effective treatment. Our results 

indicate that direct lung delivery of CDC is safe and effective in a murine model of ALI 

and its effectiveness may be attributable to its association with the lung epithelium. The 

attractiveness of CDC is further increased by the ease and simplicity with which it can be 

produced. These promising early results support the potential of CDC as a possible 

therapy for human ALI and other inflammatory lung diseases.   
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6.9 Figures 

 
 

Figure 6-1. CDC promotes curcumin transport across lung epithelial cells.  

Calu-3 cell monolayers were grown on Transwell inserts. CDC, DMSO-C, EtOH-C, or 

LY was added to HBSS transport buffer in either the apical (AP) or basolateral (BL) 

compartment. The contralateral compartment was sampled at intervals and curcumin or 

LY concentrations were measured by fluorescence using a plate reader set to 485 nm 

(EX)/540 nm (EM). (A) Mass transport rate as a function of initial donor concentration of 

CDC, DMSO-C, or EtOH-C for the APBL and BLAP directions. (B) The Peff for the 

APBL (top) or BLAP (bottom) directions of LY (paracellular marker, 1 mM), 

DMSO-C, EtOH-C, and CDC as a function of initial donor concentration. n = 6; *P < 

0.05; ***P < 0.001. 
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Figure 6-2. CDC promotes curcumin association with lung epithelial cells. 

Calu-3 cell monolayers on Transwell inserts were exposed to CDC, DMSO-C, or EtOH-

C in either the apical (APBL) or basolateral (BLAP) compartments for 180 min with 

shaking at 37ºC in a 5% CO2 incubator. (A) The inserts were then washed and incubated 

for another 30 min with the nucleus-specific dye Hoechst 33342 (10 μg/ml) in the apical 

compartment and dye-free HBSS transport buffer in the basolateral compartment. The 

cell monolayers were examined with a Nikon TE 2000 fluorescence microscope (10 × 

objective). Curcumin was visualized in the FITC channel and nuclei in the DAPI channel. 

Regions where cells have detached or monolayer integrity is visibly compromised are 

indicated with an asterisk. Scale bar of 80 μm is displayed below . Representative images 

are shown from 3 independent experiments. (B, C) Following exposure, the cells were 

washed and cell-associated curcumin extracted with 1% Triton X-100. Extracted 

curcumin was quantitated (mass per cell) by fluorescence using a plate reader. Amounts 

of the paracellular marker LY are also shown. (B) Cell-associated curcumin as a function 

of initial donor concentration for APBL (top) and BLAP (bottom) transport. (C) 
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Cell-associated curcumin as a function of transport direction at 50 μM. n = 6; **P < 0.01; 

***P < 0.001. 
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Figure 6-3. CDC fluorescence is associated with lung cells in vivo.  

C57BL/6 mice received CDC (30 g) or vehicle intratracheally. One hour later the lungs 

were embedded in O.C.T. compound, frozen and sectioned. Sections were examined by 

light (top left) or fluorescence microscopy with curcumin visualized in the FITC channel. 

The bottom right image shows lung parenchyma; other images are cross-sections of 

airways. Representative images shown from 3 independent experiments. 

 

 



  

215 

 

 

Figure 6-4. CDC reduces LPS-induced lung inflammation.  

ALI was induced by intratracheal administration of LPS (50 μg). CDC (30 μg) or vehicle 

(CD) was administered two hours later. BAL fluid was collected and lung excised after 4 

hours. (A) BAL fluid was centrifuged at 500 × g for 5 min. Pelleted cells were washed 

and cellular content of the resuspended pellet was determined by cytospin. (B) Cells from 

BAL fluid were stained with Diff-Quick and examined microscopically. (C) Nuclear 

protein was isolated from lungs and NF-B activity was determined using an ELISA-

based assay kit (top left). Lung tissue was homogenized and oxidant stress was assessed 
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by measuring H2O2 production (top right), nitrite/nitrate (bottom left), and 

malonaldehyde (bottom right) using commercially available kits.  n = 16-18 mice/group; 

***P < 0.001. 
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Figure 6-5. CDC attenuates lung injury and edema following LPS administration.  

ALI was induced by intratracheal administration of LPS (50 μg). CDC (30 μg) or vehicle 

(CD) was administered two hours later and BAL fluid was collected after 4 hours. (A) 

Cells in BAL fluid were pelleted by centrifugation, after which protein content of the 

supernatant was determined as a marker of lung injury (left). After BAL fluid was 

collected the superior lobe of the left lung was excised and immediately weighed. It was 

then dried in a 60°C incubator for 24 hours and weighed again. The ratio of wet:dry 

weight was determined as an index of edema (right). (B) Lungs were fixed, sectioned, 

and stained with hematoxylin and eosin. Representative sections were then examined 

microscopically (top). The degree of injury (pathology score) was scored according to the 

following scale: no injury = 1; injury to 25% of the field = 2; injury to 50% of the field = 

3; injury to 75% of the field = 4; diffuse injury = 5; (bottom). n = 16-18 mice/group; **P 

< 0.01; ***P < 0.001. 
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6.10 Supporting Information Available 

This material is published in American Journal of Respiratory Cell and 

Molecular Biology and supporting information (experimental methods and results with 

figures) is available in the Appendix D. 
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Chapter 7  

Final Discussion 

 

7.1     Overview of Results 

This thesis has elucidated the effects of local interactions between extracellular 

microenvironment and molecules ranging from small molecules to nanoparticles on 

molecule transport across the cell barriers. Results have shown that the extracellular 

microenvironment significantly contributes to transcellular transport. The influences of 

local extracellular interactions on drug transport were reflected i) as differences in the 

accumulation of nanoparticle aggregates on the cell surface under the pulsed vs. constant 

vs. no magnetic field; ii) as exposed cell surface area-related differences in small 

molecule uptake or transport; or, iii) as variations in the apparent thickness of diffusion 

boundary layers on the cell surface. In order to investigate underlying mechanisms of in 

vitro cell-based drug transport data in the presence of multi-components, we have used 

microscopic imaging, mechanism-based cellular pharmacokinetic model (1CellPK), and 

relevant in vivo model. 

In Chapter 2 and 3, cell-based transport assays using MDCK cell monolayer in the 

Transwell inserts have indicated that heparin-coated magnetic iron oxide nanoparticles 

(MNPs) form particle aggregates proportionally to initial particle concentrations on the 
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cell surface in the presence of a constant magnetic field. Although MNPs were stable in 

the physiological medium with high serum concentrations, extensive particle 

aggregations were shown at high starting MNP concentrations under the constant 

magnetic field. Sizes of particle aggregates induced by magnetic field in the high serum-

containing medium did not limit MNP transport across the porous membrane with 3 μm-

sized pores in the absence of cell barriers. However, in the presence of a cell monolayer 

on the membrane, diffusion of the particles across the cells appeared to be limited by 

accumulation of particle aggregates at the cell or membrane surface. These results were 

more highlighted by microscopic imaging studies including transmitted light microscopy 

with high magnifications, TEM, and confocal fluorescent microscopy in Chapter 3. Those 

imaging results provided insights about the mechanism underlying particle transport 

across cell barriers under different magnetic field conditions. In contrast to the 

accumulations of large MNP aggregates on cell surface or membrane under the constant 

magnetic field, the propensity of forming large particle aggregates after interaction of 

MNPs with the cell surface at high particle concentrations was reduced by the pulsed 

magnetic field. These studies confirmed that in the presence of cells, the differential 

application of external magnetic fields significantly affects the extents of particle 

aggregations, endocytic uptakes, MNP retention on the cell surface, and MNP transport 

across the cells and pores.  

In Chapter 4, small molecular probes, MitoTracker Red (MTR) and Hoechst 

33342 (Hoe) have shown different local retention and transport in airway vs. alveoli. 

Such behaviors depended on their physicochemical properties including acid association 

constant (pKa) and lipophilicity (logP) and also on the regional variations of cell surface 
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properties along the airway to alveoli. The in vitro transport assays with NHBE cell 

multilayers on inserts indicated that most of the probes were retained in the vicinity of the 

administered sites (intracellular retentions limited in top cell layers). Simulated results in 

the alveoli and MDCK cells on porous supports have also shown that these probes were 

retained intracellularly by transcellular dye concentration gradient in both apical-to-

basolateral and lateral directions. Meanwhile, in vivo lung studies have shown closely 

paralleled results to in silico predictions, in that MTR (hydrophilic cation) was retained in 

the airway by local intratracheal (IT) administration whereas Hoe distributed in both the 

airway and alveoli after intravenous (IV) or IT administration. High, local intracellular 

retention of the probes were confirmed by in vitro results. However, in silico model 

showed a better prediction for in vivo situation along the airway to alveoli in the context 

of small molecular transport and retention after local administration. This might result 

from in silico model constructions with the three-dimensional organization and 

physiological parameters of in vivo conditions. 

In Chapter 5, integration of quantitative drug transport assays with mixed co-

cultures and 1CellPK model showed that the variations in the extracellular 

microenvironment of Calu-3 vs. NHBE might lead to differences in drug transport/uptake 

measurements from these cell-types. Results of parameter optimizations in computational 

modeling suggested that unstirred water layers on the cell surface was the key factor 

affecting transcellular transport and cellular uptake of drug molecules in in vitro transport 

assay system. The thickness of the diffusion boundary layer is a complex parameter 

reflecting various underlining interactions between the molecules and the cell surface 

including diffusivity, drug binding, electrostatic interactions, ciliary convection, pH or 
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viscosity on the cell surface, and so on. Based on the simulations, the only major 

difference in Calu-3 vs. NHBE was the thicknesses of diffusion boundary layers, which 

suggested that extracellular microenvironments in different cell types might affect the 

passive transport of drug molecules across the cells. As differentiated as monolayers on 

the inserts, Calu-3 cells proved to be more relevant than NHBE for assaying the drug 

absorption in the airway. 

In Chapter 6, as water-soluble complexation carriers, hydroxypropyl-γ-

cyclodextrins (HP-γ-CDs) were used to develop curcumin-CD complex (CDC) 

formulations to improve bioavailability via inhaled route. While organic co-solvents (e.g., 

DMSO, ethanol) showed toxicity (i.e., compromised cell monolayers) at the doses needed 

to dissolve curcumin at high concentrations, CDC has shown low toxicity and high 

efficiency of cellular uptake and permeability across the Calu-3 cells and lung tissues. 

These studies demonstrated the relevance between in vitro assays with the Calu-3 and in 

vivo airway experiments in terms of permeation and cell-association of curcumin in the 

presence of CDs. CDC has also proved high anti-inflammatory and antioxidant effects for 

acute lung injury in the murine model. CDC administration significantly reduced total 

neutrophil counts in the animal model of acute lung injury. It was also confirmed that 

CDC downregulated activity of the pro-inflammatory transcription factor (NF-B) and 

reduced oxidant stress more efficiently than uncomplexed curcumin.   

 

7.2    Interpretation of Results 

In the studies about transcellular targeting of magnetic iron oxide nanoparticles 

(MNPs) in Chapters 2 and 3, quantitative analyses with microscopic imaging showed the 
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formation of large particle aggregations on the cell surface and membrane pores, 

inhibiting cell penetration of particles when the particles were exposed to the constant 

magnetic field. While the large particle aggregates formed by constant magnetic field 

sterically hindered endocytic particle uptake, MNPs subjected to the pulsed magnetic 

field showed size ranges that can be endocytosed, resulting in the enhanced cell 

penetration and minimized retentions on the cell surface. Under the constant magnetic 

field, in the absence of cells, MNPs at high initial concentrations showed visible particle 

aggregates with rapid changes in particle concentrations with the time only at a close 

distance from the magnet (<3 mm), but at the level of transwell insert (4 mm), the MNP 

concentration was changed slowly with no detectable particle aggregates. These results 

suggest that it was the level of cell layers on the inserts that magnetic force can 

sufficiently pull down MNPs with magnetically induced particle aggregations with 

smaller sizes than the resolution limit of the magnifications of imaging (≤250 nm). 

Particle aggregations on the cell surface might occur faster than cellular uptake under the 

constant magnetic field. Magnetically induced particle aggregates formed by pre-

exposures of MNPs to the constant or pulsed magnetic field before being added into the 

cells did not affect transcellular transport/uptake in the absence of magnetic field. These 

results suggest that the external magnetic field mostly influences the manner in which 

MNPs interact with the cells and other particles when the particles are in contact with the 

cell surface. 

In Chapter 4, two small molecular probes, MTR and Hoe showed different local 

retention in the airway after local administration (IT). The results indicated that 

distribution of different molecules in various regions of the lung depends on the 
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lipophilicity and ionization properties of the molecules and could be affected by the route 

of administration, histology or circulatory parameters in the airway or alveoli. Parameter 

sensitivity analysis results from an in silico model enabled us to interpret the different 

behaviors of molecular retention found in two small molecules. The results indicated that 

mitochondrial uptake might be a critical histological component in determining high 

MTR (hydrophilic cation) exposures after IT administration. After IT administration, 

MTR would be traversed through the lumen of the airway into the interstitium, and then 

rapidly absorbed by the mitochondria in the epithelial cells by the highly negative 

membrane potential of the mitochondrial inner membrane. By this property of 

mitochondrial membrane, MTR would be slowly released into the systemic circulation. 

In the alveoli, the surface areas of apical and basolateral membrane are larger than those 

in the airway, and therefore MTR absorption in the alveoli and release into the circulation 

are facilitated with less MTR accumulation inside the mitochondria. Compared to 

behaviors of MTR, Hoe showed no significant differences in local retentions in the 

airways vs. alveoli because the molecules exist as neutral forms at physiological pH and 

easily diffused across the membranes. When administered via IV route, the distribution of 

molecules between blood and tissue is mostly determined by the partition of molecules 

between blood and tissue, which could be affected by cellular compositions or densities 

in tissue. Therefore, after IV administration, both Hoe and MTR showed partitioning 

more into alveoli than the airways. Underlying mechanisms of different molecular 

retentions in local regions of the lung could be differences of cellular organized structures 

or varying cell areas exposed to drug molecules in the airway vs. alveoli. 
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In Chapter 5, the integrated approach of in vitro cell-based assay system using co-

cultures and an in silico cellular pharmacokinetic modeling was used to identify key 

parameters that can explain the observed differences in the absorption and transport 

properties of propranolol in two types of airway epithelial cells (Calu-3 vs. NHBE). In the 

1/1 Calu-3/NHBE cell co-cultures, the stirring conditions in Calu-3 and NHBE cells 

could be nearly identical because the cells are randomly dispersed. Therefore, the 

thickness of the unstirred water layer on the cell surface should be similar for both Calu-3 

and NHBE cells in co-culture. However, parameter optimization and sensitivity tests 

from the in silico model indicated that differences in the apparent thickness of the 

unstirred water layer significantly affected the transport properties of Calu-3 and NHBE 

cells. The apparent unstirred water barriers could be factors combining various cell type-

dependent components related to local differences in the extracellular, surface 

microenvironment (e.g., viscosity, convection, ciliary motility, and macromolecular 

crowding, etc). Therefore, the reason that the thicknesses of unstirred water layers 

appeared different for Calu-3 vs. NHBE cells could be because of the variations in the 

extracellular microenvironment surrounding the cells, and these local microenvironment 

differences might affect the passive transport of propranolol in the vicinity of the cell 

surface of Calu-3 vs. NHBE.  

In the relation to the studies in Chapter 6, previous reports indicated that CDs 

promoted drug delivery, not by directly enhancing drug permeation or cell-association, 

but by acting as a reservoir for drug molecules to promote drug dispersion (1, 2). At 

optimal CD concentrations, CDs might help to overcome unstirred water barriers on the 

cell surface and promote permeation of curcumin. Since CDs are cell impermeant (2, 3) 
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and in most cases, unable to enhance drug permeation through a lipophilic membrane 

barrier, it is plausible that curcumin-CD complexes might inhibit the intracellular uptake 

of curcumin. Nevertheless, our in vitro transport data from the Calu-3 cells, and in vivo 

experiments performed by our collaborators demonstrated that CDs increased the amount 

of delivered and cell-associated curcumin and its transcellular permeability, with an 

associated enhancement of efficacy in the diseased animal model. These results might be 

related to the physical properties of drug-CD inclusion complexes. CDs can form 

inclusion complexes with lipophilic drugs by incorporating drug molecules into the 

central, hydrophobic cavity. The driving forces leading to the inclusion complex 

formation include release of water molecules from the cavity, van der Waals, 

hydrophobic or electrostatic interaction, hydrogen bonding, and charge-transfer 

interaction (4, 5). All the relatively weak forces allow free drug molecules in solution to 

be in rapid equilibrium with drug molecules within the cavity of CDs (6). Excessive 

amount of CDs could inhibit free drug permeation through the membrane. Therefore, our 

results indicate that contents of CDs in our CDC formulations might be optimal for 

compromising extracellular microenvironment at donor side and promoting free 

curcumin permeation into the cells. 

 

7.3    Alternative Interpretations 

In Chapters 2 and 3, MNP formulations have shown different particle behaviors 

on the cell surface according to a constant vs. pulsed magnetic field. Under a constant 

magnetic field, due to steric hindrance, large particle aggregates cannot be endocytosed, 

resulting in increasing MNPs accumulation at the cell surface. In contrast, under a pulsed 
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magnetic field, MNP transport across the cell monolayers was maximized by effectively 

concentrating MNPs at the cell surface with less aggregate formation. Our studies in this 

thesis and other studies using in vitro cell-based transport assays suggest that the local 

extracellular microenvironment on the cell surface could influence the transport of 

molecules. There have been reports about the effects of static aqueous barriers on the cell 

surface on the diffusion of nanoparticle formulations across the cell membranes (39-41). 

The mucus layers of intestinal or airway epithelial cells can affect the passive transport of 

these particles (42). The concentration gradient in the diffusion boundary layers could be 

varied by extracellular factors such as magnetic fields (43, 44) or ultrasound shockwaves 

(45). Under constant magnetic fields, the particles could densely accumulate immediately 

above the cell surface. Despite a dramatic concentration gradient in the vicinity of the cell 

surface caused by the external magnetic field, our studies imply that particle transport is 

prohibited by the large particle aggregations which cannot be endocytosed. In a sharp 

contrast, under the pulsed magnetic field, particles rather remained well dispersed in the 

aqueous layers with formation of only small particle aggregates in the vicinity of the cell 

surface, resulting in enhanced cell penetration of particles.  

In Chapter 4, it was suggested that as the underlying mechanism, differences of 

cellular organized structures with varied cell areas exposed to drug molecules along 

upper and lower lung might result in different local deposition and absorption of small 

molecular probe, MTR. Structural features such as collagens (21, 22) as well as cellular 

components such as smooth muscle or macrophage cells in ECM (23, 24) show variations 

along the lung, possibly exerting influences on lung absorption/distribution. Moreover, 

huge variations in airway surface liquid (ASL) on the epithelial cells along the airway to 
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the alveoli could be important extracellular factors to be considered to alter drug 

absorption in contact with the cell surface (25). In addition to mucus layers in ASL, 

viscosity of watery periciliary sol (PCL) around the cilia can affect ciliary movements 

(26), providing variations in mucociliary clearance (27), which can influence drug 

deposition/absorption. Thickness and compositions of surface lining liquid are controlled 

by mucus secretions, ion channels or aquaporins (28-30) and these interactions play 

important role to determine characteristics of diffusion water barriers on the cell surface. 

There have been numerous reports that drug transport and distribution could be greatly 

affected by the variations in drug diffusivity across the diffusion barriers on the airway 

tissues (25).  

In Chapter 5, simulation results suggested different local extracellular 

microenvironment in two different airway cells might influence the passive diffusion of 

propranolol across the cells. Physiological differences in mucus secretions (31-34) and 

ion regulatory mechanism (35, 36) in these cell-types might influence hydration, 

viscosity and thickness of the mucus layer on the cell surface and accordingly, affect the 

differences in local microenvironment surrounding the Calu-3 and NHBE cells. There are 

reports about the different morphology of cilia (37) and ciliary motility (33, 38) in Calu-3 

vs. NHBE cells. Considering mucociliary clearance is controlled by combinations of 

mucus secretions and ciliary beats, variations in viscosity and cell surface area could 

result in differences in convection around the cell, providing differences in the apparent 

diffusion water barriers as shown in the model.  

For the results of Chapter 6, very low permeability of CDs measured from the 

Calu-3 cell monolayers (~7×10
-8

 cm/sec for CDs with MW. 972-1297 Da) in a previous 
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report also support that complex with CDs may have difficulty to go across the cell 

membrane (7). In the report, when compared with the permeability of paracellular 

markers, CD permeability values in the Calu-3 were higher than those of dextrans of MW. 

4-20 kDa (0.1-0.6×10
-8

 cm/sec), but on the same order of magnitudes as Lucifer yellow 

(MW. 479 Da; 4.3×10
-8

 cm/sec) and Na-fluorescein (MW. 376 Da, 14.7×10
-8

 cm/sec). 

Extractions of lipids or cholesterols from the cell membrane are reported as the 

mechanism of cytotoxicity by γ-CDs or HP-CDs at high doses ( 50 mM) (8-11). With 

the doses of γ-CDs used in the transport studies, the membrane integrity of the Calu-3 has 

not been changed before and after the transport studies of CDs, evidenced by TEER or 

LDH assays (7). This strongly suggests that the hydrophilic CDs or drug-CD inclusion 

complexes cannot be transported transcellulary but rather possibly via paracellular 

pathway. However, the possibility cannot be excluded that drug inclusion complexes with 

CDs can go across the cells by receptor-mediated transcytosis (12).  

In Chapter 6, cell permeability results of CDC formulations in the Calu-3 cell 

monolayers have interestingly shown that CDC formulations at higher initial CDC 

concentrations displayed lower permeability than those at 50 μM whereas the cell-

associated CDC masses at higher initial concentrations were much higher than those at 50 

μM. Curcumin is known as a non-substrate, but an inhibitor for active transporters, ATP-

binding cassette (ABC) (e.g., P-glycoprotein (P-gp), multi-drug resistance associated 

protein families (MRPs) or breast cancer resistance protein (BCRP)) and SLC 

transporters (e.g., organic anionic transporters (OATs)) (13, 14). Calu-3 cells are known 

to express low levels of phase II enzymes (i.e., glutathione or glucuronide, or sulfate 

conjugation enzymes) (15) which are major metabolizing enzymes of curcumin. 
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Considering the current limited knowledge about curcumin’s accumulation inside the 

cells, the phenomenon of differential curcumin masses associated with the Calu-3 cells 

according to the initial curcumin concentrations might be involved in other pathways than 

passive diffusion, active transport, or metabolism. Mechanistic studies related to drug 

sequestration inside the cells have reported various pathways such as ion trappings, 

phospholipidosis, or multi-lamellar body (MLB) formations, etc., which could limit the 

final drug solubility in the aqueous phase in cells or suborganelles (16-20). 

 

7.4    Future Directions 

Consistent with other works in in vitro cell-based permeability measurements, our 

studies indicate that the local interaction of molecules with the extracellular 

microenvironment could be a rate limiting step for drug permeation and cellular uptake 

thereby impeding efficient drug delivery to target sites. As an apparent barrier, the 

diffusion boundary layers could be formed not only by experimental setup of transport 

assays (e.g., stirring conditions) as other studies reported, but also by various factors 

related to extracellular microenvironment of different cell-types. Mucus secretions, 

ciliary functions, pH variations, or ion compositions can all control each other, resulting 

in different local environment on the epithelial cell surface.  

Moreover, external magnetic forces have shown spatiotemporal effects in 

determining transcellular transport, cellular uptake and retention on the cell surface of 

magnetic iron oxide nanoparticles. The regional differences in cell areas or ECM 

environment as shown in the studies with MTR vs. Hoe in upper or lower airways could 

affect the drug exposure and retention in locally administered sites. Drug solubilizing 
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agents such as CDs can control the thickness of unstirred water layers. The interactions 

among the extracellular factors could make the real transcellular permeability of drugs 

measurements over- or under-estimated.  

Therefore, in order to make in vitro, cell-based permeability assay data applicable 

to high throughput screenings with a variety of drug-like molecules in a more accurate 

way, integrated methodologies should be established by considering multiple components 

of extracellular factors. Our quantitative analysis with mass balance and imaging can help 

to elucidate how the transcellular drug transport/distribution could be affected by the 

manner in which the extracellular factors are changed. The studies about molecular 

transport pathways under the effects of extracellular interactions could guide the drug 

development process to the downstream drug delivery applications. In addition to our 

approach presented herein, it could be helpful to substantiate mechanistic cell-based 

pharmacokinetic model with multiple components including extracellular and 

intracellular factors based on hypotheses. Additionally, more specific microscopic 

imaging and biochemical assays can help ascertain the different extracellular factors 

which might be correlated with varied drug transport/uptake. The extracellular factors 

should be also studied in relation to the molecular targeting and distribution for different 

drug formulations (i.e., ion states, sizes, surface chemistry) and produced batches. Those 

assay system should reflect physiological structures of organs/tissues and apparent 

barriers for molecular transport. To include multiple components related to the key 

factors into the cell-based pharmacokinetic model can facilitate appropriate hypothesis-

driven model predictions to enable insightful interpretation about the data obtained from 

cell-based permeability assays with various drug-like molecules.  
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7.5    Overarching Conclusions 

On the basis of the findings presented in this thesis, it is suggested that factors 

related to extracellular microenvironment should be considered when seeking to interpret 

cell permeability data in the presence of multi-components in a more accurate manner. In 

our studies we elucidated the effects of extracellular interactions on drug transport in the 

presence of various multi-components, such as external magnetic forces, different 

exposed cell surface areas, apparent diffusion boundary layers, drug solubilizing agents 

throughout bulk mass balance assays, in silico modeling, and microscopic imaging. The 

studies with magnetic nanoparticles (MNPs) (49, 50) have shown that the cellular uptake 

and transcellular targeting efficiency of MNPs should count for the interactions between 

particles, external magnetic field, and the cell barriers. The in vitro quantitative analysis 

with microscopic imaging has elucidated how magnetic force should be utilized to tailor 

the magnetic targeting with less unnecessary depositions of particles on the cell surface. 

From the integrated in silico-to-in vitro-to-in vivo studies about local drug 

deposition/absorption of small molecule markers in the airways (48), computational 

simulations have shown that different cell areas in airway vs. alveoli could affect 

transport and cellular retention of small molecules. Those results warrant investigation on 

the effects of structural and physicochemical components in the cell microenvironment 

along airways to alveoli in local lung distribution/absorption of inhaled drug molecules or 

biomarkers. In the in vitro airway cell models (Calu-3/NHBE), our studies have shown 

the impact of differences in extracellular microenvironment surrounding the cells on drug 

transport and cellular uptake. Considering the physiological conditions in vivo with 
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varied extracellular matrix or fluidic phase, the interpretation of in vitro cell-based 

permeability data should be linked with the extracellular microenvironment components. 

Understanding the role of CD interaction with aqueous barriers on the cell surface 

supports the concept of delivering curcumin-CD complex via inhalation which has been 

confirmed as a non-toxic, efficient method for acute lung injury treatment in the in vitro 

transport assays and relevant animal studies (46, 47). Ultimately, in order to use in vitro 

cell-based permeability assays for testing a variety of drug formulations accurately, it is 

important to account for the extracellular microenvironment as essential factors upon 

drug transport/distribution. 
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Appendix A 

Supporting Information in Chapter 3 

 

 

Supplemental experimental methods and results 

 

1. Physicochemical characterizations of Hep-MNPs preparation. Hydrodynamic 

sizes and zeta potential values of MNPs showed no significant changes during the 

incubation time (0 or 5 h) in water or in buffer containing 10 % fetal bovine serum (FBS) 

(Figure A1). Zeta potential measurements showed the changes in the surface charge of 

MNPs in the serum-containing buffer, relative to the water (-36 ( 1.1) mV in water; -14.2 

( 2.3) mV in buffer with serum). This might be because of serum protein adsorptions on 

the nanoparticles (1, 2). However, the presence of serum in the buffer during the 90 min 

transport experiments may not affect the stability of the particles since little changes are 

shown in the size and also in zeta potential during the incubation with 10 % FBS.  
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Figure A1. Stability of Hep-MNPs in physiological buffers.  

Size distribution profiles of MNPs in (a) water or (b) HBSS buffer with 10 % FBS after 

incubation at 37°C for 0 and 5 h. (c) Size (nm) and Zeta potential (mV) measurements 

(mean  SD, N = 3) of MNPs in water or HBSS with 10 % FBS after incubation at 37°C 

for 0 and 5 h. 

 

2. A Constant Magnetic Field Visibly Promoted Accumulation of MNPs on Cell 

Monolayers. After transport studies under a constant magnetic field at different initial 

MNPs concentrations, the inserts were examined under the bright field microscope. As 

shown in Figure A2a, particle aggregates accumulated on the cell monolayers were visible 
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as brown patches and the accumulations of particle aggregates appeared greater as the 

concentration of MNP was increased. To confirm this observation, the microscopic images 

were subjected to quantitative analyses. The area covered by brown clusters of particle 

aggregates on the surface of cell monolayers was measured (Figure A2b).  

     As previously reported (3), an external magnetic field promoted mass transport of 

MNPs across cell monolayers with transport kinetics of particles dependent on the initial 

particle concentrations. Paradoxically, mass transport rates decreased as MNP 

concentration in the donor compartment was increased. In the absence of magnetic field, 

there was no significant difference in apical to basolateral transport of particles, in various 

initial donor concentrations of MNPs (Figure A3). Under constant magnetic field 

conditions at high MNP concentration (0.412 mg Fe/ml), the rate of transport into the 

basolateral compartment over time (0.63 ng Fe/sec ( 0.05)) was less than that at the lower 

MNP concentration (0.258 mg Fe/ml) (1.15 ng Fe/sec ( 0.11)).  
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Figure A2. Microscopic images revealed visible, brown MNP aggregates covering the 

apical surface of cell monolayers after transport studies. 

(a) After a 90 min transport experiment, the cells on the insert were examined under bright 

field optics of Olympus BX-51 upright light microscope (100 × objectives). MNP 

aggregates covering the surface of the cell monolayer at 0.258 and 0.412 mg Fe/ml were 

visible as brown patches. No such brown patches were visible before the experiments, or in 

negative control inserts without MNPs. Pores on the PET membrane of inserts (pore size: 3 

μm) and MDCK cells are indicated in the images with the blue and red arrows in the bright 

field image of the negative control. Scale bar is 20 μm. (b) Area covered by brown particle 

aggregates relative to the cell monolayer area (%) at the end of a 90 min transport 

experiment was compared for different initial apical concentrations of MNP suspension (N 

= 5) by unpaired t-test ( = 0.05).  
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Figure A3. Mass transport of MNPs across MDCK cells in Transwell insert was 

assessed as a function of time for different initial MNP concentration in the presence or 

absence of the magnetic field (NMF means “no magnet”, CMF “constant magnetic field”, 

and PMF “pulsed magnetic field”; N = 3) ((a) 0.258 mg Fe/ml; (b) 0.412 mg Fe/ml). 
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Figure A4. Microscopic examination of magnetically-induced aggregates of MNPs in 

suspension according to the distance from the magnet. 

(a) MNPs within 2 mm from the magnet showed apparent aggregates with the sizes 

detectable by at 1000 × magnification with an Olympus BX-51 upright light microscope 

(scale bar = 10 μm). Bright field images of MNPs at high concentration (0.412 mg Fe/ml) 

at different distances from the magnet surface, at 3 h. (b) Total sizes (area; μm
2
) of clusters 

of particle aggregates measured at 3 h is displayed according to the distance from the 

magnet between 0.1 and 8 mm for different initial MNP concentrations (0.412 or 0.258 mg 
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Fe/ml). At lower initial MNP concentration (0.258 mg Fe/ml), (c) Total sizes (area; μm
2
) of 

clusters of particle aggregates measured from the bright field images of particle suspension 

within 4 mm (0.1, 0.5, 1, 2, and 4 mm) from the magnet is displayed as a function of time 

(5-180 min) under the magnetic field. (d) MNP concentration changes at each segment in 

the tube (0.1-0.5, 0.5-2, 2-4, and 4-7 mm from the magnet) are plotted as a function of time 

(5–180 min) under the external magnetic field (0.258 mg Fe/ml). 

 

 

 

Figure A5. Mass transport of MNPs across MDCK cell monolayers was not affected by 

pre-exposure of MNPs to various magnetic field conditions.  

NMF/NMF corresponds to “the cell experiments under no magnetic field (NMF) with 

MNPs pretreated with no magnetic field (NMF)”; CMF/NMF means “the experiments with 

MNPs pretreated with a constant magnetic field (CMF)”; and, PMF/NMF is “the 

experiments with MNPs pretreated with a pulsed magnetic field (PMF)” (N = 3). (a) Mass 

transport rates of pretreated MNPs and (b) apparent intracellular masses of MNPs per cell, 

after a 90 min transport, for different initial MNP concentrations (C0: 0.412 or 0.659 mg 

Fe/ml) under no magnetic field conditions. (c) Microscopic images of cells after transport 

studies in the absence of magnetic field with MNPs pretreated with different magnetic 
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fields. Scale bars (20 μm) are presented in the images. For statistical analysis, one-way 

ANOVA test was used with Tukey’s multiple comparison tests ( = 0.05). 

 

 

Figure A6. Mass balance analysis after transport experiments in the absence of magnet 

with MNPs pre-exposed to different magnetic field conditions.  

Transport experiments were performed at 0.412 or 0.659 mg Fe/ml (C0) and data were 

subjected to mass balance analysis (equations 1-5). (a) Apical-to-basolateral transported 

fraction of MNPs,  (%); (b) fraction of particles bound to the cell surface,  (%); (c) 

fraction of particles inside the cells, β (%). (d) Ratio (/β) is depicted at 0.412 or 0.659 mg 

Fe/ml under various magnetic field conditions for MNP pretreatments (NMF/NMF, 

CMF/NMF, or PMF/NMF). Statistical analysis was performed using one-way ANOVA 

with Tukey’s multiple comparison tests ( = 0.05).  
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Appendix B 

Supporting Information in Chapter 4 

 

 

Matlab Codes of the in silico model are available in online supporting information 

in the published paper (Yu J-y, Zheng N, Mane G, Min KA, Hinestroza JP, Zhu H, Stringer 

KA, Rosania GR. A Cell-based Computational Modeling Approach for Developing Site-

Directed Molecular Probes. PLoS Comput Biol. 2012;8(2):e1002378) 

 

Parameters and Sensitivity Analysis (in silico Model) 

 
 
 

Table B1. Constant Parameters in the Model 

 
Symbol Value Unit Description 

T 310.15 K Body temperature 

R 8.314 J / mol / K Universal gas 

Constant 

F 96485.3415 sA / mol Faraday constant 

 

    Parameter abbreviations in Supplementary Tables below: L indicates the 

volumetric fraction of lipids (dimensionless), G indicates the activity coefficient γ 

(dimensionless), A indicates the surface area of the membrane (unit: m
2
), V indicates the 
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volume of the corresponding compartment (unit: m
3
). E indicates the membrane potential 

(unit: V), pH indicates the pH values in corresponding compartment (dimensionless). Ro 

indicates the volumetric percentage of organelles in cellular compartments (dimensionless). 

The subscripts aEp indicates the apical side of epithelial cells, cEp indicates the cytosol of 

epithelial, imEp indicates the macrophage/immune cells on the surface of epithelium, int 

indicates the interstitium, imInt indicates the immune cells in the interstitium, sm indicates 

the smooth muscle, cEd indicates the cytosol of endothelium, p indicates the plasma. 
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Table B2. Parameter values and sensitivity analysis of AUC (mg/ml*min) for alveoli 

 
Para 

-meter 

Default Low High Mean SD CV Trend 

LaEp 0.95 0.05 0.95 0.06148 0.01861 0.3027 + 

LimEp 0.05 0.005 0.5 0.09819 0.001462 0.01489 + 

LcEp 0.05 0.005 0.5 0.09709 0.000794 0.008183 + 

Lint 0 0.005 0.5 0.09702 0.00055 0.005668 + 

LimInt 0.05 0.005 0.5 0.09621 5.61E-05 0.000583 + 

LcEd 0.05 0.005 0.5 0.09863 0.001656 0.0168 + 

Lp 0 0.005 0.5 0.09612 6.08E-12 6.33E-11 - 

GaEpN 1 0.5 1.5 0.09677 0.005074 0.05243 - 

GaEpD 1 0.5 1.5 0.1017 0.02376 0.2336 - 

GimEpN 1.23 0.5 1.5 0.09614 1.45E-05 0.000151 - 

GimEpD 0.74 0.5 1.5 0.09569 0.000605 0.006326 - 

GcEpN 1.23 0.5 1.5 0.09613 7.49E-06 7.79E-05 - 

GcEpD 0.74 0.5 1.5 0.09589 0.000346 0.003612 - 

GintN 1 0.5 1.5 0.09612 6.30E-07 6.55E-06 - 

GintD 1 0.5 1.5 0.09615 0.000236 0.002452 - 

GimIntN 1.23 0.5 1.5 0.09612 6.24E-07 6.50E-06 - 

GimIntD 0.74 0.5 1.5 0.0961 2.73E-05 0.000284 - 

GcEdN 1.23 0.5 1.5 0.09613 1.86E-05 0.000194 - 

GcEdD 0.74 0.5 1.5 0.09553 0.000717 0.007507 - 

GpN 1 0.5 1.5 0.09612 6.88E-13 7.16E-12 + 

GpD 1 0.5 1.5 0.09612 1.12E-11 1.17E-10 + 
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AaEp 0.387 0.0387 3.87 0.06819 0.04024 0.5901 - 

Aabp 0.387 0.0387 3.87 0.09149 0.01539 0.1682 - 

AimEp 0.0042 0.00042 0.042 0.101 0.003111 0.0308 + 

AimInt 0.00042 0.000042 0.0042 0.09612 1.32E-09 1.37E-08 + 

AbEd 0.452 0.0452 4.52 0.09261 0.008726 0.09422 - 

AaEd 0.452 0.0452 4.52 0.09281 0.01073 0.1156 - 

ASL 5 0.5 50 0.1065 0.01065 0.1001 + 

Vint 2.68E-07 2.68E-08 2.68E-06 0.07264 0.01426 0.1963 - 

Ro 0.1 0.01 0.5 0.09777 0.001412 0.01444 + 

pHaEp 7.4 4 9 0.09607 0.003608 0.03756 + 

pHimEp 7 4 9 0.09593 0.001094 0.01141 - 

pHcEp 7 4 9 0.09889 0.005637 0.057 + 

pHint 7 4 9 0.1004 0.008185 0.08152 + 

pHimInt 7 4 9 0.09612 4.42E-05 0.00046 - 

pHcEd 7 4 9 0.09596 0.002246 0.02341 - 

PHp 7.4 4 9 0.09612 1.28E-11 1.33E-10 - 

EbEd -0.06 -0.12 0 0.09933 0.01645 0.1656 + 

EaEd -0.06 -0.12 0 0.09759 0.009574 0.0981 - 

EimInt -0.06 -0.12 0 0.09616 0.000112 0.001164 - 

EimEp -0.06 -0.12 0 0.09388 8.63E-05 0.000919 + 

EbEp 0.0119 0 0.12 0.07161 0.01334 0.1863 - 

EaEp -0.0093 -0.12 0 0.04605 0.02446 0.1311 + 
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Table B3. Parameter values and sensitivity analysis of AUC (mg/ml*min) for airways 

 
Para 

-meter 

Default Low High Mean SD CV Trend 

LaEp 0.2 0.05 0.95 8.555 0.8889 0.1039 + 

LcEp 0.05 0.005 0.5 7.83 0.3157 0.04032 + 

Lint 0 0.005 0.5 7.509 0.03813 0.005078 + 

LimInt 0.05 0.005 0.5 7.452 0.003692 0.000495 + 

Lsm 0.05 0.005 0.5 9.912 1.706 0.1721 + 

LcEd 0.05 0.005 0.5 7.47 0.01523 0.002039 + 

Lp 0 0.005 0.5 7.447 1.18E-08 1.58E-09 - 

GaEpN 1 0.5 1.5 7.453 0.05194 0.006969 - 

GaEpD 1 0.5 1.5 7.54 0.3954 0.05243 - 

GcEpN 1.23 0.5 1.5 7.449 0.002974 0.000399 - 

GcEpD 0.74 0.5 1.5 7.357 0.1376 0.01871 - 

GintN 1 0.5 1.5 7.447 4.36E-05 5.85E-06 - 

GintD 1 0.5 1.5 7.449 0.01635 0.002195 - 

GimIntN 1.23 0.5 1.5 7.447 4.11E-05 5.52E-06 - 

GimIntD 0.74 0.5 1.5 7.446 0.001797 0.000241 - 

GsmN 1.23 0.5 1.5 7.461 0.01669 0.002237 - 

GsmD 0.74 0.5 1.5 6.921 0.7033 0.1016 - 

GcEdN 1.23 0.5 1.5 7.447 0.000171 2.30E-05 - 

GcEdD 0.74 0.5 1.5 7.441 0.006594 0.000886 - 

GpN 1 0.5 1.5 7.447 8.91E-09 1.20E-09 - 
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GpD 1 0.5 1.5 7.447 1.99E-08 2.67E-09 - 

AaEp 1.08E-02 2.70E-03 4.32E-02 7.291 3.757 0.5153 - 

AimInt 1.08E+04 1.08E-05 1.08E-03 7.447 8.62E-08 1.16E-08 + 

Asm 2.16E-02 2.16E-03 2.16E-01 15.18 4.173 0.2749 + 

AbEd 2.16E-03 5.40E-04 8.64E-03 7.152 1.164 0.1627 - 

AaEd 2.16E-03 5.40E-04 8.64E-03 7.116 1.149 0.1614 - 

ASL 15 1.5 150 4.889 1.849 0.3781 - 

VcEp 7.20E-08 7.20E-09 7.20E-07 5.656 1.082 0.1912 - 

Vint 1.08E-08 1.08E-09 1.08E-07 6.774 0.4348 0.06419 - 

Vsm 4.70E-08 4.70E-09 4.70E-07 15.56 4.529 0.2911 + 

pHaEp 7.4 4 9 7.448 0.1056 0.01418 - 

pHcEp 7.0 4 9 7.409 0.07615 0.01028 - 

pHint 7.0 4 9 7.805 0.6839 0.08762 + 

pHsm 7.0 4 9 7.309 2.272 0.3109 - 

pHimInt 7.0 4 9 7.446 0.002912 0.000391 - 

pHcEd 7.0 4 9 7.445 0.02066 0.002775 - 

pHp 7.4 4 9 7.447 3.19E-08 4.28E-09 - 

EbEd -0.06 -0.12 0 8.59 0.5854 0.06815 + 

EaEd -0.06 -0.12 0 7.79 0.2234 0.02868 - 

Esm -0.06 -0.12 0 10.46 6.49 0.6205 - 

EimInt -0.06 -0.12 0 7.449 0.007372 0.00099 - 

EbEp 0.0119 0 0.12 6.296 0.6186 0.09824 - 

EaEp -0.0093 -0.12 0 6.958 0.3514 0.05051 + 

Ro 0.1 0.01 0.5 10.44 2.555 0.2448 + 
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Table B4. Parameter values and sensitivity analysis of Tss (min) for alveoli 

 
Para 

-meter 
 

Default 

 

Lo

w 

 

high 

 

Mean 

 

SD 

 

CV 

 

Trend 

LaEp 0.95 0.05 0.95 1.795 0.6543 0.3645 + 

LimEp 0.05 0.05 0.5 3.297 0.1911 0.05796 + 

LcEp 0.05 0.005 0.5 3.021 0.01608 0.005323 + 

Lint 0 0.005 0.5 2.992 0.006055 0.002024 - 

LimInt 0.05 0.005 0.5 3.016 0.01673 0.005546 + 

LcEd 0.05 0.005 0.5 2.912 0.05801 0.01992 - 

Lp 0 0.005 0.5 2.998 0.004398 0.001467 - 

GaEpN 1 0.5 1.5 3.038 0.1957 0.06441 - 

GaEpD 1 0.5 1.5 3.335 0.8703 0.261 - 

GimEpN 1.23 0.5 1.5 3.002 0.002848 0.000949 - 

GimEpD 0.74 0.5 1.5 2.97 0.05358 0.01804 - 

GcEpN 1.23 0.5 1.5 3.001 0.001427 0.000476 + 

GcEpD 0.74 0.5 1.5 2.994 0.007105 0.002373 - 

GintN 1 0.5 1.5 3.001 0.001191 0.000397 + 

GintD 1 0.5 1.5 2.997 0.004986 0.001664 + 

GimIntN 1.23 0.5 1.5 2.999 0.002187 0.000729 + 

GimIntD 0.74 0.5 1.5 2.998 0.004614 0.001539 - 

GcEdN 1.23 0.5 1.5 2.998 0.004602 0.001535 + 
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GcEdD 0.74 0.5 1.5 3.024 0.03149 0.01041 + 

GpN 1 0.5 1.5 3.001 0.00178 0.000593 - 

GpD 1 0.5 1.5 2.998 0.004921 0.001641 - 

AaEp 0.387 0.0387 3.87 3.259 0.725 0.2225 + 

AbEp 0.387 0.0387 3.87 2.924 0.3595 0.1229 - 

AimEp 0.0042 0.00042 0.042 2.956 0.03784 0.0128 - 

AimInt 0.00042 4.19E-05 0.004192 2.997 0.009786 0.003266 - 

AbEd 0.452 0.0452 4.52 2.7 0.2743 0.1016 - 

AaEd 0.452 0.0452 4.52 2.774 0.3023 0.109 - 

ASL 5 0.5 50 15.3 9.311 0.6087 + 

Vint 2.68E-07 2.68E-08 2.68E-06 2.983 0.009908 0.003322 - 

EaEp -0.0093 -0.12 0 1.162 0.08901 0.07661 + 

EbEp 0.0119 0 0.12 1.651 0.0762 0.04614 - 

EimEp -0.06 -0.12 0 3.147 0.293 0.09308 - 

EimInt -0.06 -0.12 0 3.007 0.01809 0.006017 - 

EbEd -0.06 -0.12 0 3.338 1.073 0.3214 + 

EaEd -0.06 -0.12 0 3.119 0.3052 0.09785 - 

pHaEp 7.4 4 9 2.998 0.09591 0.03199 + 

pHimEp 7 4 9 2.977 0.08239 0.02767 - 

pHcEp 7 4 9 3.138 0.2374 0.07565 + 

pHint 7 4 9 3.226 0.3662 0.1135 + 

pHimInt 7 4 9 2.998 0.004545 0.001516 - 

pHcEd 7 4 9 3.063 0.1185 0.03868 + 

pHp 7.4 4 9 2.997 0.005152 0.001719 - 

Ro 0.1 0.01 0.5 2.921 0.06519 0.02232 - 
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Table B5. Parameter values and sensitivity analysis of Tss (min) for airways 

 
Para 

-meter 

default low High Mean SD CV Trend 

LaEp 0.2 0.05 0.95 34.37 3.208 0.09334 + 

LcEp 0.05 0.005 0.5 32.61 1.097 0.03365 + 

Lint 0 0.005 0.5 31.26 0.1733 0.005542 + 

LimInt 0.05 0.005 0.5 30.99 0.05303 0.001711 - 

Lsm 0.05 0.005 0.5 41.89 7.162 0.171 + 

LcEd 0.05 0.005 0.5 31 0.05826 0.001879 - 

Lp 0 0.005 0.5 30.96 0.0523 0.001689 + 

GaEpN 1 0.5 1.5 31 0.1873 0.006043 - 

GaEpD 1 0.5 1.5 31.48 1.314 0.04172 - 

GcEpN 1.23 0.5 1.5 30.93 0.03826 0.001237 + 

GcEpD 0.74 0.5 1.5 30.65 0.4926 0.01607 - 

GintN 1 0.5 1.5 30.93 0.02438 0.000788 - 

GintD 1 0.5 1.5 30.99 0.09294 0.002999 - 

GimIntN 1.23 0.5 1.5 30.92 0.03475 0.001124 + 

GimIntD 0.74 0.5 1.5 30.97 0.04729 0.001527 - 
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GsmN 1.23 0.5 1.5 31.03 0.1006 0.003242 - 

GsmD 0.74 0.5 1.5 28.41 3.055 0.1075 - 

GcEdN 1.23 0.5 1.5 30.95 0.04532 0.001465 - 

GcEdD 0.74 0.5 1.5 30.95 0.04737 0.00153 + 

GpN 1 0.5 1.5 30.93 0.02644 0.000855 + 

GpD 1 0.5 1.5 30.97 0.05493 0.001774 - 

AaEp 1.08E-02 2.70E-03 4.32E-02 31.08 10.23 0.3292 - 

AimInt 1.08E+04 1.08E-05 1.08E-03 30.96 0.04623 0.001493 - 

Asm 2.16E-02 2.16E-03 2.16E-01 124.4 66.76 0.5367 - 

AbEd 2.16E-03 5.40E-04 8.64E-03 22.11 9.556 0.4322 - 

AaEd 2.16E-03 5.40E-04 8.64E-03 22.8 10.32 0.4529 - 

ASL 15 1.5 150 50.52 15.21 0.301 + 

VcEp 7.20E-08 7.20E-09 7.20E-07 45.77 10.24 0.2237 + 

Vint 1.08E-08 1.08E-09 1.08E-07 32.05 0.7181 0.02241 + 

Vsm 4.70E-08 4.70E-09 4.70E-07 124.4 66.76 0.5367 + 

EaEp -0.0093 -0.12 0 28.33 1.249 0.04409 + 

EbEp 0.0119 0 0.12 26.38 2.277 0.08634 - 

Esm -0.06 -0.12 0 40.18 26.64 0.6632 - 

EimInt -0.06 -0.12 0 30.99 0.06302 0.002034 - 

EbEd -0.06 -0.12 0 47.79 3.545 0.07418 + 

EaEd -0.06 -0.12 0 34.99 1.05 0.03001 - 

pHaEp 7.4 4 9 30.98 0.2709 0.008745 - 

pHcEp 7 4 9 30.79 0.2611 0.008477 - 

pHint 7 4 9 32.87 3.068 0.09333 + 

pHimInt 7 4 9 30.95 0.05372 0.001736 + 
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pHcEd 7 4 9 30.94 0.05553 0.001795 - 

pHp 7.4 4 9 30.97 0.06052 0.001954 + 

Ro 0.1 0.01 0.5 51.29 17.51 0.3415 + 

 

 

 

 

Table B6. Parameter values and sensitivity analysis of mass deposition for alveoli 

      (mass fraction in lungs)

Para- 

meter 

Default low high Mean SD CV Trend 

LaEp 0.95 0.05 0.95 0.8867 0.02451 0.02764 + 

LimEp 0.05 0.005 0.5 0.9215 0.000416 0.000452 + 

LcEp 0.05 0.005 0.5 0.9215 0.000432 0.000469 + 

Lint 0 0.005 0.5 0.9222 0.001027 0.001114 + 

LimInt 0.05 0.005 0.5 0.921 9.63E-05 0.000105 + 

LcEd 0.05 0.005 0.5 0.9276 0.004776 0.005148 + 

Lp 0 0.005 0.5 0.8295 0.05402 0.06512 - 

GaEpN 1 0.5 1.5 0.9153 0.003549 0.003877 - 

GaEpD 1 0.5 1.5 0.9181 0.01396 0.01521 - 

GimEpN 1.23 0.5 1.5 0.9147 4.31E-06 4.71E-06 - 

GimEpD 0.74 0.5 1.5 0.9146 0.000202 0.00022 - 
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GcEpN 1.23 0.5 1.5 0.9147 4.96E-06 5.43E-06 - 

GcEpD 0.74 0.5 1.5 0.9146 0.000211 0.000231 - 

GintN 1 0.5 1.5 0.9147 1.22E-05 1.34E-05 - 

GintD 1 0.5 1.5 0.9149 0.000565 0.000618 - 

GimIntN 1.23 0.5 1.5 0.9147 9.48E-07 1.04E-06 - 

GimIntD 0.74 0.5 1.5 0.9147 3.95E-05 4.32E-05 - 

GcEdN 1.23 0.5 1.5 0.9148 6.31E-05 6.89E-05 - 

GcEdD 0.74 0.5 1.5 0.9133 0.002762 0.003024 - 

GpN 1 0.5 1.5 0.9147 1.79E-09 1.95E-09 + 

GpD 1 0.5 1.5 0.9097 0.02491 0.02738 + 

AaEp 0.387 0.0387 3.87 0.9279 0.02019 0.02176 + 

AbEp 0.387 0.0387 3.87 0.9208 2.48E-15 2.70E-15 - 

AimEp 0.0042 0.00042 0.042 0.9242 0.002247 0.002431 + 

AimInt 0.00042 4.19E-05 0.004192 0.9208 2.61E-15 2.83E-15 - 

AbEd 0.452 0.0452 4.52 0.9511 0.01806 0.01899 + 

AaEd 0.452 0.0452 4.52 0.9208 2.30E-15 2.50E-15 + 

ASL 5 0.5 50 0.9693 0.02505 0.02584 + 

Vint 2.68E-07 2.68E-08 2.68E-06 0.9266 0.004073 0.004395 + 

EaEp -0.0093 -0.12 0 0.7143 0.1568 0.2196 + 

EbEp 0.0119 0 0.12 0.8432 0.05729 0.06795 - 

EimEp -0.06 -0.12 0 0.921 0.00079 0.000858 - 

EimInt -0.06 -0.12 0 0.9209 0.000192 0.000209 - 

EbEd -0.06 -0.12 0 0.9152 0.05026 0.05491 + 

EaEd -0.06 -0.12 0 0.8826 0.09135 0.1035 - 

pHaEp 7.4 4 9 0.9213 0.002439 0.002647 + 
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Table B7. Parameter and sensitivity analysis of mass deposition for airways (mass 

         fraction in lungs) 

 
Para- 

meter 

Default low high Mean SD CV Trend 

LaEp 0.2 0.05 0.95 0.08661 0.006106 0.0705 + 

LcEp 0.05 0.005 0.5 0.08279 0.002397 0.02896 + 

Lint 0 0.005 0.5 0.07976 0.000444 0.00556 + 

Lsm 0.05 0.005 0.5 0.1035 0.01537 0.1485 + 

LimInt 0.05 0.005 0.5 0.07923 3.87E-05 0.000489 + 

LcEd 0.05 0.005 0.5 0.07966 0.000349 0.004382 + 

Lp 0 0.005 0.5 0.03946 0.001595 0.04042 - 

GaEpN 1 0.5 1.5 0.07924 0.000363 0.004582 - 

GaEpD 1 0.5 1.5 0.08016 0.002608 0.03254 - 

pHimEp 7 4 9 0.9207 0.000335 0.000364 - 

pHcEp 7 4 9 0.9246 0.006427 0.006951 + 

pHint 7 4 9 0.9279 0.01363 0.01469 + 

pHimInt 7 4 9 0.9208 6.61E-05 7.18E-05 - 

pHcEd 7 4 9 0.9169 0.008666 0.009452 - 

pHp 7.4 4 9 0.9284 0.01869 0.02013 + 

Ro 0.1 0.01 0.5 0.9302 0.008617 0.009263 + 
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GcEpN 1.23 0.5 1.5 0.07919 2.40E-05 0.000303 - 

GcEpD 0.74 0.5 1.5 0.07833 0.001 0.01277 - 

GintN 1 0.5 1.5 0.07917 6.29E-06 7.94E-05 - 

GintD 1 0.5 1.5 0.07929 0.00027 0.003408 - 

GsmN 1.23 0.5 1.5 0.07936 0.000182 0.002295 - 

GsmD 0.74 0.5 1.5 0.07293 0.007359 0.1009 - 

GimIntN 1.23 0.5 1.5 0.07917 4.28E-07 5.40E-06 - 

GimIntD 0.74 0.5 1.5 0.07916 1.75E-05 0.000221 - 

GcEdN 1.23 0.5 1.5 0.07917 3.46E-06 4.36E-05 - 

GcEdD 0.74 0.5 1.5 0.07904 0.00013 0.00165 - 

GpN 1 0.5 1.5 0.07913 0.000155 0.001964 + 

GpD 1 0.5 1.5 0.07391 0.002036 0.02755 + 

AaEp 1.08E-02 2.70E-03 4.32E-02 0.08063 0.00408 0.0506 + 

AimInt 1.08E+04 1.08E-05 1.08E-03 0.07945 0.000201 0.002525 + 

Asm 2.16E-02 2.16E-03 2.16E-01 0.2206 0.1051 0.4766 + 

AbEd 2.16E-03 5.40E-04 8.64E-03 0.07947 0.000445 0.005597 + 

AaEd 2.16E-03 5.40E-04 8.64E-03 0.0833 0.002652 0.03184 + 

Vint 1.08E-08 1.08E-09 1.08E-07 0.08255 0.00229 0.02774 + 

EaEp -0.0093 -0.12 0 0.07357 0.002812 0.03823 + 

EbEp 0.0119 0 0.12 0.0688 0.005865 0.08524 - 

Esm -0.06 -0.12 0 0.09275 0.06086 0.6562 - 

EimInt -0.06 -0.12 0 0.0792 8.91E-05 0.001125 - 

EbEd -0.06 -0.12 0 0.1321 0.01128 0.08541 + 

EaEd -0.06 -0.12 0 0.0943 0.007571 0.08028 - 

pHaEp 7.4 4 9 0.07907 0.00068 0.008595 - 
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pHcEp 7 4 9 0.07879 0.000626 0.007948 - 

pHint 7 4 9 0.08395 0.007481 0.08911 + 

pHsm 7 4 9 0.07023 0.02485 0.3538 - 

pHimInt 7 4 9 0.07916 3.29E-05 0.000416 - 

pHcEd 7 4 9 0.07901 0.000458 0.005797 - 

pHp 7.4 4 9 0.09632 0.003901 0.0405 + 

Ro 0.1 0.01 0.5 0.119 0.03917 0.3292 + 
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Appendix C 

Supporting Information in Chapter 5 

 

 

I. Supporting information with experimental results and equations 

 

1. Morphological Examination of Pure Calu-3 or NHBE Cultures under 

Air-Liquid Interfaced (ALI) Conditions. 

 

     Throughout the days of ALI cultures, the Calu-3 or NHBE cells in the inserts were 

examined by confocal microscopy. On day 3, Calu-3 cells had imperfect cell intactness 

with sparse cuboidal shaped-cells on the membrane as shown in yz planes (Figure C1a). 

After day 6, columnar cells became compact with the neighboring cells. In contrast, the 

differentiated NHBE cells showed multilayer formation from day 3 with various cell 

layer thicknesses (Figure C1b). Moreover, cell morphologies were different in the top and 

bottom cell layers of NHBE. Cells in the bottom layers of NHBE were cuboidal and 

columnar shape whereas the top layer consisted of squamous cells. 

     In the imaging analyses by Metamorph, Calu-3 cells showed consistency in cell area 

with the averages of 188.2 μm
2
 (± 37.3, S.D.), 173.8 μm

2
 (± 45.5) and179.9 μm

2
 (± 36.9) 
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on day 6, 8, and 10, respectively (Figure C2a). But, there was statistically significant 

difference in cell area on day 3 from other days (P < 0.0001), having the average, 255.9 

μm
2
 (± 58.1). This difference in cell area could be explained by cell height of the Calu-3 

cells in different days. On day 3, the cells had 7.5 μm of cell height in average (± 1.12) 

whereas cell height were 11.6 μm (± 2.61), 12.3 μm (± 2.02) and 11.1 μm (± 1.44) on day 

6, 8, and 10. As the cells became compact with the neighboring cells, there would be 

more columnar cells with larger cell height and smaller cell area. Especially, on day 8, 

the cells had largest cell heights with 11 μm as a 25 % percentile and 16 μm as a 75 % 

percentile. The cells on day 6 had 25 % and 75 % percentiles with 10 and 16 μm, similar 

to day 8, but containing more cuboidal cells. Cell volume of Calu-3 cells showed no 

differences on day 6, 8, and 10 except for day 3. 

     On the other hand, NHBE cells were analyzed for the cells in top (T) or bottom (B) 

layers (Figure C2b). For the cell area, bottom cells had almost the same cell area on day 3, 

6, 8, and 10 while top cell area on day 6, 8 and 10 was different from that on day 3 and 

bigger than the bottom cell area. Cell heights in bottom layers reflect mixed cell shapes of 

cuboidal and columnar cells, ranging from 6 to 13 μm. Top layers had smaller cell 

heights with 7.77 μm (± 0.99), 6.42 μm (± 1.30) and 6.65 μm (± 1.44) on average on day 

6, 8 and 10. Bottom cells in NHBE on day 3 had smaller cell volume than those in 

different days (P<0.01), reflecting that NHBE on day3 might not be fully differentiated, 

yet. Cell volume of bottom cells on day 6, day 8 and 10 were 5570 μm
3
 (± 1042), 6005 

μm
3
 (± 1103) and 5682 μm

3
 (± 1241), but those of top cells were larger with 8083 μm

3
 (± 

1364), 7721 μm
3
 (± 1288) and 8379 μm

3
 (± 1448) on average. The morphological 
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parameters are consistent with the cell morphologies in the confocal images, showing that 

NHBE bottom cells are more cuboidal and columnar and top cells squamous. 
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Figure C1. Cytometric examination in the Calu-3 or NHBE cells under Confocal 

microscopy. 

 

 (a) Calu-3 or (b) NHBE cells were grown on the porous PET (polyester) membrane 

(area: 0.33 cm
2
, pore size: 0.4 μm) in the Transwell inserts under ALI condition. In 

different days of the cultures (day 3, 6, 8, and 10), the cells in the inserts were washed 

with HBSS buffer twice and then, incubated with the mixed dye solutions including MTR, 
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Hoe, and LTG. The cell suborganelles (mitochondria (red), cell nuclei (blue), and 

lysosomes (green)) were visualized in xy and also yz planes. Cell architectures in the 

inserts are apparently shown in yz planes with the indications of the arrows for the cells 

(C) and the membrane (M). The scale bars are placed under the images as 20 μm. 

 

 

 

 

Figure C2. Variations in the morphological parameters of Calu-3 or NHBE cells on 

different days of ALI cultures. 

 

(a, b) Cell area, height, and volume on day 3, 6, 8, and 10 are displayed for the (a) Calu-3 

or (b) NHBE cells after image analyses by Metamorph. Data are presented as mean ± SD. 

Box-whisker plots showing median and interquartile range with whisker ends were 

depicted after the post-hoc multiple mean comparison (Tukey's test, p < 0.05). Statistical 

analyses were performed with Tukey’s multiple comparison test with the 5 % 

significance level. (a) Calu-3 cells showed variations in the cell area, height, and volume 

through the ALI cultures. On day 3, cell area, height, and cell volume was statistically 

significant differences from the other days of cultures (p<0.001). Calu-3 cells developed 
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more columnar cells on day 6 and 8 than day 3 or 10 from the comparison of cell heights. 

Cell volume was consistent from day 6 until day 10. (b) In the NHBE cell multilayers in 

differentiation medium, bottom (B) and top (T) cell layers showed differences in cell area, 

height, and volume throughout the cultures. n.s.=not significant, *P < 0.05, **P < 0.001, 

***P < 0.0001. 

 

 

2. Mixed Cell Co-Cultures of Calu-3 and NHBE Cells 

Cell seeding densities were   5 × 10
5
 cells/cm

2
 (16.5 × 10

5
 cells/ml) for Calu-3 

cells and 2.5 × 10
5
 cells/cm

2
 (8.25 × 10

5
 cells/ml) for NHBE cells. As summarized in 

Table C1, for 99:1 (C:N = Calu-3:NHBE) ratio, 99 μl of Calu-3 cell suspension (16.5 × 

10
5
 cells/ml) was mixed with 1 μl of NHBE cell suspension (8.25 × 10

5
 cells/ml) to make 

100 μl of the mixed cell suspension. For 9:1, 1:1, 1:9, and 1:99 (C:N), cell suspensions 

were mixed with 90 μl of Calu-3 and 10 μl of NHBE for 9:1, 50 μl of Calu-3 and 50 μl of 

NHBE for 1:1, 10 μl of Calu-3 and 90 μl of NHBE for 1:9, 1 μl of Calu-3 and 99 μl of 

NHBE for 1:99. Therefore, the mixed volume ratios (99:1, 9:1, 1:1, 1:9 and 1:99) were 

corresponded to mixed cell number ratios (99:1, 95:5, 67:33, 18:82 and 2:98). 

 

Table C1. Cell plating ratios of Calu-3 and NHBE cells for mixed cell co-cultures. 

 

 Mixed cells (Calu-3: NHBE) 

Volume ratio (v/v) 99:1 9:1 1:1 1:9 1:99 

Cell number ratio 99:1 95:5 67:33 18:82 2:98 

Calu-3 suspension (μl) 99 90 50 10 1 

NHBE suspension (μl) 1 10 50 90 99 

 

 

 

3. Parameter Sensitivity Analysis 
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Table C2. Ranges of the input parameters for optimization for Calu-3 and NHBE in a 

monolayer. 

 

 

Parameters (units) 

 

Values or range 

a
pKa 9.67 

a
logPn 2.58 

a
logPd -0.66 

A_insert (cm
2
) 0.33 

b
A_a (μm

2
) [79, 538×50] 

b
A_aq (μm

2
) [79, 538] 

b
A_bq (μm

2
) [79, 538] 

A_m (μm
2
) 314 

A_l (μm
2
) 314 

b
A_b (μm

2
) [A_pore_cell, 538] 

 

 
 

b
V_c (μm

3
)
 

[1239, 8483] 
c
H_aq (μm) [10

-3
, 500] 

c
H_bq (μm) [10

-3
, 500] 

d
V_at (ml)

 
0.11 

d
V_at (ml)

 
0.6 

e
V_a (ml) 5.5556 × 10

-7
 

e
V_b (ml) 3.0303 × 10

-6
 

V_m (μm
3
) 524 

V_l (μm
3
) 524 

L_c [0.05, 0.15] 

L_m [0.05, 0.15] 

L_l [0.05, 0.15] 

E_a (V) [-0.0143, -0.0043] 

E_m (V) [-0.21, -0.11] 

E_l (V) [0.005, 0.015] 

E_b (V) [0.0069, 0.0169] 
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pH_a [6.0, 7.8] 

pH_c [7.0, 7.8] 

pH_m [7.7, 8.2] 

pH_l [4.8, 6.0] 

pH_b [7.0, 7.8] 

 

Electrical potential (E), pH in each compartment, lipid fractions (L) were varied 

within the range reported by X. Zhang et al.(1). Area and volume of mitochondria or 

lysosomes were fixed with the values reported (1). 

a. Physicochemical properties of PR were calculated by Chemaxon software, 

consistent with other softwares (2). 

b. Ranges of apical membrane surface area (A_a), apical or basolateral unstirred 

water layer surface area (A_aq or A_bq) and cell volume (V_c) were based on the 

experimental data from the quantitative imaging analyses (Table S1). Lower 

boundary value is based on the minimum value (surface area or cell volume) of 

Calu-3 and upper boundary value on the maximum value of NHBE cell in the 

monolayer condition. Ranges of basolateral membrane surface area (A_b) were 

determined between total pore area per one cell (A_pore_cell) and maximum 

surface area of NHBE cell. A_pore_cell was calculated with the equation 

described using pore density (4 × 10
6
 pores/cm

2
 from a manufacture report), area 

of an insert, cell numbers, and area of single pore (diameter of one pore = 0.4 μm) 

based on an assumption that a pore is a circle. 

c. T. Korjamo, et al.(3) 

d. Apical and basolateral bulk volume (V_at and V_bt) were fixed with the 

experimental conditions.  

e. Range of apical and basolateral solution volume per cell (V_a and V_b) were 

determined from the bulk solution volume normalized by cell numbers. Cell 

density in the insert was fixed as 6×10
5
 cells/cm

2
 based on the experimental 

conditions. Cell numbers were calculated from the cell density multiplied by area 

of insert (A_insert).  
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Figure C3. Parameter sensitivity analysis results at 50 μM PR, 1h transport ((a) AP→BL; 

(b) BL→AP) in Calu-3 cell model.  

 

For each individual parametric analysis, one parameter was changed and other parameters 

were fixed with the optimized values in Table C1. Test results are depicted as 

percentages (%) relative to the values (Transported mass and entrapped mass) at the 

optimized parameters for Calu-3 (indicated as closed triangle in the plots).  

 

 

4. Mass Flux Equations across the Compartments in the Model 

Mass fluxes per unit area from 1 to 2 compartment (J 1,2) are expressed with the 

following equations (S-Eqs. 1-7). The subscripts (a, aq, c, m, l, M, bq, and b) mean apical, 

apical unstirred water layer, cytosol, mitochondria, lysosomes, basolateral porous 

membrane, basolateral unstirred water layer, basolateral compartments. Neutral and 

ionized forms of PR are indicated as n and d.  

 

 

                                                                                                                                   S-Eq. 1 )( ,,, aqaqnaanaaqa CfCfPJ 
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                                                                                                                                   S-Eq. 2 

 

     

                                                                                                                                   S-Eq. 3 

 

        

                                                                                                                                   S-Eq. 4 

   

 

                                                                                                                                   S-Eq. 5 

        

 

                                                                                                                                   S-Eq. 6 

 

        

                                                                                                                                   S-Eq. 7 

 

    

 

 

5. Ordinary Differential Equations of Concentrations at 8 

Compartments in the Model for Both Directions ((a) APBL; (b) 

BLAP) 

Concentration changes with the time in each compartment are expressed as S-Eqs. 

8-15 for APBL and S-Eqs. 16-23 for BLAP transport. 

 

(a) APBL 

 

 

                                                                                                                                  S-Eq. 8 
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                                                                                                                                  S-Eq. 10 
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                                                                                                                                  S-Eq. 11 

 

 

                                                                                                                                  S-Eq. 12 

 

 

                                                                                                                                  S-Eq. 13 

 
 

                                                                                                                                  S-Eq. 14 

 
 
                                                                                                                                  S-Eq. 15 
 
 
 
 

(b) BLAP 

 
 

                                                                                                                                  S-Eq. 16 
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                                                                                                                                  S-Eq. 20 
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                                                                                                                                  S-Eq. 23 
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II. Matlab Codes 
 

 

1. Normal mixture statistical model with probability density function in Matlab. 

 

(A) Code 1-data extraction with CSV files 

 
 

C100=volumefinal2(1:130,1); %Calu-3 only (100 %) 

C99=volumefinal2(1:209,2);  %Calu-3:NHBE (C:N) = 99:1 

C90=volumefinal2(1:158,3);   % C:N = 9:1 (90:10) 

C50=volumefinal2(1:200,4);   % C:N = 1:1 (50:50) 

C10B=volumefinal2(1:146,5);  % C:N = 1:9 (10:90) (Bottom layer) 

C10T=volumefinal2(1:74,6);   % C:N = 1:9 (10:90) (Top layer) 

C1B=volumefinal2(1:185,7);   % C:N = 1:99  (Bottom layer) 

C1T=volumefinal2(1:43,8);    % C:N = 1:99  (Top layer) 

C0B=volumefinal2(1:74,9);    % NHBE only (Bottom layer) 

C0T=volumefinal2(1:43,10);   % NHBE only (Top layer) 

Mix_all = [C100;C99;C90;C50;C10B;C10T;C1B;C1T;C0B;C0T]; 

save('volume'); 

 

 

(B) Code 2-bimodal histogram 

 
clc 

clear 

close all 

load('volume'); 

x= C50;    % C:N = 1:1 (50:50) 

pdf_normmixture = @(x,p,mu1,mu2,sigma1,sigma2) ... 

                         p*normpdf(x,mu1,sigma1) + (1-p)*normpdf(x,mu2,sigma2); 

pStart = .5; 

muStart = quantile(x,[.25 .75]); 

sigmaStart = sqrt(var(x) - .25*diff(muStart).^2); 

start = [pStart muStart sigmaStart sigmaStart]; 

  

lb = [0 -Inf -Inf 0 0]; 

ub = [1 Inf Inf Inf Inf]; 

  

%paramEsts = mle(x, 'pdf',pdf_normmixture, 'start',start, 'lower',lb, 'upper',ub); 

statset('mlecustom'); 

options = statset('MaxIter',3000, 'MaxFunEvals',3000); 

paramEsts = mle(x, 'pdf',pdf_normmixture, 'start',start, 'lower',lb, 'upper',ub, 'options',options); 

  

bins = 1000:1000:11000; 

h = bar(bins,histc(x,bins)/(length(x)),'histc'); 
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set(h,'FaceColor',[.9 .9 .9]); 

xgrid = linspace(0,11000,1000); 

pdfgrid = 1000*pdf_normmixture(xgrid,paramEsts(1),paramEsts(2),paramEsts(4)); 

hold on;  

plot(xgrid,pdfgrid,'-');  

xlabel('Cell volume (um^3)');  

ylabel('Relative frequency'); 

hold off; 

  

trapz(xgrid,pdfgrid) 

  

 

 

2. Optimization codes for transported mass and entrapped mass of PR, compared to 

APBL or BLAP transport data in a Calu-3 cell  

 

(A) Scratch sheet with the parameter ranges 

 

 
global P_a P_b  A_m A_l 

global A_a A_aq A_b A_bM A_bq V_aq V_a V_c V_bM V_bq V_b V_l V_m H_aq H_bq A_aa 

global cell_no H_M D_w i1 pKa z1 F R Temp logPn logPd V_at V_bt 

global L_c L_m L_l 

  

% Constant 

Temp = 310.15 ;             % Temperature 

R = 8.314 ;                 % Universal gas constant 

F = 96484.56 ;              % Faraday constant 

  

A_insert = 0.33*10^(-4) ;           % Insert area (m^2) 

A_l = 314*10^(-12) ;                % Lysosomal membrane surface area (m^2) 

A_m = 314*10^(-12) ;                % Mitochondrial membrane surface area (m^2) 

H_M = 10*10^(-6);                   % Porous membrane thickness (m) 

V_l = 524*10^(-18);                 % Lysosomal volume (m^3) 

V_m = 524*10^(-18);                 % Mitochondrial volume (m^3) 

  

% Drug information (propranolol: PR)-ChemAxon calculation including pKa, logPn, and log Pd 

pKa1 = 9.67; 

logPn = 2.58; 

logPd = -0.66; 

  

z1 = 1 ;                      % Electric charge of PR 

i1 = sign(z1) ;               % Monovalent base PR (+1) 

  

D_w= 5.9495*10^(-6)*10^(-4) ; % Diffusion coefficient of PR in aqueous phase (m^2/sec) 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% PARAMETERS TO BE OPTIMIZED [RANGES] 
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A_a =[79*10^(-12), 538*10^(-12)*50] ; % Apical membrane surface area (m^2) 

A_aq =[79*10^(-12), 538*10^(-12)] ; % Apical unstirred water layer (UWL) surface area (m^2) 

A_bq =[79*10^(-12), 538*10^(-12)] ; % Basolateral UWL surface area (m^2) 

A_b = [8.3776*10^(-13), 538*10^(-12)] ; % Basolateral membrane surface area (m^2) 

H_aq = [1*10^(-9), 500*10^(-6)] ;  % Apical UWL thickness (m) 

H_bq = [1*10^(-9), 500*10^(-6)] ;  % Basolateral UWL thickness (m) 

V_c = [1239*10^(-18), 8483*10^(-18)];% Cytosolic volume (m^3) 

 

% Membrane potential (units in 'Voltage') 

E_a = [-0.0143, -0.0043];  % Apical membrane electrical potential 

E_l = [0.005, 0.015];      % Lysosomal membrane electrical potential 

E_m = [-0.21, -0.11];       % Mitochondrial membrane electrical potential 

E_b = [0.0069, 0.0169];    % Basolateral membrane electrical potential 

 

% pH values 

pH_a = [6.0, 7.8];             % pH in apical compartment 

pH_c = [7.0, 7.8];             % pH in cytosol 

pH_l = [4.8, 6.0];             % pH in lysosomes 

pH_m = [7.7, 8.2];             % pH in mitochondria 

pH_b = [7.0, 7.8];             % pH in basolateral compartment 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

% Cytoplasm  

L_c = [0.05, 0.15];             % Lipid fraction in cytosol 

  

  

% Mitochondria 

L_m = [0.05, 0.15];            % Lipid fraction in mitochondria 

  

  

% Lysosomes 

L_l = [0.05, 0.15];           % Lipid fraction in lysosomes 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

A_bM = A_b;                             % Total Pore area of polyester membrane per cell(m^2)  

V_aq = A_aq.*H_aq;                  % Apical UWL drug solution volume (m^3) 

V_bM = A_bM.*H_M;               % Total pore volume of polyester membrane per cell (um^3) 

V_bq = A_bq.*H_bq;                  % Basolateral UWL solution volume (m^3) 

V_a = 5.5556*10^(-13);             % Apical bulk volume per one cell (m^3) 

V_b = 3.0303*10^(-12);             % Basolateral volume per one cell (m^3) 

V_at = 0.11*10^(-6) ;                  % Apical bulk volume (m^3) 

V_bt = 0.6*10^(-6) ;                    % Basolateral bulk volume (m^3) 

P_a = D_w./H_aq ;                  % Aqueous permeability across Apical  UWL (m/sec) 

P_b = D_w./H_bq ;                 % Aqueous permeability across Basolateral UWL (m/sec) 

 

  

% Set lower bounds 

lb  = [ min(A_a) 

min(A_aq) 
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min(A_bq) 

min(A_b) 

min(H_aq) 

min(H_bq) 

min(V_c) 

min(E_a) 

min(E_l) 

min(E_m) 

min(E_b) 

min(pH_a) 

min(pH_c) 

min(pH_l) 

min(pH_m) 

min(pH_b) 

min(L_c) 

min(L_m) 

min(L_l) 

    ]; 

  

% Set upper bounds 

ub = [ max(A_a) 

max(A_aq) 

max(A_bq) 

max(A_b) 

max(H_aq) 

max(H_bq) 

max(V_c) 

max(E_a) 

max(E_l) 

max(E_m) 

max(E_b) 

max(pH_a) 

max(pH_c) 

max(pH_l) 

max(pH_m) 

max(pH_b) 

max(L_c) 

max(L_m) 

max(L_l) 

    ]; 

  

ub = ub'; lb = lb'; 

  

options = optimset('TolX',1e-4,'MaxFunEvals', 13000,'MaxIter',15000,'Display','iter'); 

f = @(x)both_opt_loop50(x); 

  

tic; 

% Number of parameters 

parms = length(ub); 

  

% Create a storage for all parameters (we are doing 50 iterations) 
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% and starting parameters 

parameter_matrix = zeros(50,parms); 

start_matrix = zeros(50,parms); 

  

% Generate list of random numbers to use 

perturb = rand(50,parms); 

  

for i = 1:50 

    % Display iteration number 

    fprintf('Iteration: %d of 50 \n', i); 

     

    % Difference between upper and lower bound 

    delta = ub - lb; 

  

    % Randomly generate starting values between upper and lower bounds 

    start = lb + perturb(i,:).*delta; 

    start_matrix(i,:) = start; 

     

    % Optimize from start parameters 

    [both_params,fval,exitflag,output] = fminsearchbnd(f,start,lb,ub,options);  

     

    % Store optimized parameters into matrix 

    parameter_matrix(i,:) = both_params; 

end 

toc; 

 

 

 

 

(B) Optimization codes referring to the experimental datasets 

 
% % Uncomment this for optimization 

function [error] = both_opt_loop50(x) 

  

% Uncomment this for predicted values 

% function [output,vals] = both_opt_loop50(x) 

  

global P_a P_b Pn Pd  

global Ca_initial Cb_initial fn_a fd_a fn_c fd_c fn_m fd_m fn_l fd_l fn_b fd_b Nd_a Nd_m Nd_l 

Nd_b 

global A_aq A_b A_bM A_bq V_aq V_a V_c V_bM V_bq V_b V_l V_m H_aq H_bq A_aa A_a 

V_at V_bt 

global H_M D_w i1 pKa z1 F R Temp logPn logPd logP_nlip logP_dlip logP_n logP_d Is_c 

gamman_c gammad_c Is_m gamman_m gammad_m  

global L_c L_m L_l 

  

 

A_a = x(1);          % Apical membrane surface area (m^2) 

A_aq = x(2);        % Apical UWL surface area (m^2) 

A_bq = x(3) );     % Basolateral UWL surface area (m^2) 

A_b = x(4);         % Basolateral membrane surface area (m^2) 
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H_aq = x(5);       % Apical UWL thickness (m) 

H_bq = x(6);       % Basolateral UWL thickness (m) 

V_c = x(7);         % Cytosolic volume (m^3) 

E_a = x(8);          % Apical membrane electrical potential (V) 

E_l = x(9);          % Lysosomal membrane electrical potential (V) 

E_m = x(10);      % mitochondrial membrane electrical potential (V) 

E_b = x(11);       % Basolateral membrane electrical potential (V) 

pH_a = x(12);     % pH in the apical aqueous phase 

pH_c = x(13);     % pH in the cytosol 

pH_l = x(14);      % pH in the lysosomes 

pH_m = x(15);    % pH in the mitochondria 

pH_b = x(16);     % pH in the basolateral aqueous phase 

L_c = x(17);        % Lipid fraction in the cytosol 

L_m = x(18);      % Lipid fraction in the mitochondria 

L_l = x(19);        % Lipid fraction in the lysosomes 

  

 

A_insert = 0.33*10^(-4) ;           % Insert area (m^2) 

A_bM = A_b;                              % Total Pore area of polyester membrane per cell(m^2)  

V_aq = A_aq.*H_aq;                  % Apical UWL drug solution volume (m^3) 

V_bM = A_bM.*H_M;               % Total pore volume of polyester membrane per cell (um^3) 

V_bq = A_bq.*H_bq;                  % Basolateral UWL solution volume (m^3) 

V_a = 5.5556*10^(-13);             % Apical bulk volume per one cell (m^3) 

V_b = 3.0303*10^(-12);             % Basolateral volume per one cell (m^3) 

V_at = 0.11*10^(-6) ;                  % Apical bulk volume (m^3) 

V_bt = 0.6*10^(-6) ;                    % Basolateral bulk volume (m^3) 

 

 

% Physicochemical properties of PR 

logP_nlip = 0.33*logPn+2.2 ;  % Liposomal logPn 

logP_dlip = 0.37*logPd+2 ;     % Liposomal logPd 

logP_n = logP_nlip ; 

logP_d = logP_dlip ; 

Pn = 10^(logP_n-6.7);         % Membrane permeability of neutral species        

Pd = 10^(logP_d-6.7);       % Membrane permeability of +1 ionized species 

D_w= 5.9495*10^(-6)*10^(-4) ; % Diffusion coefficient of PR in aqueous phase (m^2/sec) 

P_a = D_w./H_aq ;                      % Aqueous permeability across Apical  UWL (m/sec) 

P_b = D_w./H_bq ;                      % Aqueous permeability across Basolateral UWL (m/sec) 

z1 = 1 ;                               % Electric charge of PR 

i1 = sign(z1) ;                    % Monovalent base PR (+1) 

  

 

% Apical compartment-UWL (unstirred water layer) 

fn_a = 1 ./ (1 + 10.^(i1.*(pKa-pH_a))) ;  

% Ratio of the activity of neutral species and total concentration in apical compartment 

fd_a = fn_a .* 10.^(i1.*(pKa-pH_a)) ;   

% Ratio of the activity of +1 ion species and total concentration in apical compartment 

Nd_a = z1.*E_a.*F./(R.*Temp) ; 

 

 

% Cytoplasm  
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W_c = 1-L_c ;                      % Water fraction in cytosol 

Is_c = 0.3 ;                       % Ion strength in cytosol (mole) 

gamman_c = 10^(0.3*Is_c) ;         % Activity coefficient of neutral molecules in cytosol 

gammad_c = 10^(-0.5*z1*z1*(sqrt(Is_c)/(1+sqrt(Is_c))-0.3*Is_c));  

Kn_c = L_c.*1.22.*10.^(logP_n) ;      % Sorption coefficient for neutral species in cytosol 

Kd_c = L_c.*1.22.*10.^(logP_d) ;    % Sorption coefficient for +1 ion species in cytosol 

an_c = 1 ./ (1 + 10.^(i1.*(pKa-pH_c))) ;% Activity of neutral species in cytosol 

ad_c = an_c .* 10.^(i1.*(pKa-pH_c)) ;  % Activity of +1 ion species in cytosol 

Dd_c = ad_c ./ an_c ; 

fn_c = 1 ./ (W_c./gamman_c + Kn_c./gamman_c + Dd_c.*W_c./gammad_c + 

Dd_c.*Kd_c./gammad_c ) ; 

fd_c = fn_c .* Dd_c ;% Ratio of the activity of +1 ion species and total concentration in cytosol 

 

% Mitochondria  

W_m = 1-L_m ;                     % Water fraction in mitochondria  

Is_m = 0.3 ;                      % Ion strength in mitochondria (mole) 

gamman_m = 10^(0.3*Is_m) ;  % Activity coefficient of neutral molecules in mitochondria 

gammad_m = 10^(-0.5*z1*z1*(sqrt(Is_m)/(1+sqrt(Is_m))-0.3*Is_m)); 

Nd_m = z1.*E_m.*F./(R.*Temp) ; 

Kn_m = L_m.*1.22.*10.^(logP_n) ;     % Sorption coefficient for neutral species in mitochondria 

Kd_m = L_m.*1.22.*10.^(logP_d) ;   % Sorption coefficient for +1 ion species in mitochondria 

an_m = 1 ./ (1 + 10.^(i1.*(pKa-pH_m))) ;% Activity of neutral species in mitochondria 

ad_m = an_m .* 10.^(i1.*(pKa-pH_m)) ;  % Activity of +1 ion species in mitochondria 

Dd_m = ad_m ./ an_m ; 

fn_m = 1 ./ (W_m./gamman_m + Kn_m./gamman_m + Dd_m.*W_m./gammad_m + 

Dd_m.*Kd_m./gammad_m ) ; 

fd_m = fn_m .* Dd_m ;% Ratio of the activity of +1 ion species and total concentration in 

mitochondria 

 

% Lysosomes  

W_l = 1-L_l ;                     % Water fraction in lysosomes 

Is_l = 0.3 ;                      % Ion strength in lysosomes (mole) 

Nd_l = z1.*E_l.*F./(R.*Temp) ; 

gamman_l = 10.^(0.3.*Is_l) ;        % Activity coefficient of neutral molecules in lysosomes 

gammad_l = 10.^(-0.5.*z1.*z1.*(sqrt(Is_l)./(1+sqrt(Is_l))-0.3.*Is_l));           

Kn_l = L_l.*1.22.*10.^(logP_n) ;     % Sorption coefficient for neutral species in lysosomes 

Kd_l = L_l.*1.22.*10.^(logP_d) ;   % Sorption coefficient for +1 ion species in lysosomes 

an_l = 1 ./ (1 + 10.^(i1.*(pKa-pH_l))) ;% Activity of neutral species in lysosomes 

ad_l = an_l .* 10.^(i1.*(pKa-pH_l)) ;  % Activity of +1 ion species in lysosomes 

Dd_l = ad_l ./ an_l ; 

fn_l = 1 ./ (W_l./gamman_l + Kn_l./gamman_l + Dd_l.*W_l./gammad_l + 

Dd_l.*Kd_l./gammad_l ) ; 

fd_l = fn_l .* Dd_l ;% Ratio of the activity of +1 ion species and total concentration in lysosomes 

 

 

% Basolateral compartment-UWL (unstirred water layer) 

fn_b = 1 ./ (1 + 10.^(i1.*(pKa-pH_b))) ; 

% Ratio of the activity of neutral species and total concentration in apical compartment 

fd_b = fn_b .* 10.^(i1.*(pKa-pH_b)) ; 

% Ratio of the activity of +1 ion species and total concentration in apical compartment 

Nd_b = z1.*(-E_b).*F./(R*Temp) ; 
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%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at 1hr 

% A->B 50 uM 

Ca_initial = 50*10^(-3) ; 

time = 3600; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_50_3600 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_50_3600 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at 1hr 

% A->B 80 uM 

Ca_initial = 80*10^(-3) ; 

time = 3600; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_80_3600 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_80_3600 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at 1hr 

% A->B 100 uM 

Ca_initial = 100*10^(-3) ; 

time = 3600; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_100_3600 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_100_3600 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at 1hr      

% B->A 50 uM 

Cb_initial = 50*10^(-3) ; 

time = 3600; 

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 
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[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_50_3600 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_50_3600 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at 1hr 

% B->A 80 uM 

Cb_initial = 80*10^(-3) ; 

time = 3600; 

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_80_3600 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_80_3600 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at 1hr 

% B->A 100 uM 

Cb_initial = 100*10^(-3) ; 

time = 3600; 

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_100_3600 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_100_3600 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at earlier times 

% 50 uM 

Ca_initial = 50*10^(-3) ; 

Cb_initial = 50*10^(-3) ; 

 

% 5 min 

time = 300; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_50_300 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_50_300 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 
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Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_50_300 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_50_300 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 30 min 

time = 1800; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_50_1800 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_50_1800 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_50_1800 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_50_1800 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 2 hrs 

time = 7200; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_50_7200 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_50_7200 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_50_7200 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_50_7200 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 3 hrs 
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time = 10800; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_50_10800 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_50_10800 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_50_10800 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_50_10800 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 4 hrs 

time = 14400; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_50_14400 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_50_14400 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_50_14400 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_50_14400 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at earlier times 

% 80 uM 

Ca_initial = 80*10^(-3) ; 

Cb_initial = 80*10^(-3) ; 

 

% 5 min 

time = 300; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 
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[a,b] = size(Y); 

AB_B_Mass_80_300 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_80_300 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_80_300 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_80_300 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 30 min 

time = 1800; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_80_1800 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_80_1800 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_80_1800 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_80_1800 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 2 hrs 

time = 7200; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_80_7200 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_80_7200 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 
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BA_A_Mass_80_7200 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_80_7200 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 3 hrs 

time = 10800; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_80_10800 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_80_10800 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_80_10800 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_80_10800 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 4 hrs 

time = 14400; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_80_14400 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_80_14400 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_80_14400 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_80_14400 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Calculate values at earlier times 

% 100 uM 

Ca_initial = 100*10^(-3) ; 

Cb_initial = 100*10^(-3) ; 
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% 5 min 

time = 300; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_100_300 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_100_300 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_100_300 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_100_300 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  % 

Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 30 min 

time = 1800; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_100_1800 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_100_1800 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_100_1800 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_100_1800 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 2 hrs 

time = 7200; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_100_7200 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_100_7200 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  



  

295 

 

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_100_7200 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_100_7200 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 3 hrs 

time = 10800; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_100_10800 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_100_10800 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_100_10800 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_100_10800 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

% 4 hrs 

time = 14400; 

Y0 = [Ca_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@AB_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

AB_B_Mass_100_14400 = Y(a,8)*V_b*(6.022*10^(23))*10^(-8); % B_Mass; Transported mass 

into basolateral compartment (10^(8)*molecules/cell) 

AB_Cell_Mass_100_14400 = (Y(a,3)*V_c+Y(a,4)*V_m+Y(a,5)*V_l)*6.022*10^(23)*10^(-8);   

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 

  

Y0 = [Cb_initial,0,0,0,0,0,0,0]'; 

options = odeset('RelTol',1e-6,'AbsTol',[1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10 1e-10]); 

[T,Y] = ode15s(@BA_ODE_calu3,[0 time],Y0,options); 

[a,b] = size(Y); 

BA_A_Mass_100_14400 = Y(a,8)*V_a*(6.022*10^(23))*10^(-8); % A_Mass; Transported mass 

into apical compartment (10^(8)*molecules/cell) 

BA_Cell_Mass_100_14400 = (Y(a,4)*V_c+Y(a,5)*V_m+Y(a,6)*V_l)*6.022*10^(23)*10^(-8) ;  

% Cell_Mass; Total mass in the cell (10^(8)*molecules/cell) 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

Difference between experimental and computed values 

% 1hr 

AB_B_Mass_diff_50_3600 = AB_B_Mass_50_3600 - 32.15250956 ; 

AB_Cell_Mass_diff_50_3600 = AB_Cell_Mass_50_3600 - 31.20945095 ; 

  

AB_B_Mass_diff_80_3600 = AB_B_Mass_80_3600 - 47.35812345 ; 

AB_Cell_Mass_diff_80_3600 = AB_Cell_Mass_80_3600 - 49.33859458; 

 

AB_B_Mass_diff_100_3600 = AB_B_Mass_100_3600 - 65.19429019; 

AB_Cell_Mass_diff_100_3600 = AB_Cell_Mass_100_3600 - 64.18510841; 

 

BA_A_Mass_diff_50_3600 = BA_A_Mass_50_3600 - 26.20161338; 

BA_Cell_Mass_diff_50_3600 = BA_Cell_Mass_50_3600 - 11.72180907; 

 

BA_A_Mass_diff_80_3600 = BA_A_Mass_80_3600 - 39.88242415; 

BA_Cell_Mass_diff_80_3600 = BA_Cell_Mass_80_3600 - 15.76947323; 

 

BA_A_Mass_diff_100_3600 = BA_A_Mass_100_3600 - 46.11545795; 

BA_Cell_Mass_diff_100_3600 = BA_Cell_Mass_100_3600 - 21.99010373; 

%%%% 50 μM 

% 5 min 

AB_B_Mass_50_300_diff = AB_B_Mass_50_300 - 0.969117509; 

AB_Cell_Mass_50_300_diff = AB_Cell_Mass_50_300 - 12.37596164; 

BA_A_Mass_50_300_diff = BA_A_Mass_50_300 - 0.842895843; 

BA_Cell_Mass_50_300_diff = BA_Cell_Mass_50_300 - 1.844748098; 

  

% 30 min 

AB_B_Mass_50_1800_diff = AB_B_Mass_50_1800 - 10.61214012; 

AB_Cell_Mass_50_1800_diff = AB_Cell_Mass_50_1800 - 30.84245203; 

BA_A_Mass_50_1800_diff = BA_A_Mass_50_1800 - 12.10320143; 

BA_Cell_Mass_50_1800_diff = BA_Cell_Mass_50_1800 - 7.112220621; 

  

% 2 hrs 

AB_B_Mass_50_7200_diff = AB_B_Mass_50_7200 - 58.42266383; 

AB_Cell_Mass_50_7200_diff = AB_Cell_Mass_50_7200 - 31.12401425; 

BA_A_Mass_50_7200_diff = BA_A_Mass_50_7200 - 45.18937094; 

BA_Cell_Mass_50_7200_diff = BA_Cell_Mass_50_7200 - 16.6414177; 

  

% 3 hrs 

AB_B_Mass_50_10800_diff = AB_B_Mass_50_10800 - 76.7141117; 

AB_Cell_Mass_50_10800_diff = AB_Cell_Mass_50_10800 - 26.6327297; 

BA_A_Mass_50_10800_diff = BA_A_Mass_50_10800 - 59.62174259; 

BA_Cell_Mass_50_10800_diff = BA_Cell_Mass_50_10800 - 23.07379961; 

  

% 4 hrs 

AB_B_Mass_50_14400_diff = AB_B_Mass_50_14400 - 92.42209746; 

AB_Cell_Mass_50_14400_diff = AB_Cell_Mass_50_14400 - 22.6119983; 

BA_A_Mass_50_14400_diff = BA_A_Mass_50_14400 - 75.82636275; 

BA_Cell_Mass_50_14400_diff = BA_Cell_Mass_50_14400  - 26.25161103; 
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%%%% 80 μM 

% 5 min 

AB_B_Mass_80_300_diff = AB_B_Mass_80_300 - 1.820344932; 

AB_Cell_Mass_80_300_diff = AB_Cell_Mass_80_300 - 12.66937956; 

BA_A_Mass_80_300_diff = BA_A_Mass_80_300 - 0.908292458; 

BA_Cell_Mass_80_300_diff = BA_Cell_Mass_80_300 - 2.180409069; 

  

% 30 min 

AB_B_Mass_80_1800_diff = AB_B_Mass_80_1800 - 22.5945941; 

AB_Cell_Mass_80_1800_diff = AB_Cell_Mass_80_1800 - 46.24205291; 

BA_A_Mass_80_1800_diff = BA_A_Mass_80_1800 - 21.992041; 

BA_Cell_Mass_80_1800_diff = BA_Cell_Mass_80_1800 - 8.774684366; 

  

% 2 hrs 

AB_B_Mass_80_7200_diff = AB_B_Mass_80_7200 - 94.44153539; 

AB_Cell_Mass_80_7200_diff = AB_Cell_Mass_80_7200 - 45.07849815; 

BA_A_Mass_80_7200_diff = BA_A_Mass_80_7200 - 71.96354791; 

BA_Cell_Mass_80_7200_diff = BA_Cell_Mass_80_7200 - 23.57431084; 

  

% 3 hrs 

AB_B_Mass_80_10800_diff = AB_B_Mass_80_10800 - 117.5475687; 

AB_Cell_Mass_80_10800_diff = AB_Cell_Mass_80_10800 - 40.67163343; 

BA_A_Mass_80_10800_diff = BA_A_Mass_80_10800 - 96.25445138; 

BA_Cell_Mass_80_10800_diff = BA_Cell_Mass_80_10800 - 33.20531379; 

  

% 4 hrs 

AB_B_Mass_80_14400_diff = AB_B_Mass_80_14400 - 135.5581845; 

AB_Cell_Mass_80_14400_diff = AB_Cell_Mass_80_14400 - 32.47366182; 

BA_A_Mass_80_14400_diff = BA_A_Mass_80_14400 - 116.9264128; 

BA_Cell_Mass_80_14400_diff = BA_Cell_Mass_80_14400  - 37.04182578; 

  

%%%% 100 μM 

% 5 min 

AB_B_Mass_100_300_diff = AB_B_Mass_100_300 - 2.664796946; 

AB_Cell_Mass_100_300_diff = AB_Cell_Mass_100_300 - 15.92450307; 

BA_A_Mass_100_300_diff = BA_A_Mass_100_300 - 1.330710493; 

BA_Cell_Mass_100_300_diff = BA_Cell_Mass_100_300 - 2.701248607; 

  

% 30 min 

AB_B_Mass_100_1800_diff = AB_B_Mass_100_1800 - 36.12988319; 

AB_Cell_Mass_100_1800_diff = AB_Cell_Mass_100_1800 - 61.43209652; 

BA_A_Mass_100_1800_diff = BA_A_Mass_100_1800 - 24.81072879; 

BA_Cell_Mass_100_1800_diff = BA_Cell_Mass_100_1800 - 11.47499634; 

  

% 2 hrs 

AB_B_Mass_100_7200_diff = AB_B_Mass_100_7200 - 128.3837255; 

AB_Cell_Mass_100_7200_diff = AB_Cell_Mass_100_7200 - 57.15623065; 

BA_A_Mass_100_7200_diff = BA_A_Mass_100_7200 - 91.83800916; 

BA_Cell_Mass_100_7200_diff = BA_Cell_Mass_100_7200 - 32.9503378; 

  

% 3 hrs 
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AB_B_Mass_100_10800_diff = AB_B_Mass_100_10800 - 171.6498537; 

AB_Cell_Mass_100_10800_diff = AB_Cell_Mass_100_10800 - 50.10439357; 

BA_A_Mass_100_10800_diff = BA_A_Mass_100_10800 - 132.2810831; 

BA_Cell_Mass_100_10800_diff = BA_Cell_Mass_100_10800 - 43.57213126; 

  

% 4 hrs 

AB_B_Mass_100_14400_diff = AB_B_Mass_100_14400 - 201.3615209; 

AB_Cell_Mass_100_14400_diff = AB_Cell_Mass_100_14400 - 42.46135248; 

BA_A_Mass_100_14400_diff = BA_A_Mass_100_14400 - 152.4031399; 

BA_Cell_Mass_100_14400_diff = BA_Cell_Mass_100_14400  - 48.43424381; 

  

  

  

% Cost function for optimization 

error = abs(AB_B_Mass_diff_50_3600) + abs(AB_Cell_Mass_diff_50_3600) ... 

    + abs(AB_B_Mass_diff_80_3600) + abs(AB_Cell_Mass_diff_80_3600) ... 

    + abs(AB_B_Mass_diff_100_3600) + abs(AB_Cell_Mass_diff_100_3600) ... 

    + abs(BA_A_Mass_diff_50_3600) + abs(BA_Cell_Mass_diff_50_3600) ... 

    + abs(BA_A_Mass_diff_80_3600) + abs(BA_Cell_Mass_diff_80_3600) ... 

    + abs(BA_A_Mass_diff_100_3600) + abs(BA_Cell_Mass_diff_100_3600) ... 

    + abs(AB_B_Mass_50_300_diff) +  abs(AB_Cell_Mass_50_300_diff) ... 

    + abs(BA_A_Mass_50_300_diff) +  abs(BA_Cell_Mass_50_300_diff) ... 

    + abs(AB_B_Mass_50_1800_diff) +  abs(AB_Cell_Mass_50_1800_diff) ... 

    + abs(BA_A_Mass_50_1800_diff) +  abs(BA_Cell_Mass_50_1800_diff) ... 

    + abs(AB_B_Mass_50_7200_diff) +  abs(AB_Cell_Mass_50_7200_diff) ... 

    + abs(BA_A_Mass_50_7200_diff) +  abs(BA_Cell_Mass_50_7200_diff) ... 

    + abs(AB_B_Mass_50_10800_diff) +  abs(AB_Cell_Mass_50_10800_diff) ... 

    + abs(BA_A_Mass_50_10800_diff) +  abs(BA_Cell_Mass_50_10800_diff) ... 

    + abs(AB_B_Mass_50_14400_diff) +  abs(AB_Cell_Mass_50_14400_diff) ... 

    + abs(BA_A_Mass_50_14400_diff) +  abs(BA_Cell_Mass_50_14400_diff) ... 

    + abs(AB_B_Mass_80_300_diff) +  abs(AB_Cell_Mass_80_300_diff) ... 

    + abs(BA_A_Mass_80_300_diff) +  abs(BA_Cell_Mass_80_300_diff) ... 

    + abs(AB_B_Mass_80_1800_diff) +  abs(AB_Cell_Mass_80_1800_diff) ... 

    + abs(BA_A_Mass_80_1800_diff) +  abs(BA_Cell_Mass_80_1800_diff) ... 

    + abs(AB_B_Mass_80_7200_diff) +  abs(AB_Cell_Mass_80_7200_diff) ... 

    + abs(BA_A_Mass_80_7200_diff) +  abs(BA_Cell_Mass_80_7200_diff) ... 

    + abs(AB_B_Mass_80_10800_diff) +  abs(AB_Cell_Mass_80_10800_diff) ... 

    + abs(BA_A_Mass_80_10800_diff) +  abs(BA_Cell_Mass_80_10800_diff) ... 

    + abs(AB_B_Mass_80_14400_diff) +  abs(AB_Cell_Mass_80_14400_diff) ... 

    + abs(BA_A_Mass_80_14400_diff) +  abs(BA_Cell_Mass_80_14400_diff) ... 

    + abs(AB_B_Mass_100_300_diff) +  abs(AB_Cell_Mass_100_300_diff) ... 

    + abs(BA_A_Mass_100_300_diff) +  abs(BA_Cell_Mass_100_300_diff) ... 

    + abs(AB_B_Mass_100_1800_diff) +  abs(AB_Cell_Mass_100_1800_diff) ... 

    + abs(BA_A_Mass_100_1800_diff) +  abs(BA_Cell_Mass_100_1800_diff) ... 

    + abs(AB_B_Mass_100_7200_diff) +  abs(AB_Cell_Mass_100_7200_diff) ... 

    + abs(BA_A_Mass_100_7200_diff) +  abs(BA_Cell_Mass_100_7200_diff) ... 

    + abs(AB_B_Mass_100_10800_diff) +  abs(AB_Cell_Mass_100_10800_diff) ... 

    + abs(BA_A_Mass_100_10800_diff) +  abs(BA_Cell_Mass_100_10800_diff) ... 

    + abs(AB_B_Mass_100_14400_diff) +  abs(AB_Cell_Mass_100_14400_diff) ... 

    + abs(BA_A_Mass_100_14400_diff) +  abs(BA_Cell_Mass_100_14400_diff);  
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% vals = [AB_B_Mass_50_3600 

%     AB_Cell_Mass_50_3600 

%     AB_B_Mass_80_3600 

%     AB_Cell_Mass_80_3600 

%     AB_B_Mass_100_3600  

%     AB_Cell_Mass_100_3600 

%     BA_A_Mass_50_3600  

%     BA_Cell_Mass_50_3600 

%     BA_A_Mass_80_3600  

%     BA_Cell_Mass_80_3600 

%     BA_A_Mass_100_3600  

%     BA_Cell_Mass_100_3600 

%     AB_B_Mass_50_300  

%     AB_Cell_Mass_50_300 

%     BA_A_Mass_50_300  

%     BA_Cell_Mass_50_300 

%     AB_B_Mass_50_1800  

%     AB_Cell_Mass_50_1800 

%     BA_A_Mass_50_1800  

%     BA_Cell_Mass_50_1800 

%     AB_B_Mass_50_7200  

%     AB_Cell_Mass_50_7200 

%     BA_A_Mass_50_7200  

%     BA_Cell_Mass_50_7200 

%     AB_B_Mass_50_10800  

%     AB_Cell_Mass_50_10800 

%     BA_A_Mass_50_10800  

%     BA_Cell_Mass_50_10800 

%     AB_B_Mass_50_14400  

%     AB_Cell_Mass_50_14400 

%     BA_A_Mass_50_14400  

%     BA_Cell_Mass_50_14400     

%     AB_B_Mass_80_300  

%     AB_Cell_Mass_80_300 

%     BA_A_Mass_80_300  

%     BA_Cell_Mass_80_300 

%     AB_B_Mass_80_1800  

%     AB_Cell_Mass_80_1800 

%     BA_A_Mass_80_1800  

%     BA_Cell_Mass_80_1800 

%     AB_B_Mass_80_7200  

%     AB_Cell_Mass_80_7200 

%     BA_A_Mass_80_7200  

%     BA_Cell_Mass_80_7200 

%     AB_B_Mass_80_10800  

%     AB_Cell_Mass_80_10800 

%     BA_A_Mass_80_10800  

%     BA_Cell_Mass_80_10800 

%     AB_B_Mass_80_14400  

%     AB_Cell_Mass_80_14400 

%     BA_A_Mass_80_14400  
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%     BA_Cell_Mass_80_14400     

%     AB_B_Mass_100_300  

%     AB_Cell_Mass_100_300 

%     BA_A_Mass_100_300  

%     BA_Cell_Mass_100_300 

%     AB_B_Mass_100_1800  

%     AB_Cell_Mass_100_1800 

%     BA_A_Mass_100_1800  

%     BA_Cell_Mass_100_1800 

%     AB_B_Mass_100_7200  

%     AB_Cell_Mass_100_7200 

%     BA_A_Mass_100_7200  

%     BA_Cell_Mass_100_7200 

%     AB_B_Mass_100_10800  

%     AB_Cell_Mass_100_10800 

%     BA_A_Mass_100_10800  

%     BA_Cell_Mass_100_10800 

%     AB_B_Mass_100_14400  

%     AB_Cell_Mass_100_14400 

%     BA_A_Mass_100_14400  

%     BA_Cell_Mass_100_14400]; 

 

 

(C) Matlab ODE solver for APBL transport in a Calu-3 cell 

 
function [dC] = AB_ODE_calu3(T,Y) 

global P_a P_b Pn Pd 

global fn_a fd_a fn_c fd_c fn_m fd_m fn_l fd_l fn_b fd_b Nd_a Nd_m Nd_l Nd_b 

global A_a A_aq A_b A_bM A_bq A_l A_m V_aq V_c V_bM V_bq V_b V_l V_m V_a  

  

     

    % Conc(1) :Apical concentration; 

    % Conc(2) : Apical UWL concentration ; 

    % Conc(3) : Cytosolic concentration ; 

    % Conc(4) : Mitochondrial concentration; 

    % Conc(5) : Lysosomal concentration; 

    % Conc(6) : Basolateral polyester membrane concentration; 

    % Conc(7) : Basolateral UWL concentration; 

    % Conc(8) : Basolateral concentration; 

  

     

 Ja_aq = P_a*(Y(1)-Y(2)); 

 Jaq_c = Pn*(fn_a*Y(2)-fn_c*Y(3))+Pd*Nd_a*(fd_a*Y(2)-fd_c*Y(3)*exp(Nd_a))/(exp(Nd_a)-

1); 

 Jc_m = Pn*(fn_c*Y(3)-fn_m*Y(4))+Pd*Nd_m*(fd_c*Y(3)-

fd_m*Y(4)*exp(Nd_m))/(exp(Nd_m)-1); 

 Jc_l = Pn*(fn_c*Y(3)-fn_l*Y(5))+Pd*Nd_l*(fd_c*Y(3)-fd_l*Y(5)*exp(Nd_l))/(exp(Nd_l)-1); 

 Jc_M = Pn*(fn_c*Y(3)-fn_b*Y(6))+Pd*Nd_b*(fd_c*Y(3)-fd_b*Y(6)*exp(Nd_b))/(exp(Nd_b)-

1); 

 JM_bq = P_b*(Y(6)-Y(7)); 
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 Jbq_b = P_b*(Y(7)-Y(8)); 

  

 dC(1) = -A_aq*Ja_aq/V_a ; 

 dC(2) = A_aq*Ja_aq/V_aq-A_a*Jaq_c/V_aq ; 

 dC(3) = A_a*Jaq_c/V_c-A_m*Jc_m/V_c-A_l*Jc_l/V_c-A_b*Jc_M/V_c; 

 dC(4) = A_m*Jc_m/V_m; 

 dC(5) = A_l*Jc_l/V_l; 

 dC(6) = A_b*Jc_M/V_bM-A_bM*JM_bq/V_bM; 

 dC(7) = A_bM*JM_bq/V_bq-A_bq*Jbq_b/V_bq; 

 dC(8) = A_bq*Jbq_b/V_b; 

  

  

    dC = [dC(1), dC(2), dC(3), dC(4), dC(5), dC(6), dC(7), dC(8)] 

  

  

 

(D) Matlab ODE solver for BLAP transport in a Calu-3 cell 

 
function [dC] = BA_ODE_calu3(T,Y) 

global P_a P_b Pn Pd 

global fn_a fd_a fn_c fd_c fn_m fd_m fn_l fd_l fn_b fd_b Nd_a Nd_m Nd_l Nd_b 

global A_a A_aq A_b A_bM A_bq A_l A_m V_aq V_c V_bM V_bq V_a V_l V_m V_b 

  

  

    % C(1) : Basolateral concentration; 

    % C(2) : Basolateral UWL concentration; 

    % C(3) : Basolateral polyester membrane concentration; 

    % C(4) : Cytosolic concentration; 

    % C(5) : Mitochondrial concentration ; 

    % C(6) : Lysosomal concentration ; 

    % C(7) : Apical UWL concentration; 

    % C(8) : Apical concentration; 

   

     

 Jb_bq = P_b*(Y(1)-Y(2)); 

 Jbq_M = P_b*(Y(2)-Y(3)); 

 JM_c = Pn*(fn_b*Y(3)-fn_c*Y(4))+Pd*Nd_b*(fd_b*Y(3)-fd_c*Y(4)*exp(Nd_b))/(exp(Nd_b)-

1); 

 Jc_m = Pn*(fn_c*Y(4)-fn_m*Y(5))+Pd*Nd_m*(fd_c*Y(4)-

fd_m*Y(5)*exp(Nd_m))/(exp(Nd_m)-1); 

 Jc_l = Pn*(fn_c*Y(4)-fn_l*Y(6))+Pd*Nd_l*(fd_c*Y(4)-fd1_l*Y(6)*exp(Nd_l))/(exp(Nd_l)-1); 

 Jc_aq = Pn*(fn_c*Y(4)-fn_a*Y(7))+Pd*Nd_a*(fd_c*Y(4)-fd_a*Y(7)*exp(Nd_a))/(exp(Nd_a)-

1); 

 Jaq_a = P_a*(Y(7)-Y(8)); 

  

 dC(1) = -A_bq*Jb_bq/V_b ; 

 dC(2) = A_bq*Jb_bq/V_bq-A_bM*Jbq_M/V_bq; 

 dC(3) = A_bM*Jbq_M/V_bM-A_b*JM_c/V_bM; 

 dC(4) = A_b*JM_c/V_c-A_m*Jc_m/V_c-A_l*Jc_l/V_c-A_a*Jc_aq/V_c; 

 dC(5) = A_m*Jc_m/V_m; 
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 dC(6) = A_l*Jc_l/V_l; 

 dC(7) = A_a*Jc_aq/V_aq-A_aq*Jaq_a/V_aq ; 

 dC(8) = A_aq*Jaq_a/V_a; 

  

  

    dC = [dC(1), dC(2), dC(3), dC(4), dC(5), dC(6), dC(7), dC(8)] 
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Appendix D 

Supporting Information in Chapter 6 

 

Supplemental Methods 

Cell Culture  

Calu-3 cells were obtained from American Type Culture Collection (ATCC; Manassas, 

VA) and cultured in a 1:1 mixture of Dulbecco’s Modified Eagle Medium and nutrient 

mixture F12 (DMEM:F12) with 1% (v/v) non-essential amino acids, 1% (v/v) penicillin-

streptomycin and 10% fetal bovine serum (FBS). Cultures were maintained at 37°C in a 

humidified incubator with 95% air/5% CO2. For the transport experiments, Calu-3 cells 

(passage 26-36) were seeded at 5×10
5
 cells/cm

2
 on Transwell inserts with polyester 

membranes (area, 0.33 µm
2
; pore size, 0.4 µm) (Corning Life Sciences; Lowell, MA). An 

air-liquid interface culture (ALC) was then created by aspirating the medium in the apical 

compartment after overnight culture. The apical side of the membrane was washed with 

HBSS to remove unattached cells and the medium in the basolateral compartment was 

replaced with fresh medium. 

 

Investigational Curcumin Formulation 

Hydroxypropyl-γ-cyclodextrin was dissolved to a concentration of 112 g/l in 0.18 mol/l 

sodium hydroxide solution. Curcumin (Curcumin C3 Complex; Sabinsa Corporation) was 
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added to a concentration of 15 g/l. The solution was agitated and after complete 

dissolution of curcumin the pH was adjusted to pH 6.0 with a mixture of hydrochloric 

and citric acids. The solution was sterile filtered and filled aseptically into sterile vials, 

then capped and sealed. The recovered CDC solution contained 12 g/l curcumin and 93 

g/l cyclodextrin in 20 mM sodium citrate, 100 mM NaCl solution. Endotoxin content was 

less than 1.8 IU/ml as measured by the Limulus amebocyte lysate gel clot method. The 

CDC solution was stored at 2-8°C protected from light. The cyclodextrin vehicle was 

prepared in the same way but without the addition of curcumin. 

 

Curcumin Transport across the Calu-3 Cell Monolayer 

On day 6 of ALC culture, the medium in the basolateral compartment was removed and 

the apical and basolateral sides of the cell monolayers on the membrane inserts were 

washed twice with an HBSS transport buffer (HBSS with 10 mM HEPES and 25 mM D-

glucose, pH 7.4). The Calu-3 cell monolayers on the polyester membranes were then pre-

equilibrated with HBSS transport buffer in the apical and basolateral compartments for 

20 min at 37°C. The integrity of the cell monolayers was examined by transepithelial 

electrical resistance (TEER) measurements using the Millicell ERS (Millipore; Billerica, 

MA). The TEER values of the cell monolayers were corrected by subtracting the blank 

TEER values without the cells in the inserts and the TEER values (Ω·cm
2
) for the 24-

well inserts were obtained by using the area of the membranes (0.33 µm
2
). Cell 

monolayers with TEER values ~ 350 Ω·cm
2
 were used for the Lucifer Yellow (LY) and 

curcumin transport experiments. LY permeability served as a further check on integrity 

of the cell monolayers. LY (1 mM in HBSS transport buffer) was added to the donor 
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compartment and apical-to-basolateral (AP→BL) or basolateral-to-apical (BL→AP) 

transport was measured during 180 min incubation on rocking platform shakers at 37°C 

in a 5% CO2 incubator. LY in the samples and the standard was measured by a plate 

reader (BioTEK; Winooski, VT) set for 485 nm (excitation)/540 nm (emission).  

For CDC transport experiments, CDC stock solutions were diluted with HBSS 

transport buffer to concentrations of 50, 100, and 200 μM (donor concentrations). 

Curcumin solution at each concentration was added to the donor compartment (apical for 

AP→BL; basolateral for BL→AP transport) with the corresponding curcumin-free HBSS 

buffer in the receiver compartment. Cells were incubated for 180 min with shaking and 

samples were collected from the receiver compartment at 0, 5, 10, 30, 60, 90, 120, 150, 

and 180 min. Samples were also collected from the donor compartment at 180 min. The 

donor and receiver sides of the inserts were washed twice with HBSS transport buffer and 

these washings were also included in the mass calculations. Fluorescence of curcumin in 

the standard and sample solutions was measured in 96-well optical bottom plates using a 

plate reader (BioTEK Synergy) at 485 nm (EX)/540 nm (EM). For AP→BL or BL→AP 

transport, the transcellular permeability coefficient, Peff (cm/sec) was calculated by 

dividing the AP→BL or BL→AP mass transport rate (dM/dt) by the product of insert 

area, A (0.33 cm
2
) and initial donor concentration of curcumin, Co, as shown in the 

following equation:  
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Following each transport experiment, TEER was measured and the cell monolayers were 

examined by light contrast inverted microscopy to confirm that integrity of the cell 

monolayers remained unchanged.   

To compare effects on transport and monolayer integrity of the uncomplexed 

curcumin powder with those of CDC, curcumin stock solutions were prepared by 

dissolving the uncomplexed curcumin powder in DMSO (DMSO-C) or absolute ethanol 

(EtOH-C). These stock solutions were then diluted with HBSS transport buffer to make 

donor solutions and these solutions were used for transport experiments as described. 

 

Cellular Curcumin Binding 

After the transport assays, the inserts and attached cells were washed twice with cold 

HBSS transport buffer to remove unbound curcumin. The cells were then incubated with 

Hoechst 33342 solution in HBSS in 24-well inserts for 30 min at 37°C in a 5% CO2 

incubator. Media in the apical compartment was 100 µl of 10 µg/ml Hoechst 33342 

(Invitrogen; Carlsbad, CA) in HBSS and that in the basolateral compartment was 600 µl 

of dye-free HBSS transport buffer. Following incubation, the inserts were washed with 

HBSS transport buffer and examined with the 10 × objective of a Nikon TE2000 

fluorescence microscope equipped with a XF93 triple pass filter set (Omega Optical; 

Brattleboro, VT). Cell-associated curcumin could be detected with the fluorescein 

isothiocyanate (FITC) channel of the filter set while the nuclei were visualized with the 

diamidino-2-phenylindole (DAPI) channel. Inserts from all experimental conditions were 

examined for curcumin association and intactness of the cell monolayers.  
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Other inserts from each experimental condition were used for quantitative 

determination of curcumin cell-associated mass. These inserts were incubated with 1% 

Triton X-100 (100 µl in the apical compartment; 600 µl in the basolateral compartment) 

for 1.5 hours at 37°C in a 95% air/5% CO2 incubator. The concentration of curcumin 

extracted into the Triton X-100 medium was measured with a plate reader at 485 nm 

(EX)/540 nm (EM) and cell-bound curcumin mass per cell was calculated from the cell 

numbers counted with a hemocytometer following detachment by trypsinization. 

 

Wet:Dry Weight Ratio 

The superior lobe of the right lung was excised and the wet weight was recorded. The 

tissue was then placed in an incubator at 60°C for 24 hours, after which the dry weight 

was recorded and the ratio of wet to dry weight was calculated. 

Lung Histology 

For general morphology, sections from formalin-fixed, paraffin-embedded lung tissues 

were stained with hematoxylin and eosin. For fluorescence analysis, lung tissues were 

infused with a solution of 50% Tissue-Tek optimum cutting temperature (O.C.T.) 

compound (Sakura; Torrance, CA) and 50% PBS. The lungs were then frozen and 

sectioned. 

 

Canine Toxicology and Pharmacokinetics 

CDC (34.8 mM in physiological saline) was administered intravenously (IV) to beagle 

dogs (n = 1/group) at doses of 1 or 4 mg/kg daily or at a dose of 10 mg/kg twice a day. 

Dosing was continued for 14 days. The first dose was infused over the course of 5 min, 
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subsequent doses over the course of 3 min. On days 1, 7, and 14 blood was drawn at 

specified intervals following infusion and concentrations of curcumin and its metabolites 

were determined by mass spectrometry. Blood for a complete cell count and 

determination of clinical chemistry parameters was drawn on days 2, 7, and 14. Two to 

four hours after the last infusion the animals were sacrificed and an autopsy was 

performed. 

 

Supplemental Results 

 

In Vivo Pharmacokinetics of Curcumin and its Metabolites 

Preliminary studies on IV curcumin pharmacokinetics were conducted in beagle dogs. 

The CDC formulation was given at doses of 1 mg/kg and 4 mg/kg once daily and at 10 

mg/kg twice daily for 14 days. Serial blood samples were drawn in EDTA anticoagulant 

before and 5 min, 15 min, 30 min, 60 min, 2 and 4 hours following the morning dose on 

days 1, 7 and 14. Blood samples were kept on ice bath and plasma was separated within 

20 min. Plasma concentrations of curcumin and its major circulating metabolites, 

tetrahydrocurcumin and tetrahydrocurcumin sulfate, were analyzed by liquid 

chromatography-mass spectrometry (LC-MS). 

Briefly, 200 µl of dog plasma was combined with 50 µl methanol, 1 ml of 1M 

ammonium acetate pH 5, 3 ml of 90% ethyl acetate/10% propanol, and 20 µl of internal 

standard (1 ng/µl in methanol) in a 13 × 100 mm glass tube. Tubes were capped and 

shaken for 30 minutes, then centrifuged at 1500 × g for 10 minutes. The organic layer 
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was transferred to clean 12 × 75 mm glass tubes and evaporated to dryness under 

nitrogen, then reconstituted in 50 µl methanol. Two-µl aliquots of each sample were 

injected onto an LC-MS. Chromatography was performed on an Agilent 1100 Series 

HPLC system equipped with a Zorbax SB-C18 column (150 × 2.1 mm i.d., 5 µm particle 

size). The mobile phase consisting of 1 mM ammonium acetate, pH 4.5 (A) and 

acetonitrile (B) was pumped at a flow rate of 0.3 ml/min according to the following 

gradient: 75% A and 25% B (0 min) → 45% A and 55% B (5 min) → 30% A and 70% B 

(7.5 min) and stopped at 15 min; there was a post-run equilibration of 4 min. Detection of 

the analytes was performed on an Agilent G1956B Series or G1946B MSD run in 

negative electrospray ionization (ESI-) mode, with a drying gas temperature of 350°C 

and flow rate of 12 l/min, and a nebulizer pressure of 35 psi. Ions monitored included m/z 

253 (chrysin, IS), m/z 367 (curcumin), m/z 371 (tetrahydrocurcumin), m/z 467 

(tetrahydrocurcumin sulfate), and m/z 543 (curcumin glucuronide) (1). The fragmentor 

was optimized to 120 V (for curcumin) and 160 V (for chrysin), while the capillary 

voltage was optimized to 3600 V. Curcumin glucuronide was synthesized enzymatically 

from curcumin and UDP-glucuronide by using rat liver microsomes and curcumin 

sulphate and THC sulphate were synthesized as described before (1).  

No changes in the kinetics of plasma curcumin or its major metabolite, 

tetrahydrocurcumin, were observed over the 2 weeks of daily curcumin treatment; hence 

the mean plasma concentration-time data collected on days 1, 7 and 14 are presented. The 

half-life of curcumin in beagle dogs following IV CDC infusion was approximately 7 

min independent of dose (Figure D1). The metabolite tetrahydrocurcumin (THC) 

appeared almost immediately after infusion of curcumin, then declined at a rate similar to 
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that of the parent compound (Figure D1). Little or no THC sulfate was detectable on day 

1, but a prominent mass ion peak appeared at 30 min after infusion on days 7 and 14 

(Figure D2). On day 14 this compound was the major curcumin metabolite present at 

times ≥ 15 min following infusion (Figure D3).   

These results indicate that curcumin is rapidly cleared from the bloodstream 

following IV administration of CDC. This calls into question the feasibility of systemic 

CDC administration in pulmonary therapy. 

 

Toxicology 

Complete blood cell count and clinical chemistry parameters including biomarkers of 

muscle/heart, liver, kidney and pancreas function (Table D1) were determined on days 0 

(prior to initial CDC administration) and 13. Autopsy was carried out 2-4 hours after the 

last injection. Histopathological examination of tissue biopsies was carried out by a 

veterinary pathologist. Biopsies were taken from buccal mucosa, esophagus, small 

intestine, large intestine, heart, lung, liver, gall bladder, pancreas, kidney, urinary bladder, 

testicle/ovary, skeletal muscle and bone marrow, including a smear from bone marrow.  

No adverse effects were observed in any dog. Hematologic and clinical chemistry 

parameters were normal throughout dosing, except that blood glucose levels were slightly 

below the reference range both before and during treatment (Table D1). No abnormalities 

were observed at autopsy except a parasitic lung infection believed to have been present 

prior to the study. No curcumin was detected in tissue samples. Systemically 

administered CDC thus appears safe in this small preclinical study, supporting the 

expectation of safety following delivery directly to the lung in pulmonary disease. 
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Table D1. Laboratory Parameters of Dogs Receiving Different Dosages of CDC. 

Values are shown before (Day 0) and after (Day 13) administration of CDC at the 

indicated daily doses for 14 days. 20 mg/kg was given as two daily infusions. 

 

    1 mg/kg  4 mg/kg 20 mg/kg Reference 

    Day 0 Day 13 Day 0 Day 13 Day 0 Day 13 values 

WBC /dl 7700 7470 7070 7550 7180 10500   

HCT % 47 46 50 49 47 45   

PLT /dl 269000 307000 137000 179000 327000 391000   

Poly % 32 42 55 65 53 66   

ANC /dl 2464 3137 3888 4907 3805 6930   

Ly % 52 42 31 22 29 23   

Mo % 2 6 8 7 10 10   

Eo % 14 10 6 6 8 1   

                  

Glucose mg/dl 54 45 58 63 58 51 65-130 

BUN mg/dl 11 18 16 15 17 26 6-29 

Crea mg/dl 0.9 0.9 0.9 0.9 0.8 0.8 0.6-1.6 

Na mEq/l 149 147 149 149 148 149 140-158 

K mEq/l 5.3 5.3 5.1 4.5 4.9 5.2 4.0-5.7 

Na/K   28 28   33 30 29 27-40 

Cl mEq/l 108 110 108 108 111 111 100-115 

CO2 mEq/l 26 26 25 23 22 25 18-26 
Anion 
gap   20 16 21 23 20 18 13-25 

Ca mg/dl 10.8 10.8 10.9 11 10.1 10.1 8.0-12.0 

P mg/dl 6.0 6.3 6.4 6.1 3.7 5.3 3.0-7.0 

Osmol   294 292 296 294 294 299 270-310 

Total prot g/dl 5.9 5.8 6.5 5.9 6.1 6.5 5.4-7.6 

Albumin g/dl 3.3 3.3 3.6 3.4 3.2 3.4 2.3-4.0 

Globulin g/dl 2.6 2.5 2.9 2.5 2.9 3.1 2.7-4.4 

Alb/Glob   1.3 1.3 1.2 1.4 1.1 1.1 0.6-1.2 

Bil mg/dl 0.1 0.1 0.1 0.2 0.1 0.1 0.0-0.5 

ALP U/l 120 102 88 75 49 57 10-84 

GGT U/l 1 0 2 0 0 2 0-10 

ALT U/l 31 31 48 55 42 51 5-65 

AST U/l 48 51 56 56 52 53 16-60 

CK U/l 324 355 319 309 300 331 50-300 

Chol mg/dl 200 183 188 178 143 143 150-275 

Amylase U/l 887 752 588 565 1130 1189 300-1500 

Lipase U/l 288 223 455 299 224 231 0-425 
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Supplemental Figures 

 
 

Figure D1 Time Course of Curcumin and Tetrahydrocurcumin (THC) Plasma 

Concentrations Following Intravenous Administration of CDC.  

CDC was administered at a dose of 10 mg/kg and blood was drawn for determination of 

plasma curcumin and THC concentrations at the indicated intervals following infusion. 

Values are the mean of measurements on days 1, 7, and 14, as no between-day 

differences in pharmacokinetics of these compounds was observed. 

 

 

Figure D2 Time Course of Tetrahydrocurcumin Sulfate (THC-S) Plasma Concentration 

Following CDC Infusion.  

Doses of 10 mg/kg were administered intravenously twice daily for 14 days. On days 1, 7, 

and 14 blood was drawn at indicated intervals following infusion and plasma 

concentrations of THC-S were determined. 
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Figure D3 Comparative Plasma Concentration-Time Profile of Curcumin and its Major 

Circulating Metabolites after Repeated CDC Administration. 

CDC (10 mg/kg) was administered intravenously twice daily for 14 days. On day 14, 

blood was drawn at indicated intervals following infusion and curcumin, THC, and THC-

S were determined. 
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