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ABSTRACT 

DAVID CHRISTOPHER TURNER 

Theoretical and Experimental Studies of Lipid-Based Formulations 

(Under the direction of DR. HAILING ZHANG) 

This dissertation consists of two related chapters which are theoretical in nature and 

one unrelated experimental-based chapter. The central theme for all of these studies is to 

understand, model, and exploit lipid aggregation patterns to improve the therapeutic 

ratios of administered drugs. The first chapter examines a lipid aggregation process that 

occurs in the upper intestines during fat digestion that can have a profound impact on 

absorption of lipophilic drugs. The agreement between these molecular dynamics 

computer simulation results and experimentally measured properties of intestinal lipid 

aggregates illustrates that this technique can be useful to study mixed micelles of bile 

salts and fatty acids, critical to the understanding of food as well as lipid formulation 

effects on bioavailability patterns of poorly soluble drugs. The aggregation behavior and 

structure of these simulated intestinal micelles are presented in this chapter. The work in 

the second chapter then evaluates a hybrid MD/ physiological-based pharmacokinetic 

model intended to predict gastrointestinal absorption of various drugs. Erratic absorption 

related to concomitant food intake is a serious problem facing new drug candidates, and 

xvii 



the algorithm presented in this work can be applied to predict interactions of drugs with 

intestinal lipid aggregates and, using this information, forecast the fed to fasted 

absorption ratios. The model predictions show good agreement with existing clinical 

data for the selected drugs. 

The final chapter deals with near-infrared active thermosensitive liposomes. The 

lipid-based formulations described in the text demonstrate potential for future 

applications in image-guided cancer therapy. One of the major goals of this work was the 

design of a stable, temperature-sensitive liposome formulation resistant to the RES 

uptake in vivo. Factors such as phase transition temperature, cellular uptake, and 

release/stability were investigated, and a suitably stable liposome formulation was chosen 

for optical near-infrared pharmacokinetic studies. Key to the success of this work, the 

near-infrared imaging validation study demonstrated good correlation between absolute 

amount of the near-infrared fluorophore, ICG, and the near-infrared image intensity, 

indicating that this imaging process holds promise as a clinical level non-invasive 

indicator of liposome biodistribution. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

In this dissertation, the dynamic properties of membranes and micelles are studied by 

both computational as well as a variety of experimental techniques. The following 

chapters provide brief introductions to the basic premises underlying liposome drug 

delivery, molecular dynamics simulations (as it relates to micelle-drug interactions), and 

physiologically-based pharmacokinetic modeling followed by detailed findings of these 

studies. The intent of this work is to develop conceptual and experimental models to 

understand the role of supermolecular assemblies, i.e. liposomes and micelles, in 

pharmaceutical sciences and how they dictate clinical outcomes related to drug delivery. 

But first, before we delve deeper into these subjects, we will begin by discussing the very 

unique structural characteristics which enable supermolecular assemblies to form and 

influence the behavior of drugs in the body. 

These chapters center on a category of molecule commonly found in such diverse 

substances as cell membranes, commercial detergents, cosmetics, food, and 

pharmaceutical formulations. Amphiphiles, widely referred to as surfactants, are a type 

of molecule that possesses distinct non-polar (hydrophobic) and polar (hydrophilic) 

regions. As the name suggests, these molecules are surface-active. In other words, they 

tend to adsorb at air-water interfaces or oil-water interfaces due to their "dual nature" 

chemical structure. They may also self-assemble into "internal surfaces" in water 

solutions or in mixtures of oil and water. There are a many types of naturally-occurring 
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and synthetic surfactants differing in both the hydrophobic and hydrophilic constituents. 

The polar or hydrophilic region of the molecule may carry a positive or negative charge, 

giving rise to cationic or anionic surfactants, respectively, or may be composed of a 

polymer such as a polyoxyethylene chain, as in many of the non-ionic surfactants. At the 

same time, the hydrophobic portion of the molecule can vary in length, degree of 

saturation (number of doubles bonds), and number of chains, creating different ratios 

between the size of the hydropdobic and hydrophilic part (Figure 1). These 

characteristics and other parameters such as solution pH, temperature, and concentration 

determine the behavior of such molecules in aqueous solution. From a pharmaceutical 

perspective, the eventual performance of formulated drug products depends to a large 

extent on the interplay between drug molecules and amphiphiles in the body - both 

endogenous as well as synthesized delivery vehicles. Hence, the goal of the following 

chapters is to explore, describe, and predict the interactions of amphiphiles with drugs in 

the body. This research highlights the need for a strong molecular level understanding of 

amphiphile/drug interactions to ensure successful drug therapy. 

% f S CocamidopropyS betame 
Ben?£thomum Chloride \ v 

Figure 1 A few commonly encountered surfactants 
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Amphiphile Aggregation and Micelles 

Amphiphiles may be dissolved in aqueous solutions as monomers (free molecule 

units), and at certain critical concentration of the surfactant, spontaneous aggregation, or 

self-assembly, of the surfactants occurs. It is clear that the basic driving force for this 

aggregation is a gain in free energy in the system by reducing unfavorable interactions 

between water and the hydrophobic part of the surfactant. The removal of the 

hydrophobic portions of the molecule from its aqueous environment is an entropically 

favorable process leading to the disruption of the organized water structure and the 

removal of constraints on the hydrocarbon chains. In such aggregates, the amphiphiles 

arrange collectively in such a manner that the molecule is anchored at the interface by the 

hydrophilic head group which remains in contact with the water. The length of the 

hydrophobic chain(s) and the size of the headgroup in relation to the chain determine the 

critical concentration at which aggregation begins, the final geometry of the aggregate 

that is formed, and whether a micelle-like structure or a bilayer-like structure will be 

formed. A wide variety of structures are possible. The simplest surfactant aggregates are 

the so-called micelles which can be thought of as small spheres with a nonpolar core and 

polar headgroups that surround the periphery of the sphere at the micelle-water interface. 

The hydrophobic moieties compose the core of the micelle. Such micelles can be formed 

from a variety of different surfactant components. The concentration at which micelles 

first appear in solution is termed the critical micelle concentration (CMC). 

One of the most important benefits of micellization from a pharmaceutical point of 

view is that micelles are capable of solubilizing drugs of limited water solubility. 
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Considerable effort has been invested in developing model systems to predict the location 

and extent of solubilization in micelle systems. In chapter 2, an overview and analysis 

will be presented of a mixed micelle system that is formed in the intestines from a 

combination of components of fat (lipid) digestion and endogenous bile salts. Chapter 2 

and chapter 3 explain and examine the role these mixed micelles play in altering oral 

drug delivery by influencing the dissolution and permeation of administerd drugs. 

Liposomes 

A number of other types of surfactant aggregates of larger complexity than the micelle 

may form, depending on the nature of the surfactant(s). The work in Chapter 4 is 

focused on another class of amphiphilic molecules which form membranes. More 

specifically, the amphiphiles involved are called phospholipids (and are typically found 

in actual cell membranes). When these membranes assume their most energetically 

favorable shape, liposomes, or closed vesicles, may form. The dimension of the 

liposomes investigated in the present work is in the range of 50- 120 nm in diameter, 

which is in the so-called colloidal domain. This is much smaller than the cell diameter 

which is on the order of 10 um. 

Generally speaking, liposomes vesicles are self-assembled structures consisting of a 

spherical outer membrane enclosing an inner aqueous core. Conventional liposomes are 

composed primarily of phospholipids, but other molecules such as fatty acids or 

cholesterol can be incorporated into the membrane bilayer as well. As is the case with 

micelles, hydrophobic interactions among the fatty acid chains on the phospholipids are 

the driving force behind the formation of bilayer structure in the membrane (Figure 2). 
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The phospholipids that comprise the liposome membrane can pack together to form one 

of two phases - a low temperature gel phase characterized by a rigid membrane with 

limited movement of individual molecules or a high temperature liquid-crystal phase 

membrane which is more fluid in nature. Liposome membranes are semi-permeable in 

that the rate of diffusion of molecules and ions across the membrane varies considerably 

depending on the nature of the molecule and phase of the membrane. Liposome size can 

vary anywhere from the low nanometer range up to micrometers, and the morphological 

structure of the liposome ranges from multiple concentric membranes, known as 

multilamellar vesicles (MLV), to single membrane structures known as small or large 

unilamellar vesicles (SUV and LUV) depending on the size of the structure. 

From a pharmaceutical point of view, liposomes provide a range of advantages in drug 

delivery. Liposomes can be loaded with drug molecules or various other tracking or 

targeting agents either by encapsulation into the aqueous core or incorporation into the 

lipophilic domains of the lipid bilayer. Because of this flexibility in loading and the fact 

that they are relatively easy to prepare, biodegradable and nontoxic, liposomes have 

found numerous applications as delivery vehicles (Crommelin and Storm 2003; Huang 

2008; Zhang, Gu et al. 2008; Mishra, Bagui et al. 2011). Liposomal drug delivery 

systems not only enable the delivery of higher drug concentrations, but also allow active 

targeting of specific cells or organs (Mastrobattista, Koning et al. 1999; Sudimack and 

Lee 2000; Park 2002). Liposomes can also protect an encapsulated drug from degradation 

and provide controlled "depot" release over an extended period of time. This feature can 

reduce the side effects of the drug by controlling the rate at which free drug becomes 
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available in the bloodstream. Moreover, due to their size, liposomes can also alter the 

tissue distribution of certain drugs in a therapeutically favorable way. For example, they 

are known to passively target cancerous cells by selectively extravasating into the 

leaky vasculature of tumors. This phenomenon, known as the enhanced permeability and 

retention (EPR) effect, reduces harmful side effects owing to minimized distribution of 

the drug to non-targeted tissues (Maeda, Wu et al. 2000). Sustained release of 

encapsulated drugs, i.e. a retention of the drug en route to its destination, in combination 

with prolonged circulation time, makes liposomes highly useful as a targeted drug 

delivery system. Controlling the permeability of the liposome membrane, and thus 

avoiding drug release, will curtail the negative side effects caused by freely circulating 

drug molecules. A more detailed picture of membrane phases, liposome stability, and 

how these factors can influence pharmacokinetics of encapsulated drugs will be given in 

Chapter 4. 

MD Simulation 

The role of computers in scientific research has been a central one, both in experiment 

and theory. Computer calculations can help provide a bridge between microscopic length 

and time scales and the macroscopic observable world of the laboratory. In chapter 2, a 

computer simulation technique is used to predict the molecular arrangement of a system 

composed of "virtual" intestinal micelles. Later, in chapter 3, the same computational 

technique is used to predict drug interactions with intestinal micelles. The computer 
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Figure 2 Phospholipids are amphiphilic molecules that spontaneously aggregate in 
aqueous solutions to form sheets of lipid bilayers which then further assemble into 
spherical vesicular structures to minimize electrostatic repulsions between the 
hydrophobic tail regions and the bulk aqueous phase. Shown in this diagram is a cross-
section of a unilamellar liposome vesicle. 

simulation technique employed here is called molecular dynamics (MD) simulation. MD 

simulations serve as a complement to conventional experiments by presenting detailed 

atomic level information on a chosen model system. The fundamental aim of employing 

MD simulation is to get a realistic model for the molecular motions and supermolecular 

structures achieved in an equilibrated system. Generally speaking, when studying fluid 

systems with a high degree of disorder, we can be somewhat limited in our understanding 

of fundamental mechanisms if we use only macroscopic models. In other words, we may 



8 

have a simple hypothesis concerning a particular phenomenon, but we might not be able 

to test it because of the lack of a well-defined model system. This is where computer 

simulations can help out. Essentially, they allow us to answer questions where 

experiments have only limited and indirect access to the pertinent quantities. 

The theoretical underpinnings of MD simulation amount to little more than Newton's 

second law of motion, F = ma, where "F" is the vector force exerted on an atom, "m" is 

the mass, and "a" is its acceleration: 

L,i^ = m;— i.e. F = ma 
}Fi) & 

The vector force exerted on a particle is equivalent to the gradient of the potential energy 

in that direction: 

?. = VijV 
FIJ 

The basic idea behind MD simulation is that the forces on all of the atoms in the system 

can be calculated with a force field, and once the forces are known, based on Newton's 

second law, it is then possible to determine the accelerations of each atom in the system. 

In any system, the molecular configuration is a function of time. Integration of the 

equations of motion over time yields a trajectory that describes the positions, velocities 

and accelerations of the particles at any given point. This procedure is repeated for every 

timestep for the duration of the simulation, and then it is possible to analyze how the 

positions, velocities and accelerations vary with time. From the simulation trajectory, the 

average values of properties can be determined, assuming the system has reached 

thermodynamic equilibrium. 
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Figure 3. The basic MD algorithm: particle i experiences a vector force, Flj5 due to 
interactions with particle j . The acceleration of the particle is calculated based on the 
mass of the particle, velocity is imparted, and the position changes. After At, a new force 
is calculated and the process repeats. 

Due to the demanding force field calculations required for each time step, molecular 

dynamics simulations can be time consuming (computationally expensive). The most 

time consuming part of a molecular dynamics simulation is the calculation of the 

nonbonded terms in the potential energy function, e.g., the electrostatic and van der 

Waals forces. In principle, the non-bonded energy terms between every pair of atoms 

should be evaluated; however, the number of calculations increases with the square of the 

number of atoms (n ). Typically, in order to accelerate the computation, the interactions 

between two atoms separated by a distance greater than a pre-defined distance, the cutoff 

distance, are ignored. Another important aspect of simulating a system is the 

implementation of the boundaries in what is typically a rather small simulation box. 

Larger systems take more time to simulate, so simulating a smaller box can save 

computational time; however, particles in smaller systems can easily interact with the 

boundaries of the simulation cell. Surrounding the box with replicas of itself takes care 
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of this problem. This approach is known as periodic boundary conditions (PBC). 

Periodic boundary conditions enable a simulation to be performed using a relatively small 

number of particles in such a way that the particles experience forces as though they were 

in a bulk solution. In the course of the simulation, if an atom passes through one face of 

the unit cell, it reappears on the opposite face with the same velocity. Thus, the finite 

sized system can behave as an infinitely large system with minimal computational 

expense. 
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Figure 4 Schematic representation of the idea of periodic boundary conditions (PBC) as 
employed in traditional MD simulations. Implementing PBC entails surrounding the 
simulation box with its translational images in the 3 directions of space. A particle which 
goes out from the simulation box by one side is reintroduced in the box by the opposite 
side (in the 3 dimension of space). As a result, the effects of finite simulation size are 
minimized. 
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The fundamental steps in a setting up and running an MD simulation may be 

summarized: 

1. Generate initial coordinates (.gro) and topology (.itp) files 

2. Generate simulation box and add molecules of interest to box 

3. Energy Minimization to remove close contacts 

4. Solvate system around molecules 

5. Energy Minimization (position restrained to relax water around molecules) 

6. Heating 

7. Equilibration 

8. Production runs 

9. Analysis: This involves visual inspection of the trajectory of the system as 

well as more detailed examination of factors such as the energy profile and 

molecular arrangement. Some types of analyses that can be conducted on 

simulated micelle systems are discussed in more detail in chapter 2. 

PBPK Modeling 

The relationship between the amount of drug that reaches target tissues and the 

pharmaceutically administered dose can be complex and therefore difficult to predict and 

control. The scientific field associated with these predictions, pharmacokinetics (PK), is 

the quantitative study of the relationship between administered dose and tissue exposure 

(i.e. absorption, distribution, metabolism, and excretion of the drug in the body). PK 

modeling has become well-accepted in pharmaceutical research for in silico prediction 

of in vivo pharmacokinetics of new and existing drugs. As in vivo research is very costly 
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and time-consuming, PK modeling is a valuable tool for drug exposure determination. 

Physically relevant PK models, also known as physiologically-based pharmacokinetic 

(PBPK) models, describe the time-course behavior of chemicals based on a mathematical 

model that mirrors the physiological structure of the body. Commercialized PBPK 

software such as GastroPlus (Simulation Plus, Inc.) can provide great insight into how an 

orally dosed drug distributes into various tissues of the body, which can help to guide 

decisions in drug development. PBPK modeling is also a useful method for interspecies 

scaling and early prediction of human pharmacokinetics. 

Generally speaking, PBPK models offer a realistic but also, in some ways, simplistic 

description of the mechanisms of absorption, distribution, metabolism and elimination of 

chemicals in the body. Using PBPK, the body is subdivided into various compartments 

representing specific organs or groups of tissues connected together. A number of 

physiological parameters describe the transfer of drug between these compartments 

which can be represented mathematically by a mass balance system of difference or 

differential equations. The differential equations, which serve as a mathematical 

representation of the body, can be numerically integrated over finite time intervals to 

calculate the quantity of drug in a tissue or organ at any given moment. Concentrations 

are obtained at any time by dividing the quantity of the drug in the compartment by the 

compartment volume. 

In terms of the input parameters, PBPK differs from traditional compartmental 

pharmacokinetics in that instead of using virtual compartments (i.e. central, peripheral 

compartment, etc.), PBPK uses physiologically-based compartments. Examples of 
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compartments used in PBPK models includes: adipose tissue, liver, brain, gastrointestinal 

tract, kidney, lung, etc. As such, PBPK modeling is much more of a mechanistic 

approach that accounts for tissue size, perfusion rates, and partitioning of unbound drug 

into actual physically relevant compartments. The parameters of the PBPK model are of 

three types: Physiological parameters such as tissue perfusions or tissue volumes, 

physicochemical parameters such as partition coefficients that describe the degree of 

partitioning of a given chemical to a given tissue, and biochemical parameters describing 

metabolic processes. 

PBPK models are frequently used in simulation studies using animal- and/or in vitro-

derived parameter values, without any calibration. However, since these models are 

simplifications of complicated biological processes, there can be some uncertainty 

associated with their predictions. Typically, adjustment of model parameters by the 

means of some sort of calibration process is needed to describe experimental data 

accurately. The exact values of the physiological and physicochemical parameters can be 

difficult to determine with precision, especially in vivo. A major assumption in most 

PBPK models is that distribution in a given compartment is assumed to be limited by 

perfusion. Once in a compartment, the chemical is assumed to distribute evenly and 

homogeneously throughout the compartment volume. However, several more complex 

models, where diffusion-limited compartment distribution is assumed in some (Collins, 

Sumner et al. 1999; Keys, Wallace et al. 2000) or all (Gray 1995) compartments, have 

also been suggested. The standard assumption of flow-limitation has been put into 

question (Kohn 1997). 
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In chapter 3, a novel PBPK model is described that was developed and implemented 

for prediction of oral drug absorption in humans based upon simple inputs including 

literature data for aqueous solubility and logP. The aim of this research is to create a 

fully-functional, physiologically-accurate oral absorption PBPK model to describe food 

and formulation effects on overall system behavior. Further goals include guiding future 

research and helping develop a more appropriate approach to risk analysis for lipophilic 

compounds which are more prone to undergo erratic absorption. This work is focused on 

determining the feasibility of applying MD simulation techniques described in chapter 2 

to determine PBPK input parameters for micelle partition coefficients. 

Some modifications of the basic PBPK were made for accurate estimation in oral 

dosing. Within this model, the virtual small intestine is assumed to be a cylindrical tube 

with fixed dimensions where the drug solution or suspension follows a homogeneous 

flow. Mass balance relationships under steady-state assumptions are used to estimate the 

fraction of dose absorbed as a function of drug properties and physiological parameters. 

The foundation for the model is loosely based on the compartmental absorption and 

transit "CAT" model introducted by Yu and Amidon (Yu and Amidon 1999). Yu and 

Amidon analyzed experimental human small-intestine transit time data collected from 

400 studies which revealed that the average small-intestine transit time of 199 minutes fit 

a seven compartment model. Likewise, the model in chapter 3 divides the digestive tract 

into 9 compartments: 1 stomach compartment, 7 small intestine compartments, and 1 

colon compartment (final reservoir of the digestive tract path). As is the case with any 

such model, some simplifications or assumptions were made during the development of 
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the current model: 1) Absorption of a substance from the digestive tract to the 

gastrointestinal compartment is through the small intestine, not the stomach or colon. 2) 

Transport across the small intestinal membrane is passive. 3) Dissolution obeys standard 

Noyes-Whitney dissolution dynamics (more details later). 4) A substance/drug moving 

through the small intestine can be viewed as a process described by linear transfer 

kinetics through a series of segments, each described by a single compartment. 



CHAPTER 2 

MOLECULAR DYNAMICS SIMULATIONS OF GLYCOCHOLATE-OLEIC ACID 

MIXED MICELLE ASSEMBLY 

In this chapter, we have applied a molecular dynamics (MD) method to investigate the 

aggregation behavior and physicochemical properties of bile salt as well as bile salt/ fatty 

acid mixed micelles. Local atomic density profiles from the center of the micelles 

confirm that the self-assembly of the tri-hydroxy bile salt, glycocholate, is largely driven 

by hydrophobic aggregation of the nonpolar P-faces of the steroid backbones. Additional 

association occurs between neighboring monomers through hydrogen-bonding 

interactions. The average micellar aggregation number for glycocholate at 37° C with a 

background salt concentration of 150 mM is shown to be 8.5 molecules per micelle, 

while the critical micelle concentration (CMC) is 3.1 mM. The good agreement of these 

results with experimental values illustrates that a MD approach is useful to study mixed 

micelles of bile salts and fatty acids, critical to the understanding of oral lipid-based 

formulations and bioavailability food effects. The aggregation behavior structure of such 

micelles are simulated and presented in this chapter. 

16 
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Introduction 

With more and more potent, but highly lipophilic drug candidates arising from drug 

discovery programs, reliable formulation strategies are needed to improve the systemic 

exposure of poorly water-soluble drugs. Among the array of options, lipid-based 

formulations have proven quite effective in enhancing the oral bioavailability of co

administered poorly water-soluble drugs, yet the widespread implementation of lipid-

based formulations has been limited. This is due, in part, to a lack of basic quantitative 

knowledge and understanding of the underlying mechanisms of drug trafficking between 

lipid, digested lipid components, and the epithelial boundary where absorption occurs. 

Increasing the molecular level understanding of these events will greatly enhance our 

knowledge of the in-vivo dispersion and solubilization patterns of oral lipid-based 

formulations. 

Lipid digestion plays a significant role in the solubilization of co-administered drugs 

in the gastrointestinal tract and has been well reviewed in several recent articles and book 

chapters (Porter and Charman 2001; Wasan 2001; Pouton 2006; Hauss 2007; Hauss 

2007; Porter, Trevaskis et al. 2007). After oral administration, gastric lipase initiates 

lipid digestion in the stomach, and further digestion occurs in the small intestine by the 

actions of pancreatic lipase and co-lipase at the lipid droplet interface. The products of 

lipid digestion, such as fatty acids, monoglycerides, and diglycerides, stimulate secretion 

of bile into the small intestine from the gall bladder. The major components of bile, bile 

salts (Figure 5), form micelles that solubilize the sparingly soluble lipid digestion 

products and subsequently transfer them away from the droplet surface. Due to their 
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unique structural characteristics, bile salts form what are considered atypical micelles 

Whereas conventional surfactants possess a hydrophobic alkyl chain and polar head 

group, bile salts can be thought of as facial amphiphiles because they contain a planar 

alignment of hydrophilic hydroxyl groups protruding towards one face of the steroid ring 

(in the a position) and hydrophobic methyl groups projecting on the opposite face (in the 

P position) The peculiar facial amphiphihc structure of bile salts makes it more 

challenging to predict self-assembly and solubilization patterns when mixed with other 

amphiphiles such as the fatty acids produced by lipid digestion 

OH '• 

H H 
HO' ^ ^ \ ^ vOH 

glycocholate 

HQ' \ ^ \ ^ vOH 
taurocholate 

glycochenodeoxycholate 

HCT 
cholate 

Figure 5 The chemical structures of the four common bile salts glycocholate, 
glycochenodeoxycholate, taurocholate, and cholate 
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Due to the biological importance of bile salts in the lipid absorption process, their 

aggregation behavior has been the subject of much investigation. Many studies have 

been carried out to examine the size and physicochemical properties of bile micelles 

using techniques such as surface tension, solubilization of dyes, two-dimensional NMR, 

light scattering, and many others (Roda, Hofmann et al. 1983; Conte, Di Blasi et al. 1984; 

Campredon, Quiroa et al. 1986; Coello, Meijide et al. 1996; Ninomiya, Matsuoka et al. 

2003; Leggio, Galantini et al. 2005). From these studies, there is some controversy about 

the role of various intermolecular forces involved in the formation of bile aggregates. 

While it is widely believed that contiguous hydrophobic area is an important variable in 

bile salt aggregation, several authors have questioned whether the aggregation involves 

only intermolecular hydrophobic interactions (K.D.R. Setchell 1971; Oakenfull and 

Fisher 1977; Mazer, Carey et al. 1979; Conte, Di Blasi et al. 1984; Campredon, Quiroa et 

al. 1986). Perhaps the most recognized aggregation models to arise from these studies 

are the following: 1.) The "primary-secondary" model proposed by Small consists of 

small primary bile salt micelles (2-10 molecules per micelle) in which the constituent 

molecules' hydrophobic regions face the interior of the micelle and secondary micelles 

are formed from hydrogen-bond interactions of the a constituents at the periphery of the 

micelle (K.D.R. Setchell 1971); 2.) A modification of the previous model proposed by 

Mazer consists of both overlapping hydrophobic regions as well as hydrogen-bonded bile 

salt dimers which are solubilized in the hydrophobic interior of the micelle (Mazer, Carey 

et al. 1979). These models differ in the role of the intermolecular forces involved in the 

micelle formation and the relative orientation of the bile salt molecules in the micelle. 
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MD computer simulation has proven a useful tool for resolving the structure and 

dynamics of micelles (Faeder and Ladanyi 2000; Marrink, Tieleman et al. 2000; 

Tieleman, van der Spoel et al. 2000; Bond, Cuthbertson et al. 2004; Menger, Zhang et al. 

2007). Although the biggest hurdle for MD simulation has been the amount of 

processing power required to perform these intensive calculations, in recent times this 

challenge has been met with the advent of more efficient software algorithms and 

improved computational hardware. Despite the enormous potential of this technique, 

there have only been three published reports of MD simulations of bile salts or bile salt 

mixed micelles to date, and none of these have examined the influence of lipid digestion 

products on micellar structure (Marrink and Mark 2002; Warren, Chalmers et al. 2006; 

Partay, Jedlovszky et al. 2007). In the present chapter, MD simulations are applied in 

order to analyze the spontaneous self-assembly patterns of bile salts and also the 

assembly behavior of bile salts with fatty acids in order to gain insight into the colloidal 

species formed in the actual digestion process of lipid-based formulations. To begin, we 

first simulate the aggregation of a system composed of glycocholate, which is a common 

form of bile salt found in gallbladder bile. In common with other bile salts, glycocholate 

shares many of the key structural characteristics including a steroid ring structure and 

hydrophilic functional groups. The initial MD simulation of pure glycocholate presented 

in this paper was performed at a typical gallbladder concentration, about 100 mM. To 

simulate the effect of dilution to a relevant fed-state intestinal concentration, a single 

preformed glycocholate micelle was then isolated from the system from the final 

equilibrated state of the 100 mM simulation. After allowing sufficient time for the 
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"diluted" simulation to equilibrate, the lipid digestion product, oleic acid, was added, and 

the simulation was extended until the fatty acid had incorporated into the bile salt micelle 

and the system reached equilibrium. In the following sections, a detailed numerical 

characterization is employed to evaluate the key physicochemical characteristics, self-

assembly patterns, and micelle morphology of the bile salts and lipids. 

Simulation Methodology 

The MD simulations were performed with GROMACS software version 3.3.1 (Van 

Der Spoel, Lindahl et al. 2005). Glycocholate and oleic acid force fields were based on 

the GROMOS96 force field which has already been shown to be suitable for application 

to lipid aggregates such as membranes and micelles. The initial coordinates and topology 

for glycocholate and oleic acid were constructed with the PRODRG webserver 

(Schuttelkopf and van Aalten 2004). All atoms were modeled explicitly, except for the 

hydrogens bonded to carbon atoms, while all bond lengths and angles were constrained 

with the LINCS algorithm. The partial charges of the atoms were calculated from the 

Mulliken charges of the optimized structure at B3LYP/6-31G** level using GAUSSIAN 

software package, and these ab initio calculations showed high consistency on 

corresponding atom types with the PRODRG generated topology. At the anticipated 

range of intestinal pH, the carboxyl groups of both oleic acid and glycocholate will 

rapidly deprotonate, thus they were modeled in their dissociated form with the 

appropriate number of sodium counterions. The simulated water molecules were 

described as a simple point charged model (SPC). The time step for all production 

simulations was 0.002 ps, and temperature (310 K) and pressure (1 atm) coupling were 
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implemented with the Berendsen algorithm. A cutoff of 1.0 nm was used for Lennard-

Jones forces while electrostatic interactions were modeled with the Particle-Mesh-Ewald 

(PME) method. Periodic boundary conditions were applied to the simulation cell to 

emulate an infinite system. To enhance the speed of the calculations, the full simulation 

job was submitted for parallel processing on 4 processors. 

Initially, a concentrated system of approximately 100 mM glycocholate was 

equilibrated to establish the aggregation environment that mimics gall bladder conditions 

where bile is stored before being released to the upper intestines. To begin this 

simulation, 31 glycocholate molecules were randomly inserted into an 8 nm cubic 

simulation cell with sodium counter ions (31), and the system was solvated with water 

(approximately 1.6 x 104 molecules). The background salt concentration was adjusted to 

the biorelevant concentration of approximately 0.15 M by addition of 46 Na+ and 46 CI" 

ions. Then, steepest descent energy minimization was performed to remove close 

contacts between neighboring molecules followed by a 200 ps position restrained 

minimization with tight temperature and pressure coupling to relax the water around the 

glycocholate molecules. From the energy minimized coordinates, the first 36 ns 

simulation sequence was commenced. 

After 36 ns of simulation time in the "concentrated" 100 mM system, a single 

glycocholate 9-mer cluster was identified from the final configuration, and all other 

glycocholate molecules not corresponding to this aggregate were removed from the 

simulation cell. In effect, this eliminated two of the three aggregate clusters (22 of the 

original 31 molecules) in the cell to simulate dilution of the system to approximate 
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intestinal-level bile salt concentrations. (Forming micelles at higher concentration and 

then diluting them has the added practical advantage that micellization is expected to be 

significantly faster at high concentration.) This "diluted" glycocholate system containing 

the preformed aggregate was simulated for an additional 10 ns using the same production 

run parameters as described above for the previous "concentrated" simulation. Following 

this 10 ns run, 9 molecules of the dissociated anion of the fatty acid oleic acid (a typical 

product of lipid digestion) were randomly inserted into the glycocholate simulation. To 

prevent perturbation of the established micelle, the water was removed from the 

simulation cell prior to addition of the fatty acid. The system was then resolvated 

followed by a 200 ps position restrained minimization to relax the water around the fatty 

acid and the previously established glycocholate aggregate. At this point the simulation 

was processed for 36 ns to allow for sufficient time for the oleic acid anion to incorporate 

into the glycocholate aggregate and reach equilibrium. In total, these three segments of 

the simulation required approximately 5,200 CPU hours. The systems studied are 

designated as follows: 

[A] Pure glycocholate, 100 mM (simulation time: 36 ns) 

[B] Pure glycocholate, diluted to approximately 29 mM (simulation time: 10 ns) 

[C] Glycocholate + oleic acid anion mixed micelle system (simulation time: 36 

ns) 
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A) B) 

Figure 6 A) starting configuration of 31 randomly inserted glycocholate molecules 
solvated in water, system [A]. B) On the right is the same configuration, system [A] with 
water removed for visualization purposes. 

Results and Discussion 

For the purpose of our analysis, automation of micelle identification was performed 

with a "clustering" algorithm which defines two molecules as being in the same primary 

micellar aggregate if the centers of mass of the two molecules are within a specified 

cutoff distance of one another (0.9 nm). In turn, any molecule within the cutoff of 

another molecule already assigned to a micellar aggregate was assigned to that same 

micellar aggregate as well. These simple criteria classified only closely associated bile 

salts as part of a micellar aggregate, and the rest was identified as free monomer. Direct 

visualization of simulation snapshots confirmed that the algorithm correctly identified 

separate micelles (Figure 7). 
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Figure 7 Snapshot of system [A] at the final timepoint (t = 36 ns) "clustered" into three 
distinct micelles with water removed for visualization purposes. Each cluster, 1-3, 
represents a unique glycocholate micelle identified by the clustering algorithm. 

Glycocholate Self-Assembly 

The initial randomly distributed system of 31 glycocholate molecules of system [A] 

quickly associates into small micellar aggregates such as dimers and trimers before 

stabilizing as larger micelles. Even after assembly into aggregates, the behavior of the 

molecules is quite dynamic, and consequently the micelles exhibit a broad distribution of 

shapes and sizes. During the first 5 ns, a commonly observed pre-micellar arrangement is 

the side-by-side alignment of glycocholate monomer to form the dimer species. This 

arrangement is achieved either through hydrophobic alignment of steroid backbones or 

through hydrogen-bond association of the three a hydroxyl groups. The structure of the 
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bile salts is such that in the dimers, it is possible that three hydrogen bonds can be formed 

between the hydroxyl groups of the a face (Figure 8A). This configuration also 

minimizes electrostatic repulsion by maintaining the distance between the charged tail 

groups. Interestingly, the face to face alignment of two or three hydroxyl pairs appears to 

be a short-lived nucleation event as the monomers rearrange from this position upon 

formation of larger aggregates. However, despite the rearrangement, the equilibrated 

micelle does maintain some degree of hydrogen-bonding as a few monomers orient in a 

manner that exposes the hydroxyl groups to the interior of the micelle (Figure 8B). 

Figure 8 A) In Figure 8A, pre-micellar dimers are seen merging into a larger aggregate 
(t = 10 ns, System [A]). The black arrows indicate glycocholate monomers that adjoin to 
maximize hydrogen bond interactions among a hydroxyl groups. Water is omitted for 
clarity. B) In Figure 8B, the white arrow indicates a representative hydrogen-bonded bile 
salt pair in the post aggregated system [A] at 36 ns. The white box designates a region of 
hydrogen bonding between mutual 12 a hydroxyl groups near the interior of the micelle. 
In both pictures, the cyan colored regions represent carbon centers, red are oxygen, blue 
are nitrogen, and white are polar hydrogen. In Figure 8B, in order to assist in 
visualization of the facial amphiphilic nature of glycocholate, the three a hydroxyl groups 
are represented by red spheres and the two beta methyl groups are represented by yellow 
spheres. 
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While the concept of hydrogen bonds playing an important role in bile salt 

aggregation has been refuted by some authors, these observations support the earlier 

work of Oakenfull and Fisher who proposed that hydrogen-bonded dimers of bile salts 

are formed at the CMC (Oakenfull and Fisher 1977). This concept is also backed by 

Campredon as well as Conte who both demonstrated a dependence of the hydrophilic 

face activity during the premicellization processes using 2D NMR (Conte, Di Blasi et al. 

1984; Campredon, Quiroa et al. 1986). Such hydrogen-bonding events may provide a 

significant explanation for the relatively low CMC values for bile salts compared to other 

traditional surfactants (see next section). Since the positioning of the hydroxyl groups is 

remarkably consistent across different bile salts and in different species, Oakenfull and 

Fisher speculated that the positioning of these groups could be a result of evolutionary 

optimization of the structure of bile salts to produce favorable micelle behavior in-vivo 

(Oakenfull and Fisher 1977). 

Glycocholate Critical Micelle Concentration 

A key physicochemical characteristic of any micelle is the CMC, which is the 

minimum concentration of surfactant at which micelles begin to form. Due to 

equilibrium between aggregate and free monomer, the monomer concentration remains 

approximately constant when the overall surfactant concentrations exceed the CMC 

levels. Therefore, where micelles are observed (as is the case in the simulation cell), the 

monomer concentration should be close to the respective CMC of the surfactant present. 

Hence, the final 10 ns of the simulation [A] trajectory were sampled to obtain a time 

averaged monomer percentage of 3.1% (Figure 9). This percentage value extrapolates to 
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Figure 9 As the [A] simulation progressed towards equilibrium, the majority of the 
monomers fuse into small sized aggregates; this is evidenced by a drop in the calculated 
monomer percentage of 18.7% over the first 6 ns versus 2.8% over the 30-36 ns of 
simulation [A]. At t = 36 ns of system [A], two of the three micelles were removed to 
form the "diluted" system [B] which was simulated an additional 10 ns. System [B] 
maintained dynamic exchange of monomers between the micellar and bulk aqueous 
phases over the 10 ns simulation. The fluctuation noise of this figure reveals the 
dynamics of monomer association and disassociation from the micelle. 

a CMC of 3.1 mM for glycocholate, which is in good agreement with the experimentally 

predicted CMC for glycocholate of 3 mM obtained by Matsuoka under similar salt 

concentration and temperature (0.15 M NaCl, pH 7.5, and 308 K) using a pyrene 

fluorescence and scattered light intensity method (Matsuoka, Maeda et al. 2003). For 

comparison purposes, the CMC in the dilute system [B] sampled over the 10 ns of 

simulation was estimated to be 3.3 mM. The agreement of these results with experiment 
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is encouraging, though generally speaking, it is possible that finite simulation time and 

size could adversely influence the calculated properties of the system. Nevertheless, care 

was taken in this particular system so that the simulation box is sufficiently large (its 

length several times the typical aggregate radius) to prevent periodic artifacts from 

occurring. Moreover, monomer entry and exit to and from the micelle and bulk phase 

occur on the order of picoseconds, and therefore, in this instance, sampling the monomer 

percentage over a 10 ns increment of simulation is statistically sufficient. 

Glycocholate Aggregation Number 

Another key characteristic of bile salt micelles which has been explored in the 

literature is the micellar aggregation number. Micellar aggregates are composed of a 

certain number of monomer units on the average, which is known as aggregation number. 

From our calculations, the average aggregation number over the final 10 ns production 

simulation of glycocholate system [A] simulation is 8.5 molecules/ micelle which closely 

matches the experimental aggregation number of 8.7 obtained by Matsuoka (Matsuoka, 

Maeda et al. 2003). Figure 10 shows the distribution of aggregation number for all 

glycocholate micelles present over the time course of the simulation averaged over 6 ns 

increments. These results demonstrate that glycocholate at first forms unstable, small 

aggregates that eventually equilibrate to larger, more stable micelles, with the frequency 

of micelle size peaking at 10 monomers. The shift in the aggregation number distribution 

from the 24-30 ns period to the 30-36 ns period can be attributed to the fusion of a 7-mer 

with a 3-mer to form a 10-mer. The final distribution is dominated by three micelles 

fluctuating around 10 monomers each. 
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As in any simulation, the true equilibrium state of the system is subject to uncertainty 

related to the limited trajectory time and system size. It cannot be ruled out that the size 

distribution is kinetically trapped and that another distribution - for instance, two 15-

mers instead of three 10-mers - could be more thermodynamically stable. The 

equilibrium distribution is further subject to uncertainty due to the limited number of 

monomers and the requirement that the system contain an integer number of 

aggregates. For instance, if the system were to be equilibrated at the same concentration 

but with five additional monomers, the distribution would necessarily shift, most likely 

either in favor of three micelles averaging -1.5 additional monomers, or four micelles 

averaging -1.25 fewer monomers. These uncertainties notwithstanding, the model 

glycocholates appear to spontaneously form micelles of a size close to the characteristic 

size observed in experiment, giving a measure of confidence that the simulation captures 

the basic features of this micellization. 

Transitioning from the predominantly three micelle system [A] to the one micelle 

system [B], no disaggregation was observed of the original preformed micelle. The 

average aggregation number over the entire 10 ns of system [B] was found to be 8.7, and 

the system maintained dynamic exchange of monomers between the micellar and bulk 

aqueous phases. Finite system size can sometimes be a limiting factor in MD 

simulations, but this observation and aggregation number data confirmed that the system 

was sufficiently large enough to accommodate these three distinct micelles and also that 

the monomer-to-micelle exchange was not significantly influenced by neighboring 

micelles. 
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Figure 10 Distribution of micelle aggregation numbers, or molecules/ micelle, block 
averaged over 6 ns increments of the 36 ns glycocholate simulation system at gall bladder 
concentration, simulation [A]. 

Solvent Accessible Surface Area 

The tendency for hydrophobic portions of molecules to aggregate in aqueous solution 

is largely driven by increasing entropy. The hydrophobic molecule decreases the free 

energy of the solution by disrupting electrostatic interactions between the water 



32 

molecules. One way to measure the number of unfavorable hydrophobic contacts with 

water is using the solvent accessible surface area (SASA). The GROMACS SASA 

(g_sas) program traces a solvent probe of radius 0.14 nm around every solute molecule in 

the simulation to compute the total (all atoms), hydrophilic (oxygen, nitrogen, and 

hydrogen bonded to either), and hydrophobic (carbon and hydrogen bonded to carbon) 

solvent accessible surface area at each simulation time step. As seen in Figure 12, the 

total, hydrophobic, and hydrophilic SASA began to decrease immediately upon the start 

of the simulation as aggregation commenced. Yet, the hydrophobic SASA decreased to a 

greater extent than the hydrophilic SASA. The hydrophobic SASA for glycocholate 

decreased sharply over the first 3 ns then remained approximately constant for the 

remainder of the simulation. The disproportionate reduction of hydrophobic SASA can be 

used to quantify the hydrophobic driving force for glycocholate micelle formation, and 

the data explain which portions of the glycocholate molecule are located in the interior of 

the micellar aggregate. These results demonstrate that statistically, on average, the 

interior of glycocholate molecules are primarily composed of the hydrophobic portions of 

glycocholate (P methyl groups or the steroid backbone). 

Hydrogen Bond Formation 

For this simulation, the hydrogen bonding between mutual bile salt pairs was analyzed 

with the ghbond function of GROMACS using a cutoff distance of 0.35 nm and a cutoff 

angle of 30° (Figure 13). From these results, it appears that the hydrogen bonding 

contributes in the early formation of mutually hydrogen-bonded bile salt pairs, converting 

monomers to dimers during the simulation time period of 0 - 4 ns. For comparison 



33 

Figure 11 A) Three dimensional ball and stick structure of a single glycocholate 
molecule in one possible conformation. B) The solvent accessible surface of the 
molecule is calculated with a sphere radius of 0.14 nm. The cyan regions represent the 
hydrophobic solvent accessible surfaces while the red, white, and blue regions represent 
hydrophilic surfaces 
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Figure 12 The solvent accessible surface area for glycocholate over the first 6 ns of 
simulation. ( « . « » ) = total area, ( ^ ^ _ ) = hydrophobic area, and ( M M M ) = hydrophilic 
area 

purposes, if each of the 31 molecules in the simulation were to form a dimer through 

hydrogen bonding by alignment of all three hydroxyl groups this would correspond to a 

maximum hydrogen bonding number of about 90. This data coupled with visual 

observations of the early aggregation behavior in the simulation (shown in Figure 8) 

indicate the involvement of a variety of intermolecular interactions during formation of 

bile micelles. As a caveat, it should be noted that Figure 13, in addition to counting 

hydroxyl group paring, also accounts for hydrogen bonds formed between the hydrogen 

bonding sites of the aliphatic side chain as well. 
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Figure 13. Hydrogen bonds between mutual glycocholate bile salt pairs from 0-4 ns. 

Aggregate Microstructure 

The density distribution of atoms of interest in a cluster around some central point is a 

useful statistical measure of aggregate structure. The function g(r), or radial distribution 

function, is typically defined as the ratio of the local density at distance r from a centrally 

defined point to the mean system density (Widom 2002). For our purposes, to facilitate 

comparisons of micelle structure in systems of different total concentration, we simply 

report the mean number density p (r) as a function of distance r from the micelle's center 

of mass: 

2 , A 3/ p (r,r+A) = N(r,r+A)/[4 % (r
zA + rAz+A73)] (1) 
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where yV(r,r+A) is the time averaged sum of atom counts for the particular atom of interest 

in each concentric shell of thickness A originating from the center of the micelle, at a 

distance r, from the center of mass of each micelle. 

A summary of the local density variation data for systems [A] and [B] for some key 

atoms of interest is presented in Figure 14. The sampling time frame for this analysis is 

limited to the last 10 ns of trajectory from system [A] and system [B], and the analysis 

further excludes any aggregate less than 8 molecules in size. From these results, it is 

evident that glycocholate monomers adopt an orientation in the micelle that maximizes 

the distance of the hydrophilic, charged carboxyl group from the center of the micelle (~ 

1.1 nm). This orientation promotes interactions of the anionic tail group with polar water 

molecules in the bulk phase. From the close proximity to the center of the micelle (0.1 

nm), it is also apparent that the 18 P methyl group is buried in the hydrophobic core of 

the micelle aggregate. This suggests that the equilibrium structure of the bile micelles, 

similar to typical surfactant micelles, is largely determined by unfavorable hydrophobic 

contacts with the aqueous phase. As shown in Figure 14B, the relative locations of the 

maxima of the dilute simulation, system [B], closely resemble the distance patterns in the 

initial higher concentration simulation, system [A]. However, the curves for the 12 a 

hydroxyl oxygen and 19 P methyl carbon are broader and distributed further from the 

micelle core. 
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Figure 14 Density variation profile of selected atoms localized at given distance from the 
center of mass of the atom's respective micelle. A) 100 mM concentration glycocholate, 
final 10 ns B) 29 mM concentration glycocholate, final 10 ns 

The assembly of the mixed micelle in system [C] proceeded on a similar timescale as 

that of the pure glycocholate system [A]. Within 6 ns, the hydrocarbon chains of 4 of the 

oleate anions had penetrated between the glycocholate molecules toward the central 
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portion of the micelle. By 24 ns, seven out of the nine oleate anions had incorporated 

into the micelle (leaving two free fatty acid anions), and this level of incorporation was 

maintained over the final 12 ns of simulation. As expected, the inclusion of the oleate 

anions had the effect of swelling the micellar structure, increasing the average diameter 

of the micelle from 1.86 nm to 2.35 nm. The general arrangement of the equilibrated 

state, Figure 15, shows a propensity for the oleate anion to wedge between the peripheral 

bile salts into the interior core of the micelle surrounded by a hydrophobic network 

formed by the steroid backbone of the bile salts. On average, 4.9 sodium counterions 

were associated with the interface of the micelle (<0.9 nm from any point of the micelle) 

during the final 10 ns. 

The local density variation data in Figure 16 show the statistically calculated 

positions of various atoms of oleic acid and glycocholate in the mixed micelle over the 

last 10 ns of the 36 ns simulation. The data indicate that there is a well-defined layer of 

the most anionic functional groups, the carboxyl groups of glycocholate and oleate anion, 

at the outer boundary of the micelle. The near Gaussian shape of these curves suggests 

that the equilibrium position of these groups is relatively fixed in the micellar structure 

while the local density variation values for the 18th oleic acid carbon show a highly 

disordered, fluid interior of the micelle. Also shown in Figure 16 is a sketch of the 

proposed mixed micellar structure using the local density variation data as a guide. 
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Figure 15 A post-assembly snapshot of the glycocholate-oleic acid anion mixed micelle 
(t = 36 ns) shows that the acyl chains of the oleate molecules insert into the hydrophobic 
nucleus of the mixed micelle intersected by a network of bile salts slightly further from 
the core; the anionic carboxyl groups of oleate remain highly hydrated at the periphery 
of the micelle. For contrast, the glycocholate molecules are colored white, and the 
carbon chains of the oleate anion are red. The gold spheres represent the carboxyl 
oxygens of the oleate anion. Water is omitted for visualization. 

It should be noted that this is a two dimensional cross-section, and thus, it is not intended 

to fully recreate the three dimensional structural morphology of the micelle. Moreover, a 

stagnant view of the micelle may be misleading because the structure is in fact quite 

dynamic as indicated by the distribution of the local density profile. 



40 

Distance from center of micelle (nmj 

Figure 16 Local density of glycocholate and oleic acid atoms of interest and a schematic 
representation of a cross-sectional slice of the "ideal" mixed micelle orientation 
according to peak values of the density patterns over the last 10 ns of the 36 ns simulation 
[C]. The red colored 'A', orange colored point 'B ' and cyan colored point 'E' represent 
the 18th, 9th, and 1st carbon of oleic acid anion, respectively. On the glycocholate 
monomer, the green colored ' C and purple colored point 'D' represent the 12-a hydroxyl 
oxygen and tail group carboxyl carbon, resepectively. Note: This is a schematic model, 
and subsequently the steroid backbones of the glycocholate molecules are not drawn to 
scale in this sketch. 

Conclusions 

In summary, molecular dynamics simulations were applied to study the 

aggregation behavior of glycocholate, the bile salt, at two physiologically relevant 

concentrations, namely the concentration in gall bladder and the concentration in small 

intestine under fed-state. Additionally, colloidal species formed from the dissociated 

anion of oleic acid and glycocholate were investigated with the purpose of enhancing our 

knowledge of the in-vivo dispersion and solubilization patterns of oral lipid-based 

formulations. The data emerged from the simulations indicate the formation of small 
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bile salt aggregates with average aggregation number 8.5, driven both by hydrogen-

bonding and hydrophobic interaction among monomers. The glycocholate micelle under 

the concentration mimicking the fed-state small intestine environment demonstrates a 

packing pattern with the 18 [3 methyl group spatially oriented near the center of the 

micelle. The size of the micelle expands as oleic acid anions insert themselves into the 

previously formed glycocholate micelle. The interior of the mixed micelle displays fluid 

nature with a relatively disordered positioning of the hydrophobic sections of oleic acid 

in the core of the micelle. Furthermore, the dynamic process of bile salt micelle 

formation agrees with the model proposed by Mazer, and the structure of micelle when 

the system reaches equilibrium more closely resembles the aggregation model proposed 

by Small. 

The good agreement of the results with experimental values illustrate that MD 

simulations could serve as a valuable tool to study lipid-based formulations at a 

molecular level, thereby fostering our understanding on this important and timely subject. 

In the future, MD mixed-micelle models such as the one presented in this article could 

provide a means for estimating the micelle-water partition coefficient of designed drugs 

prior to synthesis. Coupled with aqueous solubility data, such information might support 

drug discovery programs by providing an early indicator of susceptibility to 

bioavailability enhancement by means of positive food effects or lipid-based formulation. 
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CHAPTER 3 

PREDICTION OF FOOD EFFECTS ON ORAL DRUG ABSORPTION BASED ON 

MOLECULAR DYNAMICS SIMULATION COUPLED WITH PHYSIOLOGICALLY 

BASED PHARMACOKINETIC MODELING 

Oral absorption issues have come into focus in the pharmaceutical industry in recent 

years because new active pharmaceutical ingredients (APIs) tend to present poor 

intestinal solubility, limiting their systemic exposure leading to low or erratic 

bioavailability. In this paper, a mathematical algorithm is presented for prediction of fed 

and fasted state passive absorption of orally administered drug compounds considering 

some of the key physiological changes of the postprandial gastrointestinal (GI) 

environment. A molecular dynamics simulation technique is employed to quantify the 

partitioning of drug between intestinal aqueous and the bile salt micellar phase using a 

single micelle model, and simultaneous diffusion of free drug and micelle bound drug 

across the aqueous boundary layer are considered when calculating permeation. A 

diffusion coefficient adjustment is applied to account for the viscosity changes in the bulk 

fluid motions of the small intestine after meal consumption. The passage of drug 

particles through the Gt tract is simulated by compartmental transit through a network of 

nine compartments comprising the stomach, small intestine, and colon. The drug 

42 
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absorption rate in the small intestine is formulated as a function of the combined 

permeability through the unstirred water layer and the epithelial membrane while 

considering the net unstirred water layer diffusion of both free monomer as well as 

micelle solubilized drug. The algorithm can be applied to forecast the fed to fasted 

absorption ratios of structurally diverse, orally administered drugs, and present 

predictions show agreement with existing experimental data for the selected drugs, 

danazol, griseofulvin, posaconazol, pleconaril, misoprostol, bromazepam, and aspirin (r2 

= 0.761) 

Introduction 

The extent of systemic exposure, or bioavailability, of an orally administered drug is 

related to various physicochemical properties and formulation variables that shape the 

pharmacokinetics of the drug in the body. Among these factors, it is especially common 

for oral bioavailability to be altered by the presence of food, a phenomenon often referred 

to as "food effect." Many new drug candidates possess erratic absorption resulting in 

considerable intra-and intersubject variability in bioavailability, particularly in 

relationship to simultaneous intake of food. Mechanisms by which food can influence 

oral bioavailability include changes in gastrointestinal pH, intestinal residence time, 

intestinal fluid viscosity, first-pass metabolism, as well as stimulation of biliary/ 

pancreatic secretions (Lentz 2008). When the absorption of a drug is found to be highly 

variable with concomitant food intake, therapeutic problems such as toxicity or lack of 

efficacy may be encountered depending on the drugs' targeted therapeutic window. 

Lately, these types of issues have been identified as the major source of clinical trial 
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failures, and so it has become especially valuable to quantitatively predict food-drug 

interactions during the early preclinical phases of the development process. Because 

experimental and animal models of bioavailability are costly and time-consuming, 

various computational models have been devised to predict mass transfer processes 

involved in gastrointestinal drug absorption; however, due to the inherent complexity of 

the GI environment, accurate and quantitative modeling of the fed vs. fasted state 

absorption processes still remains a significant challenge (Andrews, Bennett et al. 2000; 

Burton, Goodwin et al. 2002). 

Generally speaking, a drug is said to have a positive food effect when co

administration with a meal increases the area under the plasma concentration vs. time 

curve (AUC) while a drug is defined as exhibiting negative food effects if the co

administration of food decreases the AUC. It has been suggested that the direction of the 

food effect, positive or negative, can be predicted by the solubility and permeability as 

described by the Biopharmaceutics Classification System (BCS). Recently, Gu et al. 

demonstrated that food effects are prominent for the solubility limited, BCS class II, and 

permeability limited, BCS class III, drugs with 71% of BCS class II drugs showing 

positive food effect and 61% of BCS class III drugs exhibiting negative food effect (Gu, 

Li et al. 2007). The fact that food elicits higher bioavailability in BCS class II drugs is 

perhaps not a surprising statistic given that it is well documented that the micellar content 

of the fed state gastrointestinal milieu frequently increases drug solubility (Dressman, 

Vertzoni et al. 2007; Jantratid, Janssen et al. 2008; Vertzoni, Diakidou et al. 2010). For 

this same reason, lipid-based drug delivery systems have gained interest in recent years as 
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an alternative formulation approach to enhance the bioavailability and mitigate food 

effects for highly lipophilic compounds (Hauss 2007; Porter, Trevaskis et al. 2007; 

O'DriscoU and Griffin 2008). Among other factors, negative food effects in permeability 

rate-limited drugs might be ascribed to elevated luminal viscosity which can slow drug 

diffusion from the intestinal lumen to the absorbing membrane (Reppas, Eleftheriou et al. 

1998; Fleisher, Li et al. 1999). This effect has previously been observed for the drugs 

bidisomide, fuurosemide, and chlorothiazide (Mizuta, Kawazoe et al. 1990; McCrindle, 

Li Kam Wa et al. 1996; Pao, Zhou et al. 1998). Hence, any model aimed at successfully 

predicting the magnitude of oral absorption of drugs with respect to food intake must 

properly take such details into consideration. 

In this chapter, a mathematical model of oral absorption is formulated based on 

extension of a previously described compartmental absorption and transit (CAT) model 

set forth by Yu and Amidon (Yu, Lipka et al. 1996; Yu and Amidon 1999). The basic 

CAT model predicts intestinal absorption and takes into account the flow of the drug 

through the digestive tract, which is divided into a set of compartments. In the present 

work, the specific objective is to evaluate the feasibility of adapting this model for 

predicting the fed/fast absorption ratios using a structurally diverse set of drugs. The 

algorithm proposed in this chapter simultaneously considers the dissolution, passive 

absorption, and transit of drug particles in the human small intestine and is refined to 

accurately depict the bile salt micellar solubilization of drugs and viscosity effects of 

meals. As with the CAT model, compartmental transit of the dosage is simulated through 

a virtual gastrointestinal tract consisting of nine compartments: 1 for the stomach, 7 for 
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the small intestine, and 1 for the colon. Mixed-micelle solubilized drug, as determined 

by a molecular dynamics (MD) simulation method, is treated as a separate pseudo-

compartment. Thus, the potential food effect on bioavailability (accounting for the 

fed/fast bioavailability ratio) is assessed by integration of the rate equations for 

dissolution, absorption, and transit over finite intervals and then summing the amount 

absorbed over the simulated 24 hour time course. 

Theory 

The Diffusion Equations for Absorption and Dissolution 

In order for an orally administered drug to reach systemic circulation, it must first 

solubilize in the GI fluids and then diffuse through the intestines' apical brush border 

barriers of absorption. In a simple picture of interfacial mass transfer, the absorption 

event can be described by a film theory approach. The concepts needed to describe mass 

transport in such an approach are explained in a number of detailed sources (Sinko and 

Martin 2006; Cussler 2009), but summarized briefly in this section. To begin, according 

to Fick's law, the linear flux per unit area, J, across a thin film at steady state is 

proportional to the effective permeability coefficient and the concentration gradient 

normal to the barrier, 

J = peff x (CGI - Cbiood) (eqtn. 1) 

where CGI is the solubility in the GI fluids expressed as the sum of the bile micelle 

solubilized plus monomer concentration of drug in the GI tract and Cbiood is the 
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concentration in the blood. Assuming the final blood reservoir to be sink conditions, 

(Cbhod, is ~ 0) equation 1 simplifies to the following: 

J = peff x CGI (eqtn. 2) 

The "steady state" flux is related to the time dependent rate of disappearance of the drug 

by adjusting for the volume to surface area coefficient to correct for the availability of the 

drug at the interface: 

T V d C G > < . ^ 

J = — x (eqtn. 3) 
S dt 

where V is the volume of the segment of the small intestine and S is the surface area of 

the segment. By combining equations 2 and 3 and rearranging for dCci/dt the following 

relationship is produced: 

= — x Peff x CGI (eqtn. 4) 
dt V 

Here, the S/Vx Peff coefficient is numerically equivalent to the first-order disappearance 

rate constant, Ka. Upon substituting the term Ka for this coefficient and integration of the 

expression with respect to time, the concentration of drug remaining in the instestinal 

segment, CGI, final, after some time interval, t, is obtained: 

CGI, fmai = CGI, inmai x e~ ax (eqtn. 5) 
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As mentioned, the effective permeability coefficient, Peff, is converted to a first order 

absorption rate constant, Ka< by scaling via the surface area to volume ratio of the small 

intestine segment. Assuming a perfectly cylindrical shape, the adult small intestine 

would possess an absorptive S/V ratio of approximately 1.33. However, the small 

intestine is, in fact, not cylindrical but somewhat flatter in shape, and it is believed that 

the intestinal S/V ratio is closer to 2.2 for this shape (Sugano 2009). The actual intestinal 

absorptive surface area is further expanded approximately 400 fold (Hu and Li 2011) by 

the presence of folds, surface villi and microvilli, so this amounts to a net S/V ratio of 

approximately 880. Furthermore, the effective surface area also depends upon the 

specific absorption properties of the drug such as the aqueous diffusion coefficient and 

membrane permeability. For example, a drug that is absorbed more slowly may have a 

higher net absorptive surface area since it will travel further down the villus compared 

with a drug that is absorbed more quickly. The effective surface area in the present 

analysis is thus a dynamic parameter corrected by the intestinal membrane accessibility 

coefficient according to Oliver's method (Oliver, Jones et al. 1998). 

Similar to absorption events, the extent of solubilization is determined by a diffusion 

layer model according to the familiar Noyes-Whitney relationship (Dokoumetzidis and 

Macheras 2006), 

dCa Deff x A x (G - CGI) 

at L 
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where Deffis, the effective aqueous diffusion coefficient of the drug, A is the time 

dependent surface area of the undissolved drug particles, Cs is the saturation solubility in 

bile micellar media, and L is the thickness of the diffusion layer adjacent to the dissolving 

drug surface assumed to be equivalent to the particle radius (Okazaki, Mano et al. 2008). 

In order to calculate the particle surface area, the undissolved drug is assumed to be a 

mono-disperse population of spherical particles with a density of 1.2 g/cm3 and an 

average particle size diameter of 25 )a,m (Johnson and Swindell 1996). The fluid volume 

for dissolution is set to 250 mL which is the typical fluid volume administered in food 

effect bioavailability studies (FDA 2002). 

Calculation of Effective Permeability coefficient, Peff 

The uptake of drugs by the enterocytes is a function of the effective permeability 

across the unstirred water layer as well as epithelial membrane lining the small intestine. 

The relationship is analogous to that of electrical resistance: According to Ohm's law, the 

effective resistance to drug diffusion, Reff, is additive for the series of barriers: 

Re/f = RUWL + Rep (eqtn.7) 

where Ruwi is the resistance afforded by the unstirred water layer overlying the microvilli 

and Rep is the resistance of the epithelial membrane boundary (Sinko and Martin 2006; 

Cussler 2009). Since permeability is defined as the inverse of the diffusion resistance, 

this equation can be expressed as the reciprocal of the effective permeability, Peff. 

— = —*— + — (eqtn. 8) 
Peff PuWL Pep 
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or by rearranging, 

Peff = (eqtn. 9) 
, ruwL 

It is widely believed that only the fraction of the solubilized drug which is not 

sequestered by bile micelles is available to freely diffuse through the microvilli of the 

intestinal epithelial cells due to the larger size of micelles relative to free molecules 

(intact micelle absorption can at least be considered numerically negligible for our 

purposes). Therefore, in the present model, since CGI is defined as the sum of the bile 

micelle solubilized plus monomer concentration of drug, the above Peff equation is 

modified accordingly: 

VWL , , - , n . 

— (eqtn. 10) i PuWL 

Pep X fmon° 

where the termfmono is the fraction of the drug in the free monomer form. The value for 

the epithelial membrane permeability, Pep, is a function of the lipophilicity of the 

compound (Artursson and Karlsson 1991; Yazdanian, Glynn et al. 1998). For this model, 

the following empirical relationship, established by Avdeef et al., is used to calculate Pep 

Pep = 236xl0-6xpoct-
U0 (eqtn.ll) 

where Poct represents the octanol-water partition coefficient (Avdeef, Artursson et al. 

2005). This value was determined using the average calculated logP value of previously 
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established structure activity relationships obtained by the ALOGPS program available 

online (Tetko and Tanchuk 2002). 

In addition to transport by molecular diffusion, drug mass may also be transported 

across the unstirred water layer by bulk convection. Therefore, the net permeability of 

mass transfer across the UWL consists of the sum of both molecular flux and convective 

flux vector: 

„ DuWL,eff „ / A i<i \ 

PUWL = r ^ + Pc (eqtn. 12) 
h 

where DuwL.eff^ the effective unstirred water layer diffusion of the drug, h is the height 

of the unstirred water layer, and Pc is the permeability by water convection. Sugano's 

values of 300 um for the height of the unstirred water layer and 0.23 x 10"4 cm/s for 

permeability by water convection were used in this study (Sugano 2009). 

Calculation of Fraction of Drug in the Monomer Form, fmono 

In this model, drug-micelle binding is calculated by molecular dynamics (MD) which 

can provide an effective "atomic microscope" into the workings of surfactant-based 

systems (Faeder and Ladanyi 2000; Marrink, Tieleman et al. 2000; Tieleman, van der 

Spoel et al. 2000; Marrink and Mark 2002). To perform these calculations, a single 

simulated mixed-micelle composed of oleic acid, a typical lipid digestion product, and 

glycocholate, a common bile salt, at 30 mM concentration was equilibrated in a cubic 

MD simulation cell with side length of 8 nm. Previous work established that the critical 

micelle concentration and aggregation number of this system correspond to the known 

experimental values for bile salt micelles, and the details of this method are described 
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extensively in this previously published paper (Turner, Yin et al. 2010). After self-

assembly of the mixed-micelle components, the drug was added to the system, and a 12 

ns simulation was performed. The simulated molar solubilization ratio (k) for the 

particular drug was determined as the average number of drug molecules bound to the 

micelle surface or solubilized in its interior (within a 0.9 nm distance cutoff) divided by 

the number of surfactants in the simulation and the aqueous concentration of the drug, 

over the final 6 ns of the simulated trajectory. It is known that above the critical micelle 

concentration (CMC), the solubilization of a solute increases proportionally with 

surfactant concentration because the solubility of a solubilized drug is linearly related to 

the number of micelles present (Pouton and Porter 2008). Furthermore, we assume that 

the amount of micellized drug is linearly proportional to the aqueous drug concentration. 

Therefore, given the aqueous solubility of the drug Aqso\ collected from various literature 

resources (Dollery 1999; O'Neil 2001; Ran and Yalkowsky 2001; Chen, Cho et al. 2002; 

Usansky and Sinko 2005; Yalkowsky, He et al. 2010) we find the concentration of drug 

in the micelle compartment Mso\ above the CMC: 

Msol =kx Aqsol x Scon (eqtn. 13) 

with Scon the surfactant concentration determined from the biorelevant number of 

micelles present for fed state and fasted GI conditions in the various intestinal 

compartments (Jantratid, Janssen et al. 2008) and k the partition coefficient determined as 

above from molecular simulations. The following free monomer to micelle solubilized 

ratio is assumed to hold: 



53 

f = ^ ^ = (eqtn. 14) 
J mono A , j r 1 , 7 o v^-M"-""* *-^J 

Msol + Msol l + kxSco„ 

where k is the equilibrium distribution coefficient. Aqsoi is the experimental 

aqueous solubility of the drugs. Therefore, the molar solubilization ratio values were 

scaled to the biorelevant number of micelles present for fed state and fasted GI conditions 

in the various intestinal compartments (Jantratid, Janssen et al. 2008). This was applied 

consistently for all tested compounds. 

Determination of Aqueous Diffusion Coefficient, DUWL, eff 

According to the Stokes-Einstein equation, the diffusion coefficient of any given solute 

varies inversely with the solute radius, Rh,and viscosity, n, of the solvent: 

D = -^ZL (eqtn. 15) 
6nnRh

 v ^ ' 

where &g is the Boltzmann constant and T is the absolute temperature. The effect of 

solute radius on aqueous diffusion can be approximated by the molecular weight (MW) of 

the solute according to the empirical formula originally described by Avdeef (Avdeef, 

Nielsen et al. 2004): 

Log Dm0no = " 4 . 1 1 3 - 0.4609 xLog(MW) (eq tn . 16) 

where Dmono is the diffusion coefficient of the free drug. In later work, Sugano 

recommended applying a scaling factor of 1.41 in such calculations to account for the 

differences in water viscosity between 25 and 37° C (Sugano 2009). In a similar manner, 

the increased viscosity of intestinal contents after meals can also diminish the apparent 
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diffusion coefficient as a result of increased drag forces. So, in this study, the diffusion 

coefficient was further scaled by a factor of 10,000 from the fasted to fed to match the 

experimentally measured viscosity ratio between aqueous media and solid meal 

homogenates representative of the fed state GI environment (Carver, Fleisher et al. 1999). 

Moreover, due to increased hydrodynamic radius in solution, bile micelle bound drug 

will diffuse slower than free monomer drug. Thus, the effective diffusion coefficient is a 

weighted average of the monomer diffusion coefficient and micellar diffusion coefficient: 

DuWL,eff ~ Dmono X J mono + D mic X Jmlc (eqtll. 17) 

where the fraction of the drug in the micelle, fmic, is, 

fmic = 1 - fmono (eqtll. 18) 

The diffusion coefficient for the micelles, Dmic, is a function of the average radius of the 

micelle. In this study, 0.36 x 10" for fasted state micelles and 1.05 x 10" for fed state 

micelles was used (Okazaki, Mano et al. 2008). 

Transit Through the GI Tract 

As illustrated in Figure 17, the gastrointestinal tract is divided into nine segments 

corresponding to the stomach, small intestine, and colon. In this compartmental style 

model, the flow in the small intestine is described by seven compartments, where drug 

transfer from one compartment to the next follows first-order kinetics. Similarly, gastric 

emptying also follows a first-order process where the half-life of contents in the stomach 

is 10 and 30 minutes for the fasted and fed states, respectively. Here, the colon 
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absorption is considered negligible and so the colon is considered only as a reservoir for 

intestinal flow. Each small intestine compartment contains an individual absorption rate 

constant that determines the drug's exit from the small intestine into systemic circulation 

(calculated as described above). 

Figure 17 A "CAT" absorption model which utilizes compartmental transit of the 
dosage particles through a virtual GI tract 

Results and Discussion 

Algorithm Implementation and User Interface 

Numerical integration of the rate equations was performed over finite intervals of 0.1 

min. The simulation program was scripted in-house utilizing a Microsoft Excel Visual 

Basic Application (Microsoft Corporation, Redmont,WA). A screenshot of the final 

graphical user interface is shown below in Figure 18. The user form in the image shows 
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the required inputs to calculate theoretical absorption. These inputs include the logP, 

particle size (default = 25 um), molecular weight, expected dose, aqueous solubility, 

monomer % from MD simulation (details described above in theory section), and number 

of drug molecules initially added to MD simulation micelle system. A lookup function 

was added to auto fill these inputs for a library of known drugs, and a fed state / fasted 

state toggle was programmed. Figure 19 shows the programmed mass transit function. 

Comparison of Fasted State Absorption for Known Drugs 

Before analyzing bioavailability food effects with the model, fasted state absorption 

was calculated for several drugs and compared to published values to assess the basic 

feasibility of the underlying model. To evaluate the model, twenty-four pharmaceutical 

compounds (Table 1) were selected as test compounds based on the availability of their 

aqueous solubility data, logP, and reported fraction absorbed (Fa) in humans in the 

literature (Dollery 1999; O'Neil 2001; Ran and Yalkowsky 2001; Chen, Cho et al. 2002; 

Usansky and Sinko 2005; Yalkowsky, He et al. 2010). The model predicted Fa values 

were similar to the experimental values for both extensively and poorly absorbed drugs. 

The linear regression of predicted versus experimental Fa values (Figure 20) showed 

reasonably good correlation (r2 = 0.8). The residuals between predicted and experimental 

Fa were found to be from 0 to 60%> with an average of 9.1%> (Figure 21). The residual test 

results demonstrate that the model is adequate for prediction of Fa and that the basic 

assumptions of the model were met for most test compounds for fasted state absorption. 
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Figure 18 The figure shows the Graphical User Interface (GUI) for the oral absorption 
algorithm programmed in Microsoft Visual Basic. The GUI was programmed to input 
the parameters into the appropriate fields in the Excel spreadsheet to perform the fed and 
fasted state absorption calculations. Input parameters include the drug name, logP, mean 
particle size (micrometers), molecular weight (g/mol), expected dose (mg), aqueous 
solubility (mg/ml), monomer percentage taken from the MD simulation analysis, and 
number of monomer drug molecules added to the MD simulation prior to the simulation 
beginning. In addition, a lookup function can be used to retrieve these values for drugs 
with values hard coded into the spreadsheet. 

Parameter Sensitivity Analysis: Micellization in Relation to Food Effects 

Determining the oral absorption rate-limiting step for a new drug and properly 

addressing any underlying limitations is a critical step to ensure clinical success of the 

agent. The present model not only allows for approximation of absolute exposure values, 

but also the estimated change in exposure with altered input values. Sensitivity analysis 
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Figure 19 A graphical representation of the CAT mass transit function: percentage of 
unabsorbed dosage in various compartments vs. time after administration. 

Table 1. Structurally diverse set of drugs, their associated model inputs, and actual 
clinical fraction absorbed data 

Drug Name 
Acetyl Salicylic Acid 

Acyclovir 

Atenolol 
Caffeine 

Chlorothiazide 
Diazepam 

Hydrocortisone 
Hydrochlorothiazide 

Ibuprofen 
Imipramine 
Mannitol 

Meloxicam 
Methotrexate 

Naproxen 
Nevirapine 
Phenytoin 
Pindolol 

Piroxicam 
Propranolol 
Quinidine 
Saquinavir 

Sulfasalazine 
Valproic acid 
Zidovudine 

cLogP 
1.35 
-1.2 

0.718 
-0.02 
0.08 
2.95 
1.44 
-0.07 
3.97 
4.8 
-2.2 
3.43 
-1.85 
3.18 
2.37 
2.47 
1.75 
3.06 
3.48 
3.44 
3.38 
-0.42 
2.75 
0.05 

MW 
(g/mol) 
180.16 
225.21 

266.34 
194.19 
295.72 
284.75 
362.47 
297.74 
206.29 
280.42 
182.17 
351.41 
454.45 
230.27 
266.31 
252.28 
248.33 
331.35 
259.35 
324.43 
670.86 
398.4 
144.22 
267.25 

Dose (g) 
325 
200 

50 
50 

500 
6 

20 
12.5 
200 
75 
635 
7.5 
5 

500 
200 
200 

5 
10 
40 
100 

1000 
1000 
250 
300 

Aq. Sol. 
(mg/ml) 

3.215 
1.4 

0.0135 
13.8 

0.2827 
0.042 

0.2811 
0.5946 

0.03637 
0.0182 
209.2 

0.01742 
1950 
0.016 

0.1 
0.032 
0.033 
0.084 
0.031 
0.036 

0.0358 
0.01 
1.3 
302 

Fraction 
Absorbed 

100 
15 

45 
100 
10 
93 
89 
90 
61 
68 
7 
89 
17 
95 
90 
85 
73 
100 
26 
75 
12 
13 
100 
65 
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of the relevant controllable parameters, such as the drug's particle size, dose, solubility, 

and micellization can help in choosing lead candidates or define the clinical formulation 

strategy. The micellization sensitivity analysis surface plots below in Figure 22 for the 

BCS II (high permeability, low solubility) drugs celecoxib and griseofulvin illustrate how 

the act of micellization alone can trigger significant changes in absorption of such 

lipophilic compounds. Here the simulated micelle-associated fraction of the drugs was 

forced to certain values and the fed/fasted absorption ratio was the measured output. The 

data shows that the model predicts positive food effects for both of these BCS II drugs 

(ratio > 1) at lower micellization ratios with a maximum positive food effect between 10-

20% micellization. Such positive food effects can be anticipated for many BCS II drugs 

because GI micelles act as a hydrophobic reservoir delivering higher quantities of 

lipophillic drugs to the brush border epithelial membrane where the free drug can be 

absorbed upon dissociation from the micelle (Jones, Parrott et al. 2006). At the same 

time, intercalation of the drug molecules within the micelles (which have a significantly 

larger hydrodynamic radius) can potentially decrease the diffusion rate to the epithelial 

membrane and in some cases decrease the free fraction of the drug available for diffusion 

through the membrane. The downward slope of the surface plot (as micellization % 

increases above 10%) illustrates this phenomenon. Thus, the specific equilibrium ratio 

between micellar and free monomer form drug is a critically important parameter in 

determining GI absorption. 
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Figure 22. Parameter sensitivity analysis of micellization (fed and fasted states) in 
relation to the food effect response for A) celecoxib and B) griseofulvin 

Prediction of Food Effects 

Food effects related to drag-micelle partitioning are challenging to predict based upon 

simple physicochemical parameters such as logP. For example, the clogP for 

griseofulvin and celecoxib is 2 and 3.51, respectively. The data in Figure 21 above 



shows that the relative magnitude of the positive food effect is greater over the entire 

response surface for celecoxib compared to griseofulvin, however the actual clinical food 

effect for griseofulvin and celecoxib are 1.58 and 1.15, respectively. In agreement with 

the actual clinical data, the present model accurately predicts a larger food effect for 

griseofulvin compared to celecoxib. The reason for this is that the MD micelle model 

predicted a higher micellization for celecoxib compared to griseofulvin which ultimately 

reduced the permeability of celecoxib by decreasing the apparent diffusion coefficient 

(Figure 23). involvement of other processes (i.e. first pass metabolism) or absorption 

route(s) that are not accounted for by the current model (i.e. active transport 

mechanisms). It is obvious that despite the inability of the model to account for 

involvement of other processes (i.e. first pass metabolism) or absorption route(s) (i.e. 

active transport mechanisms), the intricate interplay between dose, micellization, and 

dissolution/permeation kinetics in the end is a major determinant in the total amount of 

oral absorption. 
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Figure 23 The predicted fed/fast ratio vs. the actual fed/fast ratio 
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Reduction of positive food effect can be achieved through chemical modifications of 

the drug compound during lead optimization. However, formulation approaches to 

modify absorption are an attractive alternative because this avoids potentially changing 

the pharmacophore region of the molecule that determines the efficacy of the compound. 

As evidenced here and in the literature, the primary instigator of positive food effects for 

BCS II drugs is changes in dissolution kinetics between fasted and fed state conditions. 

A generally applicable formulation approach to enhance the absorption of low solubility 

compounds that are dissolution rate limited is to reduce the drug particle size which 

effectively increases the available surface area of the undissolved particles. Shown in 

Figure 24, the model predicted fed/fast absorption ratio is evaluated in relation to the 

drug particle size for celecoxib and griseofulvin. At particle sizes below 20 urn, 

celecoxib is predicted to have a slight negative food effect whereas griseofulvin shows a 

slight positive food effect. At 40 um, the estimated food effects are similar for the two 

drugs, and above 40 am celecoxib shows a larger food effect. Obviously, the food 

effects are related to the particle size of the formulation because particle size has very 

direct effect on dissolution kinetics, but this example illustrates the difficulty in assessing 

the magnitude of change related to the particle size. The practical use of this feature is 

that in silico screening of particle size could lead to better selection of lead candidates 

with respect to reducing food effects. Also, another promising use is determination of the 

optimal particle size as well as particle size limits for first-in-human trials. This type of 

tool could potentially save valuable resources and time during formulation development. 
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to formulation particle size 

Conclusions 

Predicting intestinal absorption during the early phases of drug discovery and lead 

optimization can help prevent costly clinical level mistakes discovered further down the 

road. In the present study, a novel absorption kinetic model that links traditional 

pharmacokinetic and mass transport models with MD simulation was developed. We 

have described how drug-micelle partition is a key parameter influencing both the 

solubility as well as the permeability of orally dosed drugs. The data illustrates that MD 

simulations can be useful in explaining the partition of the drugs to micellar phases 

produced from lipolytic products during the digestion of dietary lipids. Despite the 
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inability of the current model to account for metabolic or active transport processes, the 

present work demonstrates that MD approaches coupled with mechanistic gastrointestinal 

absorption models can be useful to help estimate pharmacokinetic "food effects" for 

orally administered drugs. 
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CHAPTER 4 

NEAR-INFRARED IMAGE-GUIDED DELIVERY AND CONTROLLED RELEASE 

OF ANTICANCER AGENTS USING NEW THERMO SENSITIVE LIPOSOMES 

Thermosensitive liposomes are an appealing tool for site-specific release of 

therapeutic agents, and accordingly, have garnered a great deal of interest in oncology 

drug delivery. In a typical clinical treatment with thermosensitive liposomes, localized 

radiofrequency or microwave radiation produces mild hyperthermia in the vicinity of the 

tumor at some designated time after administering the formulation. The resultant heat 

induces release of the entrapped chemotherapeutic agent by enhancing membrane 

permeability when the liposome bilayer undergoes a gel-to-liquid crystalline phase 

transition. One apparent limitation of this design lies in the fact that liposome 

accumulation in the tumor may vary drastically among different patients and/or different 

types of targeted tumor tissues. It is therefore unknown if the drug released from 

liposomes at the tumor site reaches the necessary minimum effective concentration, and 

this may obviously compromise the general use and efficacy of the treatment. In order to 

eliminate this uncertainty, appropriate drug monitoring mechanisms are needed. Hence, 

this research deals primarily with development of a near-infrared (NIR) fluorescent 

liposome delivery technology with the eventual goal of using real-time NIR images to 

quantify biodistribution patterns as well as accumulation and release encapsulated 

chemotherapeutic drugs (i.e. doxorubicin) from the formulation. It is foreseeable that 
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image-guided drug delivery with non-invasive NIR technology could help clinicians 

decide the initiation and duration of hyperthermia and provide instant feedback regarding 

the amount and release of the chemotherapeutic agent in the tumor site. Consequently, 

treatment regimens could be optimized on a case-by-case basis for individual patients. 

While the overarching goal of this project is development of a liposome NIR imaging 

system, a secondary goal is to design a stable, temperature-sensitive liposome 

formulation resistant to the RES uptake in vivo by testing non-traditional surface 

coatings, such as dextran, and evaluating in vitro and in vivo parameters compared to the 

conventional PEG coatings. Given the unique physicochemical and biological properties 

of dextran, we speculated that dextran-coating could impart favorable stability and 

biocompatibility characteristics to thermosensitive liposomes. The ensuing chapter 

contains an explanation of the design rationale as well as current and future planned 

evaluations of NIR image-guided delivery using PEG and dextran-coated thermosensitive 

liposomes. 

Introduction 

"Thermosensitive" liposomes composed of phospholipids that undergo a heat 

activated gel-to-liquid crystalline phase transition slightly above body temperature 

constitute ideal drug carriers for tissue targets that are easily accessible to artificially-

induced hyperthermic conditions. During a liposome membrane phase transition, the 

encapsulated contents are subject to rapid release owing to an increase in vesicle 

permeability resulting from disordering (or "melting") of the hydrocarbon tails within the 

bilayer. Such temperature responsive liposomes are appealing as a tool for site-specific 
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release of therapeutic agents, and accordingly, have garnered much attention in the area 

of oncology drug delivery research (Gaber, Wu et al. 1996; Ishida, Maruyama et al. 2000; 

Kong, Anyarambhatla et al. 2000; Needham, Anyarambhatla et al. 2000; Ponce, 

Vujaskovic et al. 2006). However, several issues potentially limit their successful 

clinical application for cancer treatment including, 1.) hyperthermia induced necrosis in 

surrounding healthy tissue during extended treatment intervals at temperatures at or 

exceeding 42 °C,(Meyer, Shin et al. 2001; Dewhirst, Viglianti et al. 2003) 2.) rapid 

degradation of the liposomes by the reticuloendothelial system which can prevent the 

drug from ever accumulating at the intended site,(Juliano and Stamp 1975; Klibanov, 

Maruyama et al. 1990) and 3.) drug contents and temperature sensitive membrane 

components that shed from the liposomes prior to the reaching the site of action thereby 

impairing the eventual therapeutic effect (Allen and Cleland 1980; Banno, Ickenstein et 

al. 2010). An ideal thermosensitive liposome formulation would be capable of retaining 

the drug while it circulates in the body, yet release sufficient amount of the drug in the 

region of interest to instantly achieve the clinically relevant concentration. With this in 

mind, the present research outlines a systematic study of the thermotropic and cellular 

level behavior of several prototype thermosensitive liposomes with the purpose of 

mitigating these barriers for successful clinical treatment. 

One of the primary investigative tools in designing successful temperature responsive 

liposomes is differential scanning calorimetry (DSC). DSC provides a sensitive probe to 

detect changes in molecular packing during the heating of thermosensitive liposomes by 

monitoring the heat flow during transition of the lipid bilayer from a relatively ordered 
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state, below the transition temperature, to a more fluidlike state in the "liquid-crystal" 

phase corresponding with an increase in trans to gauche conformational changes in the 

lipid chain carbon-carbon bonds. The DSC plots of heat capacity vs. temperature can 

reveal important parameters regarding the onset temperature of the phase transition (T0), 

the main phase transition temperature (Tm), as well as the enthalpy associated with the 

phase transition (AH). Invariably, thermal events such as a phase transition occur over a 

range of temperatures so analysis of the width of the transition is also useful. To 

complement the DSC studies in this chapter, in vitro release profiles of the prototype 

thermosensitive formulations were evaluated using a model hydrophilic drug, calcein 

(which is also a fluorescent dye). The fluorescence self-quenching properties of calcein 

when encapsulated at higher concentrations allow it to serve as a diagnostic marker of 

release from the aqueous interior compartment of the liposomes. In this work, the focus 

for these particular studies lies in using DSC results and the formulations' performance 

during the release studies to choose a stable formulation. 

The precise temperature at which phase transition occurs is related to structural 

features and interactions of the lipids contained in the bilayer. Shorter chain length and 

more carbon-carbon double bonds will decrease the Tm whereas vesicles with longer, 

fully saturated lipids tend to have higher Tm. The familiar lipid, 

dipalmitoylphosphatidylcholine (DPPC), was chosen as the foundation for all of the 

present formulations because its vesicle characteristics are well established, and because 

phosphocholines, prevalent in biological membranes, are safe and biocompatible 

(McConlogue and Vanderlick 1998). Also important, DPPC undergoes phase transition 
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just above body temperature at roughly 41.5-41.9 °C,(Mills and Needham 2005) making 

it an excellent candidate for temperature-controlled release. A review of the current 

literature on thermosensitive liposomes reveals that pure DPPC vesicles have a 

propensity to have sharper transitions, and the permeability at the phase transition can be 

enhanced by incorporating a second lipid into the membrane (Gaber, Hong et al. 1995; 

Ulrich 2002; Mills and Needham 2005). Upon heating a liposome, both gel and liquid-

crystalline domains coexist in the membrane, creating partially melted boundary regions, 

and secondary lipids are thought to partition into the grain boundary regions to stabilize 

liquid crystalline pores in the bilayer.(Needham and Dewhirst 2001) Needham et al. 

showed that including a small percentage of the lysolipid 

monopalmitoylphosphatidylcholine (MPPC) enhances permeability and lowers transition 

temperature compared to pure DPPC-only vesicles (Kong, Anyarambhatla et al. 2000; 

Needham, Anyarambhatla et al. 2000). However, lysolipids, such as MPPC, have higher 

water solubility than traditional phospholipids and thus can potentially desorb from the 

bilayer or transfer to biological membrane pools in vivo, likely resulting in loss of 

temperature-sensitivity and premature drug release. Other authors have investigated 

combining DPPC with various other lipids, including SoyPC, DSPC, and lyso-

palmitoylPC. In this work temperature-sensitive formulations of DPPC containing either 

MPPC or SoyPC as a secondary co-lipid are investigated. 

A major barrier for any nanosized delivery vehicle is avoiding the body's natural 

defense systems. The majority of liposomes are rapidly eliminated from systemic 

circulation by macrophage cells of the reticuloendothelial system (RES) (Hsu and Juliano 
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1982; Allen and Chonn 1987). In the bloodstream, liposomes interact with lipoproteins 

and opsonins. The former interaction involves lipid exchange, which eventually leads to 

breakdown of the liposome or potentially compromises the response of a thermosensitive 

formulation (Du, Chandaroy et al. 1997). Opsonisation, or adsorption of 

macromolecules, such as immunoglobulin, is a part of the body's defense mechanism. 

The marked invaders are taken up by macrophages specialized in eliminating foreign 

particles from the circulation. To overcome these obstacles, polyethylene glycol (PEG) 

conjugated lipids were developed and have become the standard liposome surface coating 

in what are known as "stealth" liposome formulations (Klibanov, Maruyama et al. 1990). 

PEG is thought to stabilize liposomes by creating a hydration shell around the vesicle 

while also providing a steric barrier against cellular and protein interactions (Torchilin, 

Omelyanenko et al. 1994). However, despite the success stories, PEGylated liposomes 

have also recently been shown to induce production of PEG specific antibodies which 

can lead to loss of liposome stability after multiple dosages of the formulation.(Dams, 

Laverman et al. 2000; Bendas, Rothe et al. 2003; Sroda, Rydlewski et al. 2005; Ishida 

and Kiwada 2008) Since the discovery of PEG coating, the search for alternative surface 

coatings has yielded many potential candidates including polyvinylpyrolidone, 

polyglycerols, methyl and ethyl polyoxazolines, and dextran (Senior, Delgado et al. 1991; 

Torchilin, Omelyanenko et al. 1994; Torchilin, Shtilman et al. 1994; Unezaki, Maruyama 

et al. 1994; Woodle, Engbers et al. 1994; Zalipsky, Hansen et al. 1996). Dextran (DEX) 

is an example of a naturally occurring, biocompatible polysaccharide consisting of linear 

(1^-6)—D-glucose chains with branches extending mainly from (1—>3) and occasionally 
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from (1—»4) or (1—*2) positions. Because of the branching connectivity, DEX polymers 

with molecular weight greater than 10,000 Da have more of a globular morphology 

compared to that of a non-branching polymer (such as PEG). Earlier investigations 

suggest that dextran coating on liposomes prolongs the lifespan of liposomes in 

circulation, presumably due to the high hydrophilicity and inertness (Pain, Das et al. 

1984). More recently, it was discovered that dextran coating may accelerate drainage of 

liposomes through lymphatics back to systemic circulation, which in turn can drive the 

biodistribution and pharmacokinetics of liposomes in a more desirable fashion for cancer 

therapy (Feng, Zhang et al. 2010). Based on these prior findings, in the ensuing studies, 

both PEG and DEX coated liposome formulations are evaluated for stability, circulation 

kinetics, and morphology using several DPPC-based temperature-sensitive liposome 

formulations. 

In a clinical setting, it is imperative to ensure that therapeutic levels of chemotherapy 

agents are delivered to the site of action. This is especially important for more complex 

delivery approaches which rely on external triggers. Recent advances in molecular 

imaging and nanotechnologies have led to the development of nanocarriers capable of 

delivering imaging contrast agents and therapeutics concomitantly, thereby permitting the 

study of drug-tumor interaction, biodistribution, as well as pharmacokinetics and 

pharmacodynamics. Fluorescence-based in vivo imaging in the near-infrared (NIR) 

spectral window has proven particularly beneficial for this purpose, due to an outstanding 

signal-to-noise ratio and rather deep tissue penetration which can be attributed to the low 

photon absorption of endogenous biomolecules in the range of 650-1000 nm wavelength 
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(NIR spectrum) (Ghoroghchian, Therien et al. 2009; Hilderbrand and Weissleder 2010). 

Indocyanine green (ICG) is an FDA-approved, water soluble NIR dye with molecular 

weight of 775 Da, and is widely used to visualize the human vasculature in diagnostic 

applications such as retinal angiography and cardiac output (Bjornsson, Murphy et al. 

1982). ICG itself is rapidly eliminated from systemic circulation with a half-life of about 

3 minutes (Lemmer and Nold 1991). Liposome encapsulation of ICG presumably 

increases stability and affects its pharmacokinetics by reducing elimination and 

increasing circulation half-life. Because of ICG's rapid elimination in the free form, the 

NIR signal is expected to dissipate rapidly once released from the vehicle. This 

characteristic could potentially allow ICG to serve as an indicator of drug release from 

the liposomes. Figure 25 below illustrates how this technology could hypothetically be 

implemented to track the disposition of thermosensitive liposomes and release of a co-

encapsulated therapeutic agent. Furthermore, ICG may have the added benefit of being a 

therapeutic agent for photodynamic cancer therapy. Like other lightsensitive dyes, ICG 

can be excited to a higher energy states and upon returning to its ground state, it will 

transfer energy to molecular oxygen producing unstable radicals and reactive singlet 

oxygen destroying nearby cancer cells (Tseng, Saxton et al. 2003). 

The fundamental goal of the following research is to engineer near-infrared active 

liposomes for targeted delivery of chemotherapeutic agents. The studies will hopefully 

provide the necessary framework to monitor and quantify the location of encapsulated 

anticancer drugs in the body as well as to determine their concentration after release at 

tumor sites. In brief, the proposed research plan includes three specific aims: 1.) Design 
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novel thermosensitive liposomes with dextran coating, investigate the drug release 

mechanisms of the formulation, and compare results to PEG-coated counterparts; 2.) 

Evaluate the RES uptake of the surface coated liposome formulations using a 

macrophage model to determine the in vitro ability of surface coating to prevent 

endocytosis; 3.) Engineer near-infrared fluorescence active liposomes by integrating 

indocyanine green (ICG) into the thermosensitive liposomes and evaluate the feasibility 

of using whole body NIR imaging to study the pharmacokinetics and biodistribution of 

the optimized thermosensitive formulations using a healthy mouse model. 

Methods 

Synthesis and Characterization of Dextran-DSPE Conjugate 

A dextran-phospholipid conjugate was synthesized via a single coupling point with high yield 

(Scheme 1) (Goodwin, Tabakman et al. 2009). In this reaction, 1, 2-distearoyl-sn-glycero-3-

phosphoethanolamine (DSPE) is covalently attached to the reducing end of the dextran. The 

reducing, or amomeric, end of the dextran, widely differs in reactivity from the numerous 

hydroxyl groups on the rest of the polymer, essentially providing a single coupling point. 

Compared to reductive amination that is usually used to attach a molecule of interest to 

the reducing end of dextran, the acid-catalyzed condensation is found to effectively link 

DSPE to dextran with up to 60% yield. The product obtained is a white crystal after 

dialysis and speed vacuum. The purity was be verified by H-NMR. 
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Figure 25. Schematic of tumor localization and controlled release of liposomes loaded 
with NIR imaging dye and anti-cancer agent. A) intravenous injection and initial leakage 

of liposomes into the tumor tissue; B) sufficient accumulation of liposomes within the 
tumor detected by fluorescence from encapsulated ICG; C) laser-induced hyperthermia of 

the tumor yielding local release and accumulation of anticancer agent accompanied by 
rapid clearance of free ICG. 
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Scheme 1 Synthesis of dextran-DSPE conjugate. 

Liposome Preparation and DSC 

Liposomes were prepared by first weighing appropriate amounts of 

phospholipids, cholesterol, and either PEG-conjugated phosphatidylethanolamine (PEG-

PE) or DEX-conjugated phosphatidylethanolamine (DEX-PE) into a round bottom flask 

(see Table 2 for formulation specific ratios). In a typical preparation, approximately 21 

mg total phospholipid plus cholesterol was used. The weighed components were then 

dissolved in ~5 mL of chloroform/methanol solution (2:1) and rotoevaporated to dryness 

at 30°C. The resulting thin film was further dried overnight under vacuum to ensure 

complete removal of solvent. The following day, the film was hydrated with 1 ml of 

preheated (60° C) phosphate-buffered saline (PBS), and the flask maintained at 60°C for 

50 minutes, vortexing at 10 minute intervals. The resulting suspension was extruded 19 
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times through a polycarbonate membrane of 100 nm pore size and 19 mm diameter 

(Avanti) at 60°C using an Avanti mini-extruder setup. The final concentration of lipids 

was determined by colorimetric assay for total phosphorous.(Neuman, Morrow et al. 

1956) For total phosphorous, briefly, an aliquot of the samples are digested with 8.9 N 

sulfuric acid at 210°C for 25 minutes followed by hydrogen peroxide for 30 minutes at 

210°C. Ammonium molybdate(VI) tetrahydrate and ascorbic acid are added to complex 

the free phosphorous, the samples heated at 100°C for 7 minutes, then the absorbance 

read at 820 nm. All calorimetric measurements are performed with a VP-DSC, MicroCal 

differential scanning calorimeter interfaced to a computer. The calorimeter consists of 

two cells, one for the sample and one for reference (containing buffer). All calorimetric 

scans are performed at a scan rate of 1 K/min. 

Dynamic Light Scattering (DLS) 

The final particle size distribution of the liposomes was determined by dynamic light 

scattering (Malvern). In DLS, the translational diffusion coefficient D is related to the 

hydrodynamic radius Rh through the Stokes-Einstein relation: 

kBT 
D = — - — 

6nnRh 

where kB is the Boltzmann constant, T is the absolute temperature and n is the solvent 

viscosity. DLS was used to measure the size and/or size distribution of the formulations 

(Table 2 below). 
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Liposome Release Assay 

The basic principle of this method is that at high concentrations of calcein, the 

fluorescence intensity is negligible due to self-quenching. It was found that the 

fluorescence of calcein is >95% self-quenched at concentration >50 mM, and so, for 

these studies, liposomes were produced using a method similar to the standard lipid film 

hydration protocol described above, however the dried lipid film was hydrated instead 

with 1 mL of preheated (60° C) 50 mM calcein solution in PBS. After extrusion, in order 

to remove the non-entrapped, external calcein, 800 ul of the liposome preparation was 

chromatographed on a size exclusion Sephadex G-75 column equilibrated with PBS. 

This procedure requires 3.5 g of dry Sephadex gel to be swollen in PBS at room 

temperature for 24 hours prior to loading the column. The liposome containing fraction, 

about 5 ml of eluent, was diluted 14-fold then aliquoted for incubation resulting in 

liposomes containing 50 mM calcein dispersed in a medium in which no free calcein is 

present. As the calcein "probe" leaks out from the aqueous compartment of the 

liposomes, it becomes diluted and fluorescence can be detected. The fluorescence 

intensity is directly proportional to the fraction of released calcein. Calcein release in 

both PBS and simulated in-vivo condition, 50% fetal bovine serum (FBS) / PBS, was 

monitored over 90 minutes at 37°C, 40°C, and 42°C. Fluorescence detection of released 

calcein was performed with a plate reader (BioTek, Synergy HT, Vermont) using 485 nm 

as an excitation wavelength and 525 nm as an emission detection wavelength. The dye % 

release was determined by the formula [(Ix -1,) / (Id-1,)] * 100, where Ix is the 
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Table 2 Various liposome formulations, their size and transition temperature. 

Formulation Lipid Composition Molar Ratio Size (nm) Tm 

Ŝ  DPPC 

52 DPPC DSPE-DEX 

53 DPPC DSPE-PEG 

I DPPC MPPC DSPE-DEX 

II DPPC MPPC DSPE-PEG2K 

III DPPC MPPC Choi DSPE-DEX 

IV DPPC MPPC Choi DSPE-PEG2K 

V DPPC MPPC DSPE-DEX 

VI DPPC MPPC DSPE-PEG 

VII DPPC SoyPC Choi DSPE-PEG 

VIII DPPC SoyPC Choi DSPE-DEX 

IX DPPC SoyPC Choi DSPE-PEG 

X DPPC SoyPC Choi DSPE-DEX 

XI DPPC SoyPC Choi DSPE-PEG 

XII DPPC SoyPC Choi DSPE-DEX 

XIII DPPC MPPC Choi DSPE-DEX 

XIV DPPC MPPC Choi DSPE-DEX 

XV DPPC MPPC Choi DSPE-PEG2K 

Abbreviation: DPPC: 1, 2-dipalmitoyl-s«-glycero-3-phosphocholine: MPPC: 1-
palmitoyl-2-hydroxy-sn-glycero-3-phosphocholme; DSPE-PEG2K: 1, 2-distearoyl-^n-
glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol] 2000; Choi: 
Cholesterol; DSPE-DEX: 1, 2-distearoyl-sn-glycero-3-phosphoethanolamine-N-dextran 
17,5000; SoyPC: L-a-phoaphatidylcholine (hydrogenated-SoyPC) 

— 

90 0 6 

90 4 

90 10 0 6 

90 10 4 

90 10 20 0 6 

90 10 20 4 

90 20 0 6 

90 20 4 

100 50 30 1 

100 50 30 0 15 

100 50 1 

100 50 0 15 

100 75 1 

100 75 0 15 

90 20 5 0 6 

90 20 20 0 6 

90 10 20 4 

75 2 

77 3 

N/A 

73 5 

78 0 

76 3 

N/A 

84 8 

N/A 

84 9 

1110 

77 5 

105 0 

77 5 

68 9 

53 0 

89 4 

N/A 

41 6°C 

41 5°C 

41 7°C 

40 5° C 

41 1°C 

39 8° C 

40 6°C 

40 4° C 

40 8° C 

45 8° C 

44 2° C 

45 1°C 

44 7° C 

45 8° C 

45 5° C 

40 2° C 

39 1°C 

40 6°C 
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fluorescence intensity measured at x time, 7, is the signal determined at the initial time 

point, and Id is the fluorescence intensity measured after complete lysis of liposomes, 

which represents 100% release. 

TEM 

In order to understand the general morphology and gain insight into liposome 

structural changes by addition of surface modifying polymers, TEM images of liposomes 

were obtained in the Robert P. Apkarian Integrated Electron Microscopy Core at Emory 

University. 

Macrophage uptake in-vitro 

For the cellular uptake studies, the liposomes were prepared in the same manner as 

previously described, except that cholesteryl Bodipy FL C12 (0.12% wlw vs DPPC) was 

incorporated into the liposome bilayer by addition to the organic phase during thin film 

formation. To ensure removal of any free dye, the liposomes were chromatographed on 

a size exclusion Sephadex G-75 column pre-equilibrated with PBS. RAW264.7 murine 

macrophage cells were grown in a humidified incubator (5% C02) at 37°C in 75 cm2 

flasks containing DMEM high glucose media supplemented with 10% V/V FBS, 100 

U/mL penicillin G, and 100 //g/mL streptomycin. 24 hours prior to beginning the 

experiment, a nearly confluent flask was scraped and cells counted with a hemacytometer 

using trypan blue to differentiate live and dead cells. lxlO6 cells were seeded in a 12-

well plate (Costar). The following day, fluorescently labeled liposomes were added to 

the 12-well plates containing the adhered RAW264.7 cells in DMEM with 10% (V/V) 

FBS at a final liposome concentration of 0.42 mg/mL. The plates were incubated at 37°C 
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for 4 hours, and control wells also incubated with the same liposome-media solution at 

4°C for 30 minutes to determine binding under conditions excluding phagocytosis. After 

incubation, the plates were washed three times with cold PBS, pH 7.4, fixed with PBS 

containing 4% (V/V) formaldehyde, and harvested in PBS by scraping. The liposome 

uptake by the RAW264.7 cells was assessed by flow cytometry. Fluorescence from 

cholesteryl-Bodipy FL C12 was captured at 530 nm with an excitation wavelength of 490 

nm. For each sample, 10,000 RAW264.7 cells were gated from dead and other cells on 

the basis of their volume (forward light scatter) and granularity (side light scatter). 

Pharmacokinetics and Biodistribution using NIR Imaging 

An in vivo model using BALB-C mice was employed to evaluate the biodistribution 

patterns of the PEG-coated and novel dextran-coated thermosensitive liposomes. Ex-

vivo images of dissected tissues were acquired using Odyssey® infrared imaging system 

(LI-COR, Nebraska) from ICG encapsulated within the liposomes, which, in turn, was 

used to assess the in vivo biodistribution and pharmacokinetic properties of selected 

liposome formulations. This imaging approach enables evaluation of the biodistribution 

of the liposomes in multiple organs and tissues (i.e. liver, kidney, spleen, systemic 

circulation, etc.) with minimal sample preparation. However, prior to employing this 

technique on a large scale study, an initial study was undertaken in which tissues were 

also prepared and analyzed by a more conventional tissue homogenization/ HPLC 

method in order to validate the technique in terms of quantitative use. For tissue HPLC 

sample preparation, tissues were dissected and weighed, diluted with homogenization 

buffer (100 mM TRIS-HC1, 1 mM EDTA, 200 mM NaCl, 0.5% SDS) at a ratio of 1 ml 
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per 200 mg of tissue, and then mechanically homogenized. To precipitate proteins, 800 

(0.1 of acetonitrile was added to 400 ul of each homogenate in a 1.5 mL eppendorf 

centrifuge tube and vortexed for 10 minutes at medium speed. The mixture was then 

centrifuged at 12,000 rcf for 5 minutes. 1.0 mL of the clear supernatant was added to a 

16x100 glass culture tube and evaporated to dryness overnight on a SpeedVac system. 

The resultant residue was reconstituted in 100 ul of 80:20 (DI water/ acetonitrile), 

vortexed 30 seconds, then added to an HPLC vial for analysis. The chromatographic 

system consisted of a Waters Alliance 2690 separation module with a Waters 996 

photodiode array detector set to scan at 780 nm (Milford, MA, USA). The separation was 

performed at room temperature on a Luna CI8 column (100 mm x 2 mm I.D.) with a 

particle size of 3.0 urn (Phenomenex, Torrance, CA, USA). A 40 ul injection volume was 

used. Data collection, processing, and automated system control was performed with 

Waters Millenium software. 

For this imaging validation study, healthy mice (BALB-C, Charles River, MA) were 

intravenously (i.v.) injected with 150 ul of either free ICG in PBS solution (2.5 mg/kg) or 

liposome encapsulated ICG (2.5 mg/kg) through the lateral tail vein. To produce ICG 

Table 3. 
The optimized gradient mobile phase conditions (total run time = 9 minutes) 

Time 
0.00 

2.00 
2.50 
3.50 
4.00 

Flow 
0.3 

0.3 
0.3 
0.3 
0.3 

%Mobile phase 
60.0 

60.0 
10.0 
10.0 
60.0 

Aa %Mobile phase Bb 

40.0 

40.0 
90.0 
90.0 
40.0 

' 20 mM sodium acetate buffer (pH 5.0) 
Acetonitrile 
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loaded liposomes, a 1 mg/ml ICG solution in DI water was used as the hydration 

solution, and the standard preparation and gel purification method was carried out as 

described above. The same previously described HPLC method that was used for ex vivo 

sampling was used to determine the ICG loading in the liposome dosage solution and 

concentrations were normalized against free dye dosage solutions by appropriate 

dilutions. In vivo and ex-vivo images were acquired on the bioimager at a resolution 

setting of 169 um, 3.9 mm focus offset, and L2.0 intensity setting. 

In subsequent biodistribution and tumor accumulation studies, tumors were 

established on the dorsal side of mice by s.c. injection of 67NR mouse breast cancer cells 

(5 x 106), and then the tumors were allowed to grow to reach the size of-10 mm. All 

mice were carefully monitored for general well-being, weight, and tumor volume. Any 

mice exhibiting weight loss > 20% of the initial weight or tumor volume exceeding 1500 

mm3 were euthanized. For this study, mice were administered either liposomal ICG or 

free ICG solutions at a dose of 2.5mg/kg by i.v. injection via the tail vein. The ICG 

biodistribution was monitored with non-invasive NIR imaging at time intervals of 0.25, 

0.5, 0.75, 1, 4, 8, and 24 hours post-injection. Then, at the predetermined time point, 

mice were euthanized, and tissued were harvested for ex vivo imaging. 

Results and Discussion 

Calcein Permeation 

The figures below summarize the key results from the release screening studies. Full 

release profiles over 90 minutes can be found in Appendix II for the tested formulations. 

During incubation of liposomes in buffer (Figure 26A), the release of calcein was very 
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little at 37°C for all of the Soy PC-containing formulations (7 - 8%) and increased by 

raising the temperature to either 40°C or 42°C. By comparison, release of calcein from 

MPPC-containing formulations also increased by raising the temperature, but the baseline 

leakage at 37°C was substantially larger (17 - 59%). When 50% bovine serum was 

added to the incubation media replacing buffer, Soy PC-containing liposomes showed the 

same general trend in terms of release (compare figure 2 A and 2B). However, a rather 

unexpected finding was that liposomes with MPPC released very little calcein even at 

temperature above the lipid phase transition. This effect can potentially be attributed to 

differences in protein surface association. The 15 minute burst release data (Figure 27) 

shows that, in general, the Soy PC-containing formulations outperformed the MPPC 

formulations. The Soy PC formulations with DEX coating showed higher release at 

40°C but this effect was, for the most part, negated at the 42°C incubation. Given the 

favorable release characteristics for formulation VII and VIII in 90 minute release 

studies, an extended release profile was carried out at 37°C over 3 day periods using 

PEG, DEX, and varied hybrid coatings of PEG and DEX. The data showed substantial 

release for all of the formulations, and no clear trend was observed to implicate the two 

types of surface coating in terms of controlling leakage. 

TEM 

From negative-staining electron micrographs, the liposomes' morphology could be 

viewed. The sizes of the prepared liposomal particles varied in the range of 30-200 nm 

with typical vesicles around 100 nm. Most of the structures were unilamellar with some 

multilamellar structures as shown in the figure below. 
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In-vitro Macrophage Uptake Measurements 

In agreement with prior studies, the data (n=3) in Figure 31 below shows plain, 

uncoated DPPC liposomes exhibit significant uptake compared to similarly prepared 

surface coated liposomes. Comparing the two types of surface coating, a decrease in 

uptake for PEG surface coated liposomes was observed compared to DEX. 

NIR Imaging Validation and NIR Pharmacokinetics 

The absolute fluorophore concentration in mouse tissues was determined using high-

performance liquid chromatography (HPLC) as described in the method section above. 

The method proved linear up to 2,500 ng/ml (r > 0.99) with an average recovery from 

spiked samples of 75.2%. The bioimager fluorescence intensity from intact organs vs. 

fluorophore concentration from HPLC was plotted in order to validate the linearity of the 

optical imaging (Figure 33). To establish the quantitation range, stock gel purified ICG-

loaded liposomes were diluted to 5 different concentrations (lx, 2.5x, 5x, 7.5x, and lOx) 

and intravenously injected in the lateral tail vein of the mouse. 15 minutes post-injection, 

ex vivo fluorescence images of dissected tissues (liver, spleen, small intestine, kidneys, 

lung, and heart) were acquired and then each tissue was further processed and assayed for 

ICG (Figure 32 and 4.9). The mass of ICG dye present in each whole organ as 

determined by HPLC analysis correlated well vs. image intensity from the bioimager. 

This calibration curve (Figure 33) was linear over the tested range and was used to 

determine the absolute mass of ICG present in organs for subsequent biodistribution 

studies. 
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Figure 26 Release of hydrophilic dye, calcein, from aqueous interior of various 
liposome formulations measured over 90 minute interval in extravesicular media of 
A) phosphate-buffere saline (PBS) and B) biorelevant 50:50 fetal bovine serum (FBS) 
/ phosphate-buffere saline (PBS). Each formulation contains DPPC as the primary 
constituent with varying amounts of colipid (either MPPC or SoyPC). Solid bars 
represent data from the PEG-coated version of the formulation and cross-hatched bars 
represent data from the dextran-coated version. 
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Figure 27 40°C release of hydrophilic dye, calcein, from aqueous interior of various 
liposome formulations measured over 15 minute interval in extravesicular media of 
phosphate-buffered saline (PBS). 
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Figure 28 42°C release of hydrophilic dye, calcein, from aqueous interior of various 
liposome formulations measured over 15 minute interval in extravesicular media of 
phosphate-buffered saline (PBS). 
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—A—PEG-DEX equal mass 
—H&—PEG-DEX equal molar 

1 2 
Time (days) 

Figure 29. Surface-coating comparison of release of hydrophilic dye, calcein, from 
aqueous interior of optimized liposome formulation (DPPC: SoyPC: Choi [100:50:30]) 
measured over 3 day interval. 

•Jqferfl 

Figure 30. TEM images of liposomes. The size range of the particles shown is 
approximately 100 nm, and mostly unilamellar structures are observed. Some apparent 
fragments can be seen in the picture on the right which may or may not be related 
destruction of liposomes from the sample preparation process for TEM (i.e. evaporation 
steps). 



89 

0> (J 

N c 

I- U 

© © 

30000 

25000 

20000 

15000 

10000 

5000 

0 

No Surface Coat PEG DEX 

Figure 31 Macrophage uptake (n=3) of DPPC liposomes (formulation SI), DPPC 
liposomes with PEG coating (formulation S3), or DPPC liposomes with DEX coating 
(formulation S2). 
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Figure 32 Ex-vivo images of dissected tissues acquired 15 minutes post-administration 
using Odyssey bioimager infrared imaging system A) Stock liposomes B) 2.5x dilution of 
stock liposomes C) 5x dilution of stock liposomes D) 7.5x dilution of stock liposomes E) 
lOx dilution of stock liposomes 
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Figure 33 Mass of ICG dye present in whole organ (HPLC) vs. image intensity. This 
calibration curve was linear over the tested range and was used to determine the absolute 
mass of ICG present in organs for biodistribution studies 

For the initial biodistribution and tumor accumulation study, formulation VII was 

injected i.v. without gel purification and in vivo biodistribution was monitored over 72 

hours. Figure 34 shows significant accumulation of the formulation in the general areas 

corresponding to the liver, spleen, and tumor in the early timepoints. After 48 hours, the 

formulation was only detectable in the tumor. To evaluate organ distribution in the 

absence of any free dye, this formulation as well as its DEX coated counterpart (VIII) 

was administered to separate groups of mice after gel purification. Figure 35 below 

shows the in vivo monitoring of tumor pharmacokinetics for these formulations. In this 

data, there was no statistically discernable difference between PEG coated and DEX 

coated versions of this formulation in terms of relative tumor concentration levels. After 

the 24 hour in vivo scan, each mouse was sacrificed and ex vivo images were acquired of 
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various dissected tissues (Figure 36). The data from these scans shows similar 

biodistribution profiles between PEG and DEX coated versions of this thermosensitive 

liposome formulation. There is significant accumulation of the formulation in the liver 

with both formulations with the DEX version showing slightly more liver accumulation 

than the PEG version. Tumor accumulation is similar for PEG and DEX formulations. 

4 hours post adrawstration 
Ll\w 

Figure 34. Biodistribution and tumor accumulation of liposomal ICG at various time 
intervals post-dosing determined by NIR imaging 

O u 

PEG avg 

DEX avg 

8 12 16 20 24 
Hours after adminstration 

Figure 35. NIR in vivo tumor pharmacokinetic analysis of formulation VII (PEG coated) 
and VIII (DEX coated) formulation 
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Figure 36. NIR ex vivo analysis of dissected tissues 24 hours after dosing of formulation 
VII (PEG coated) and VIII (DEX coated) formulation. 

Conclusion 

We have developed several temperature-sensitive liposome formulations for 

evaluation of an NIR image-guided drug delivery strategy. Such factors as phase 

transition temperature, cellular uptake, and release/stability were investigated, and a 

suitably stable liposome formulation was chosen for optical imaging studies. The NIR 

imaging validation study demonstrated good correlation exists between absolute amount 

of the NIR fluorophore, ICG, and the NIR image intensity, indicating that NIR imaging is 

a reliable real-time, non-invasive indicator of liposome biodistribution. Compared with 

traditional PEG modified liposomes, DEX-coated liposomes show potential for 

application in thermally-sensitive liposome formulations, but PEG coating outperformed 

DEX during in vitro macrophage uptake studies. Based upon our early findings, we 

anticipate that NIR image guided drug delivery could prove a powerful tool to optimize 
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treatment regimens and monitor tumor drug accumulation with nanoparticle agents (such 

as liposomes), but additional more detailed studies demonstrating improved therapeutic 

efficacy are required to support the clinical use of this technology. 



APPENDIX I 

VALIDATION OF AN HPLC PHOTO DIODE ARRAY METHOD FOR 
SIMULTANEOUS DETERMINATING OF INDINAVIR, VENLAFAXINE, AND O-

DESMETHYLVENLAFAXINE IN HUMAN PLASMA AND APPLICATION OF THE 
METHOD IN A PHARMACOKINETIC STUDY 

A new high-performance liquid chromatography method was developed and validated 

for the simultaneous quantification of human plasma concentrations of an anti-HIV agent, 

indinavir (IND), and two antidepressants, venlafaxine (VEN) and o-

desmethylvenlfaxine (DES). DES is also the primary active metabolite of VEN. The 

sample preparation method involved a simple, single-step extraction of IND, VEN, and 

DES from 1.0 ml of alkalinized plasma samples with methyl ter/-butyl ether. A Zorbax 

C-18 (250x4.6 mm, 5 um) analytical column with gradient elution was used for 

chromatographic separation. Photo diode array detection (205-230 nm) was employed 

with a detection wavelength of 210 nm for IND and 225 nm for both VEN and DES. 

Results of the validation study show that the average accuracy for the three compounds at 

five concentration levels spanning the anticipated concentrations ranged from 97.4% to 

111.8%. Both interday and intraday coefficients of variation were less than 9.5% for all 

compounds at all five concentration levels tested, and the average extraction recoveries 

were 73.2%, 89.2%, and 85.2% for IND, VEN, and DES, respectively. The calibration 

curves were linear (r > 0.999) in the concentration range of 100 - 50,000 ng/ml, 6 -

94 
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3,000 ng/ml and 6 - 3,000 ng/ml for IND, VEN, and DES, respectively. The lower limit 

of quantification was 20 ng/ml for IND, 12.5 ng/ml for VEN and 12.5 ng/ml for DES. 

The developed procedure was applied to assess the pharmacokinetic interactions of IND 

with extended-release formulations of VEN and DES following administration of 800 mg 

single oral dose of IND to healthy volunteers. 

Introduction 

Virtually all HIV treatment involves combinations of several different antiretroviral 

agents, especially in clinically advanced stages of the disease progression (Hammer, Eron 

et al. 2008). Among this patient population, additional drug therapy associated with 

psychological disorders significantly elevates the risk for adverse drug-drug interactions 

(Dew, Becker et al. 1997; Hesse, von Moltke et al. 2001; Orlando, Burnam et al. 2002; 

Vitiello, Burnam et al. 2003; Hartzell, Janke et al. 2008). Such interactions can lead to 

variability in drug plasma levels resulting in reduced efficacy or increased levels of 

harmful side effects. One of the primary classes of HIV medication, protease inhibitors 

(Pis), are known to interact with many other treatments (Flexner 1998; Merry, Barry et 

al. 1999; Fichtenbaum, Gerber et al. 2002), and PI plasma concentrations have been 

shown to be directly related to suppression of viral load in HIV-diseased patients (Burger, 

Hoetelmans et al. 1998). Accordingly, for patients undergoing PI treatment who are at 

higher risk of drug-drug interactions due to other concurrent medical conditions, plasma 

monitoring of drug levels may be necessary to ensure successful clinical outcomes. 

Like other Pis, IND acts by binding to the HIV protease enzyme active site inhibiting 

activity of the enzyme thereby preventing cleavage of new viral polyproteins. For 
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maintenance of proper plasma concentration, the recommended dosage is 800 mg orally 

every 8 hours. After absorption, IND is rapidly metabolized with an elimination half-life 

of 1.8 hours, and the principle metabolic pathway involves cytochrome P-450 3A 

isoenzymes (CYP3A4), the major enzymes present in the liver and gastrointestinal tract 

(Walsh 2003). VEN, a popular serotonin-norepinephrine reuptake inhibitor (SNRI) 

prescribed for depression, is commonly administered together with IND, and previous 

studies have suggested an interaction between the VEN immediate-release formulation 

and IND, possibly involving p-glycoprotein induction (Hochman, Chiba et al. 2000; 

Levin, Nelson et al. 2001; Ehret, Levin et al. 2007). Across the literature, various 

bioanalytical methods have been described for determination of either IND, VEN, or 

DES plasma levels (Hicks, Wolaniuk et al. 1994; Clement, Odontiadis et al. 1998; 

Jayewardene, Zhu et al. 1998; Foisy and Sommadossi 1999; Poirier, Robidou et al. 1999; 

Jayewardene, Kearney et al. 2001; Patel, Sharma et al. 2008), but to date there are no 

published reports of a chromatographic method developed and validated for simultaneous 

determination of all three. Therefore, the present work describes a novel liquid 

extraction/ HPLC method designed for simultaneous quantification of IND, VEN, and 

DES in human plasma samples. The method was developed and validated to support a 

pharmacokinetic clinical trial evaluating the interactions of IND when co-administered 

with 1) an extended-release formulation of VEN, and 2) an extended-release formulation 

of DES in healthy volunteers. The rationale behind the pharmacokinetic study was to 

investigate whether an extended-release delivery system can diminish the p-glycoprotein 

interaction of IND with these SNRI medications. 
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Figure 37. Chemical structure for indinavir, venlafaxine, and o-
desmethylvenlafaxine 

Materials and Methods 

Chemicals 

All standards were of analytical grade and used without further purification. IND 

reference standard was purchased from United States Pharmacopeia (USP, Rockville, 

MD, USA), VEN reference standard from LKT Laboratories (St. Paul, MN, USA), and 

DES from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade acetonitrile, methyl t-

butyl ether, NaOH, and NaH2P04H20 were purchased from Fisher Scientific 

(Pittsburgh, PA, USA). Deionized water (15 mQ) was produced on-site with a 

PURELAB water purification system (Siemens, Warrendale, PA, USA). Blank pooled 

human plasma with EDTA anticoagulant was purchased from Innovative Research, Inc. 

Chromatographic System 

The chromatographic system consisted of a Waters Alliance 2690 separation 

module with a Waters 996 photodiode array detector set to scan between 205 and 230 nm 

(Milford, MA, USA). The separation was performed at 55.0 °C on a Zorbax SB-Cig 
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column (250 mm x 4.6 mm I.D.) with a particle size of 5.0 um (Agilent, Santa Clara, CA, 

USA). Data collection, processing, and automated system control was performed with 

Waters Millenium software. 

Mobile Phase Solutions 

The mobile phase consisted of an aqueous solution A: 20 mM NaFJ^PC^ buffer 

adjusted to pH 2.50 with H3PO4, and an organic solvent B: acetonitrile. Both mobile 

phase A and B were filtered through a 0.45 um Whatman nylon membrane filter and 

degassed by sonication under vacuum prior to use. The mobile phase flow rate was set to 

1.0 mL/min and separation was accomplished with a gradient elution. The gradient was 

modified to achieve an acceptable baseline separation of the three main peaks of interest 

from neighboring plasma related peaks. The optimized gradient program conditions are 

reported in Table 4. 

Table 4 
The optimized gradient mobile phase conditions 

Time 
0.00 
50.00 
65.00 
68.00 

Flow 
1.00 
1.00 
1.00 
1.00 

%Mobile phase Aa 

95.0 
78.3 
75.0 
75.0 

%Mobile phase Bb 

5.0 
21.7 
25.0 
25.0 

a 20 mMNaH2P04 buffer 
b Acetonitrile 

Sample Preparation 

Directly after blood collection, human plasma was separated from red blood cells by 

centrifugation and stored frozen at -20.0 °C. To extract the drugs from the plasma, 1.0 

mL of thawed plasma was added to a 15 mL polypropylene centrifuge tube with 0.1 mL 
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of 1.0 M NaOH and 8.0 mL of methyl tert-butyl ether. The tubes were capped and 

shaken on a NewBrunswick Excella E2 platform shaker at 300 rpm for 30 minutes, then 

centrifuged at 3220 rcf on an Eppendorf 8910 centrifuge for 10 minutes. After 

centrifugation, the lower aqueous layer was frozen in a dry ice-acetone bath and the 

upper organic layer was decanted into a 16x100 mm borosilicate glass culture tube. The 

collected organic solvent was evaporated to dryness using a Savant SpeedVac system on 

the low setting (~1.5 hours). The resultant residue was reconstituted in 200 ul of diluent 

consisting of mobile phase A and B (85:15 ratio) and vortexed for 25 seconds. A 100 ul 

aliquot of this preparation was injected into the HPLC system. 

Stock Standard Preparation 

A stock solution was prepared by dissolving an accurately weighed amount of IND, 

DES, and VEN separately in diluent (see above) to yield a final concentration of 0.2 

mg/ml. The solutions were sonicated then allowed to equilibrate to room temperature 

after which they were further diluted to their appropriate concentrations with diluent. 

Detection and Quantitation Limits 

Limit of quantification (LOQ) was defined as the lowest concentration of analyte that 

can be determined with a signal to noise ratio of 10:1. Limit of detection (LOD) was 

determined as the lowest concentration that gives a minimum signal to noise ratio of 3:1. 

LOQ and LOD were determined by spiking standards into blank extracted plasma and 

peak and noise heights were taken in absorbance units (AU). 



Specificity 

Single injections of individual preparations of the assay standard, blank extracted 

plasma, and diluents were evaluated. The acceptance criterion was no detectable 

interference from the sample matrix with the elution of DES, VEN, and IND main peaks 

of interest. Chromatograms were visually inspected. 

Linearity 

A linearity study was performed for DES, VEN, and IND. The study investigated 

linearity for concentrations of IND from 100 - 50,000 ng/ml and 6 - 3,000 ng/ml for both 

DES and VEN. The acceptance criterion was that the coefficient of determination for the 

regression line (r2) is not less than 0.999. Results were plotted and fit with Excel. 

Accuracy and Precision 

The accuracy was measured as the percentage of analyte recovered in spiked samples 

following sample processing. Precision was defined as the degree of agreement among 

individual test results. A five concentration accuracy/precision study was performed, 

incorporating levels of IND at 10,000, 5,000, 1,000, 500, and 250 ng/ml as well as DES 

and VEN at 600, 300, 100, 50, and 25 ng/ml (n=5 at each point). The appropriate 

concentration of stock standard was spiked into a sample post-extraction. The acceptance 

criterion was that the average values for each analyte at each level be between 80-120% 

with RSD < 20%. 

Recovery 

Five replicate plasma samples were spiked. They were then extracted and assayed. 

Analysis was done between and within day at the same concentrations mentioned above. 
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Results and Discussion 

Specificity 

To demonstrate specificity, peak purity tests were performed using photo-diode-array 

analysis to confirm that each chromatographic peak of the three drugs of interest was 

attributable to a single component (data not shown). Also, single injections of individual 

preparations of the assay standard, blank extracted plasma, and diluents showed no 

detectable interference with the elution of DES, VEN, and IND peaks. A representative 

chromatogram is shown below in Figure A.2. 

0.014. 

0012-

0 810-

0.008-

3 0.006-

0 004. 

ooo; 

G30Q-, 

-0.002-

ooo' tO.00 20.00 30.00 40,00 

Minutes 

50.00 60.00 70.00 

Figure 38. A representative chromatogram extracted at 225 nm of DES (237 ng/ml), 
VEN (59 ng/ml), and IND (407 ng/ml) after sample workup in human plasma. 
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Linearity 

Least-squares linear regression curves obtained by plotting peak area versus 

concentration yielded coefficients of determination > 0.999 for all three drugs over the 

concentration ranges tested (Figure A.3). 

A) indinavir (END) B) 

16.000.000 

venlafaxine(VEN) C) 0-desmethylvenlafaxiDe (DES) 

0 20.000 40.000 60 000 

Concentration (ng ml) 

0 1.000 2.000 3.000 4.000 

Concentration (ng/ml) 

0 1.000 2 000 3.000 4.000 

Concentration (ng'ml) 

Figure 39. Peak area versus concentration plots demonstrate the linearity of A) END (100 
- 50,000 ng/ml), B) YEN (6 - 3,000 ng/ml), and C) DES (6 - 3,000 ng/ml) 

Accuracy, Precision, and Recovery 

The results of the assay accuracy, precision, and recovery studies are presented in 

Table 5. These results show that this method is accurate for all three analytes (average 

accuracy from 97.4 to 111.8%) and precise (inter-day coefficient of variation (CV) 

ranged from 0.8 to 9.5% and intra-day CV from 0.4 to 8.5%). Recovery for all 

compounds exceeds 67.7% at all concentrations with a CV of less than 6.8% 
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Table 5. 
Accuracy, Precision, and Recovery results 

Concentration 
(ng/ml) 

DES 
25 
50 
100 
300 
600 

VEN 
25 
50 
100 
300 
600 
IND 
250 
500 

1,000 
5,000 
10,000 

Between-day 

RSD 
(%) 

5.0 
1.1 
9.5 
2.3 
1.1 

5.9 
2.4 
7.8 
0.9 
0.8 

3.1 
1.1 
8.8 
1.5 
2.0 

precision 
(«=5) 

Accuracy 
(%) 

108.4 
103.6 
107.5 
103.4 
103.2 

99.1 
100.8 
106.1 
102.7 
103.1 

97.6 
103.6 
104.6 
101.2 
102.4 

Within 

RSD 
(%) 

8.5 
0.9 
0.3 
1.7 
6.5 

7.8 
0.7 
3.1 
1.7 
7.2 

5.8 
0.4 
1.5 
1.4 
5.8 

-day precision 
(«=5) 

Accuracy 
(%) 

111.8 
106.0 
104.9 
108.7 
108.5 

105.0 
102.5 
97.4 
105.1 
105.8 

106.1 
103.0 
101.4 
104.5 
106.8 

Recovery 
(»= 

RSD 

(%) 

6.5 
4.9 
4.2 
1.9 
1.8 

6.3 
5.5 
6.8 
2.4 
2.1 

6.5 
4.1 
3.0 
1.6 
2.1 

= 5) 
Recovery 

(%) 

90.4 
86.5 
83.6 
82.1 
83.3 

93.3 
88.3 
88.7 
88.0 
87.8 

73.9 
67.7 
71.8 
74.6 
78.1 

Application of the method 

The method was applied to human plasma samples for pharmacokinetic analysis of 

IND to study interactions with VEN extended-release and DES extended-release. Prior 

to beginning the pharmacokinetic study, authorization was acquired for all procedures 

through appropriate institutional committees. On day 1 of treatment, patients received a 

single 800 mg oral dose of IND (n = 24), and plasma was collected at 0, 0.5, 1, 2, 4, 6, 8, 

and 12 hours after dosing. From day 1 to day 12, the patients received either an 

extended-release formulation of DES (n = 12) or an extended-release formulation of VEN 

(n = 12) once daily. On day 12 of treatment, the patients again received a single 800 mg 



oral dose of IND and plasma was collected at the above mentioned intervals. In total, 

384 plasma samples were assayed for IND, VEN and DES (24 patients, 2 treatment days 

per patient, 8 timepoints per treatment day) using the HPLC method described in this 

article. The obtained average IND plasma concentration time profile curves are shown 

below in Figure A.4. Although there is no well established therapeutic plasma 

concentration range for indinavir(Rayner, Galbraith et al. 2002), the obtained 

pharmacokinetic parameters for the IND alone treatment are comparable to prior studies; 

specifically, the observed Cmax of 7,528 ng/ml using a single 800 mg oral dose closely 

matches previously obtained value of 7,169 ng/ml (Yeh, Deutsch et al. 1998). Steady 

state concentrations of DES and VEN (Figure A.5) showed that the additive 

concentrations of the SNRI medications reached therapeutic levels of approximately 200 

to 400 ng/ml (Levine, Jenkins et al. 1996). 
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Figure 40. Plasma concentration vs time profile curve of IND in human plasma after 
single oral dose. Open diamonds represent average IND plasma concentrations after 
administration of IND alone (day 1 treatment). Open squares represent average END 
plasma concentrations after administration with DES extended-release (day 12 
treatment), and open triangles represent average IND plasma concentrations after 
administration with VEN extended-release (day 12 treatment). Error bars represent ± one 
standard error (s/Vn). 
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Figure 41. Steady state plasma concentration vs time profile curve of DES and VEN on 
day 12 after receiving a once daily dose of extended-release formulations of either DES 
or VEN. Error bars represent ± one standard error (s/V^i). 

Conclusion 

Mood and anxiety disorders are a common problem in people living with HIV, and 

regimens involving combinations of antiretro viral and psychiatric medications pose the 

potential for drug interactions. The method validation outlined in this paper 

demonstrated that the developed HPLC procedure was sensitive, specific, linear, 

accurate, and precise when used to assay the concentrations of IND, VEN, and DES in 

human plasma. The collected data demonstrate the applicability of the HPLC assay 

procedure for a pharmacokinetic drug-drug interaction study or potential future use in 

therapeutic drug monitoring. 
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APPENDIX II 

90 MINUTE RELEASE PROFILES FOR LIPOSOME FORMULATIONS 
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Figure 42 Full 90 minute release profile for liposome formulation I in PBS 

120 • 

100 • 

I 10 20 30 40 50 60 70 80 90 

Time (min) 

Figure 43 Full 90 minute release profile for liposome formulation I in 50:50 PBS/FBS 
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Figure 44 Full 90 minute release profile for liposome formulation II in PBS 
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Figure 45 Full 90 minute release profile for liposome formulation II in 50:50 PBS/FBS 
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Figure 46 Full 90 minute release profile for liposome formulation III in PBS 
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Figure 47 Full 90 minute release profile for liposome formulation III in 50:50 PBS/FBS 
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Figure 48 Full 90 minute release profile for liposome formulation IV in PBS 
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Figure 49 Full 90 minute release profile for liposome formulation IV in 50:50 PBS/FBS 
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Figure 50 Full 90 minute release profile for liposome formulation V in PBS 

Figure 51 Full 90 minute release profile for liposome fonnulation V in 50:50 PBS/FBS 
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Figure 52 Full 90 minute release profile for liposome formulation VI in PBS 

Figure 53 Full 90 minute release profile for liposome formulation VI in 50:50 PBS/FBS 
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Figure 54 Full 90 minute release profile for liposome formulation VII in PBS 
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Figure 55 Full 90 minute release profile for liposome formulation VII in 50:50 PBS/FBS 
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Figure 56 Full 90 minute release profile for liposome formulation VTII in PBS 
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Figure 57 Full 90 minute release profile for liposome formulation VIII in 50:50 PBS/FBS 
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Figure 58 Full 90 minute release profile for liposome formulation IX in PBS 

Figure 59 Full 90 minute release profile for liposome formulation IX in 50:50 PBS/FBS 
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Figure 60 Full 90 minute release profile for liposome formulation X in PBS 

120 r 

100 

80 

4> 
1/5 

g 60 

0 s 

40 

20 

0 

-20 

ffimT 

1 "'I 
\ AJ 

/I 

j 

c 
^ - 4 0 C 

aasssssAassssa / j *"7 ( ^ 

10 20 30 40 50 60 70 80 

Time (min) 

—r 

90 

Figure 61 Full 90 mmute release profile for liposome formulation X in 50:50 PBS/FBS 
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Figure 62 Full 90 minute release profile for liposome formulation XI in PBS 
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Figure 63 Full 90 minute release profile for liposome formulation XI in 50:50 PBS/FBS 
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Figure 64 Full 90 minute release profile for liposome formulation XII in PBS 

Figure 65 Full 90 minute release profile for liposome formulation XII in 50:50 PBS/FBS 
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Figure 66 Full 90 minute release profile for liposome formulation XV in PBS 
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