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Many drugs such as tricyclic antidepressants and local anesthetics cause severe 

toxicity and/or death when taken at excessive and sometimes normal dosage levels.  

The subject of this work was the development of a drug overdose treatment to 

counteract toxicity.  Liposomes were chosen as the primary vehicle for toxicity reversal.  

The binding of the tricyclic antidepressants amitriptyline, nortriptyline, imipramine, 

dosulepin, and opipramol to several variations of liposomes was measured.  The 

medium of measurement was also varied from buffer to serum to assess in vivo affects.  

The effects of lipid type and loading, liposome size, polyethylene glycol inclusion and 

chain length, protein interaction, and storage were considered.  Pegylated, anionic 

liposomes exhibited high affinity binding to all of the tricyclic antidepressants studied, 

despite the presence of serum proteins.  Liposome size and polyethylene glycol chain 

length were inconsequential, while the proportion of polyethylene glycol incorporated 

into liposomes was optimal at about 5%.  Liposome-drug binding was also found to 

occur to a significant extent for the local amide anesthetic drug bupivacaine. 

Additionally, interactions between cationic drugs and anionic liposomes were 

studied by measuring binding of drugs and the effect of binding on liposome 
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permeability.  Experiments and modeling indicated that, although electrostatic 

interactions were important, the fraction of drug sequestered in the double-layer was 

negligible.  The majority of the drug enters the bilayer with the charged regions 

interacting with the charged lipid head groups and the lipophilic regions associated with 

the bilayer.  Bupivacaine binds significantly less compared to tricyclic antidepressants 

because its structure is such that the charged region has minimal interactions with the 

lipid heads once the bupivacaine molecule partitions inside the bilayer.  Conversely, the 

tricyclic antidepressants are linear with distinct hydrophilic and lipophilic regions, 

allowing the lipophilic regions to lie inside the bilayer and the hydrophilic regions to 

protrude out.  This conformation maximizes the permeability of the bilayer, which leads 

to an increased release of a hydrophilic fluorescent dye from liposomes. 

Lastly, physiologically based pharmacokinetic models were developed for the 

design and optimization of liposome therapy for overdoses.  The in vitro drug-binding 

data for pegylated, anionic liposomes and published mechanistic equations for partition 

coefficients were used to develop the models.  The models were proven reliable through 

comparisons to intravenous data.  Drug overdoses were simulated for various drug and 

liposome doses, elapsed time between drug intake and liposome treatment, and patient 

specific input parameters.  The liposomes were predicted to be highly effective at 

treating amitriptyline overdoses.  Although liposomes could potentially treat an 

anesthetic overdose, the drug redistribution was less effective.  Published data on local 

cardiac function was used to relate the predicted concentrations in the body to local 

pharmacodynamic effects in the heart. 

 



 

CHAPTER 1 
INTRODUCTION 

Over the past century, the development of new drugs and therapies has advanced 

at a rapid pace, providing those who struggle with sickness and disease exciting new 

treatment options.  In many cases, however, the same drugs designed to improve the 

quality and/or length of life for individuals are accidentally or purposefully abused.  

Thus, prescription drug poisonings now represent a significant public health problem in 

the United States and around the world.  A publication by Diane Wysowski from the 

Food and Drug Administration pointed to over 25,000 deaths in 2003 in the United 

States due to toxicity from prescription drugs [1].  Furthermore, the number of 

poisonings increased by 55% from 1999 to 2003, and Wysowski concluded, ‘‘deaths 

due to overdoses are the most prominent cause of drug related mortality in death 

certificate data,’’ and that ‘‘preventive strategies should be considered.’’ 

Tricyclic antidepressant (TCA) drugs are frequently the cause of many of those 

poisonings.  TCA poisoning is a leading cause of self-poisoning in the world [2], causing 

extensive hospital stays [3,4] and many deaths [5,6].  In fact, deaths from such 

overdoses represent the third most reported to poison control centers in the United 

States [7], and approximately 268 people die from TCA overdoses every year in Britain 

[8].  The primary and typically lethal effect of TCA drugs is the impact on the cardiac 

system [9,10].  Tachycardia, vasodilation, myocardial depression, and cardiac 

conduction disturbances are some of the serious cardiovascular effects caused by TCA 

overdose [11].  As opposed to selective serotonin re-uptake inhibitors (SSRI), which are 

antidepressant medications developed in more recent years with milder side effects and 

higher toxic dosage levels, TCA’s are often toxic at low dosages.  This is especially true 
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when taken by young children, where one or two pills can cause acute toxicity [2].  

Furthermore, overdose cases involving TCA’s can be fatal, and have been statistically 

shown to result in longer hospital stays than overdose cases with other antidepressant 

drugs [3].  Still, a large number of individuals continue to use TCA’s to treat common 

depression disorders.  Morgan et al. have recently reported a rise in overall TCA 

prescriptions in England from 1993 to 2002 [6]. 

Local anesthetics are less likely to be taken at elevated levels than TCA’s, since 

they are administered at medical facilities, but adverse reactions during routine 

treatment remain a threat [12-15].  They present dangers to both the cardiac [16,17] and 

central nervous systems (CNS) [17].  Although most patients recover from such 

reactions as a result of being in medical facilities at the time of local anesthetic 

administration, many face extended recovery periods and long term injuries, while a 

select few do not survive.  This is especially tragic since many patients arrive for routine 

surgeries requiring local anesthetics in fairly good health. 

Traditional methods of treating drug or substance toxicity include specific 

antidotes, such as anti-venoms developed to counteract snake bites, gastric lavage, 

charcoal administration for toxin absorption, and pH manipulation through sodium 

bicarbonate administration.  These and other similar methods of treatment are marked 

by key deficiencies.  Specific antidotes are difficult to develop, produce, and store for 

every possible toxin.  In addition, they often lack the ability to circulate in the blood 

compartment for adequate periods of time due to the immune system responses they 

invoke.  Charcoal administration is aimed at removing the toxin from the victim’s 

stomach prior to absorption, but is only effective if given shortly after overdose or for 
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toxins slowly absorbed.  Other methods of treatment typically focus on restoring patient 

well-being while the toxin is naturally removed from the body.  The major disadvantage 

to this approach is the extended period of time required for the clearance of some drugs 

or substances, resulting in days or even weeks of often painful and expensive recovery. 

One possible method of drug overdose treatment is the use of small nano or micro 

carriers designed to sequester excess drug from the body.  This idea was first proposed 

in 1973, but has recently garnered more attention due to burgeoning research in the 

general area of nanotechnology [18].  Nanoparticles can induce detoxification through a 

variety of mechanisms.  Toxins may be redistributed from the site of toxicity, which often 

includes the heart and/or brain, into the blood compartment as a result of specific or 

non-specific drug-particle binding.  The nanoparticles may also carry some antidote or 

deactivating enzyme, combining traditional treatment ideas of the past with improved 

delivery methods.  Finally, the particles may be composed of a material or substance 

that acts directly on the injured area to rapidly improve the effected organ’s functions, 

rather than interacting with the toxin or drug compound directly. 

Several studies have been done in recent years involving drug detoxification with 

nano or microparticles.  Varshney et al. used eight pluronic surfactants in combination 

with ethyl butyrate to find the best surfactant for drug binding to microemulsions [19].  

Pluronic F-127 was deemed the most promising surfactant, and an optimized 

microemulsion formulation was capable of extracting 60% of the local anesthetic 

bupivacaine (BUP) from a buffered solution at an oil content of 1 mg oil/mL across a 

wide range of drug concentrations.  In an effort to understand the binding process 

between the TCA amitriptyline (AMI) and similar emulsions, James-Smith et al. used 
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turbidity analysis to determine that approximately 12 AMI molecules were bound per F-

127 molecule [20].  The importance of the oil phase in their systems was also 

demonstrated based on its ability to induce a surface charge and attract AMI.  Underhill 

et al. studied oil-filled nanocapsules stabilized by Brij 97 surfactant and thereafter 

coated with polysilicate/polysiloxane shells [21].  Their presumed mechanism for drug 

affinity was hydrophobic interactions between lipophilic drugs and oil phases.  They 

were able to remove greater than 99% of BUP from drug solutions at concentrations 

below 200 µM.  Quinoline was also studied for proof of concept purposes, and 97% was 

removed from solutions after 15 minutes with 1.4% w/v oil content nanocapsules.  Lee 

and Baney studied yet another type of detoxification system where a different attraction 

mechanism was proposed [22].  They reacted chitosan polymers with dinitro-

fluorobenzene to form dinitrophenyl chitosans.  The resulting chitosans were only 

partially soluble in water, attributed to the reduced protonation of amino groups [22].  

The insoluble chitosans were used for drug uptake studies and removed 90% of AMI 

from saline solutions at a relatively high polymer concentration of 0.4%.  Chakraborty 

and Somasundaran used poly(acrylic acid) microparticles to sequester AMI and BUP 

from normal saline [23]. 

Perhaps the most relevant work to the research presented herein was done by 

Dhanikula et al.  They reported results from experiments using nanoparticles for the 

sequestration of AMI and other drugs [24,25].  In one study, they use oil-filled lipid 

nanocapsules for haloperidol, docetaxel, and paclitaxel sequestration [24].  They 

hypothesized that the oil-filled nanocapsules bind to drug based on oil-drug affinities.  In 

a second study, they used spherulites and nanocapsules to do in vitro experiments 
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involving AMI, as well as ex vivo experiments using amitriptyline-intoxicated rat hearts 

[25].  Spherulites are similar to nanocapsules and liposomes, with one key difference.  

They have numerous concentric bilayers surrounding their core, rather than a single 

layer.  The work of these and other researchers on drug binding to nanoparticles is 

further discussed throughout Chapters 2-7.  Despite the numerous studies conducted 

on developing nanoparticles for drug detoxification, no effective, widely useful solution 

has been introduced into the market. 

Accordingly, the overall goal of the present work was to design nanoparticles 

capable of treating TCA and BUP overdoses.  Liposomes were chosen as the platform 

for development.  Liposomes are spherical nanoparticles composed of a bilayer of 

phospholipids encapsulating an aqueous core.  Their unique structures make it possible 

for them to carry water soluble compounds, which has led to applications in drug 

delivery [26].  Unlike micelles, liposomes rarely form spontaneously and typically require 

some form of energy for complete formation [26].  This is especially true if unilamellar, 

uniformly sized liposomes are desired.  Common methods of making liposomes include 

the reverse phase evaporation (RES) method [27], probe or bath sonication [27], and 

hydration followed by extrusion [28].  One major advantage of using liposomes is their 

proven biocompatibility for many phospholipids used.  To accomplish the goal of 

designing liposomes for the treatment of TCA or BUP overdose, liposomes were 

optimized (Chapters 2-5), the binding process was characterized (Chapter 6), and 

physiologically based pharmacokinetic (PBPK) models were used to predict in vivo 

efficacy based on the in vitro data (Chapter 7). 
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AMI is a primary TCA of concern.  In Chapter 2, we tested the AMI binding ability 

of charged liposomes in the presence of serum proteins.  Serum proteins are present 

throughout the blood stream and could therefore interact with liposomes during the drug 

sequestration process, rendering the liposomes less effective.  The primary goal of 

Chapter 2 was to quantify the protein effects on liposome treatment, both from a 

competition and interference stand point.  Liposome charge and loading were varied, 

drug binding was measured to serum proteins individually and via human serum 

samples, and the primary metabolite of AMI, nortriptyline, was also tested.  A two-site 

binding model was proposed and fit to the drug-protein binding data.  The low drug 

concentration regimes in which most of the data was measured allowed protein-drug 

binding to be uniquely characterized. 

Based on the results from Chapter 2, where proteins were shown to interact with 

charged liposomes, lipids altered to include covalently attached polyethylene glycol 

(PEG) were added to the liposome formulations.  Coverage with surface polymers such 

as PEG is the most widely known method of counteracting opsonization and protein 

binding.  The resulting liposomes have a surface layer of PEG that is approximately 5 

nm thick [29].  Using this technique, Awasthi et al. have shown significant increases in 

circulation times for pegylated versus conventional liposomes, with less accumulation in 

the liver as well [30].  This phenomenon has also been observed for nanocapsules 

fabricated with and without PEG [31].  The degree of surface coverage, achieved 

through polymer chain length and percent inclusion, is also noteworthy, as liver and 

spleen accumulation are minimal at PEG inclusions of around 10% by mole, but 

increase beyond such concentrations [31,32].  By choosing an optimum proportion of 
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PEG, the correct chain length, and the best preparation technique, one can greatly 

enhance the pharmacokinetic properties of most nanoparticles.  AMI binding to the 

PEG-altered liposomes was reported in Chapter 3.  Additionally, the effect of increased 

lipid loading and various liposome sizes on AMI binding was investigated.  To simulate 

the packaging effects that liposomes would undergo during clinical situations, liposomes 

stored for a period of one month were tested for their drug binding ability. 

In Chapters 2 and 3, liposomes were optimized for maximum AMI uptake.  A 

system capable of treating multiple overdoses is significantly superior to a therapy 

targeted at only one drug.  AMI is one of three key antidepressants related to overdose 

fatalities, along with imipramine (IMI) and dosulepin (DOS), which is also known as 

dothiepin.  Henry et al. [5] and Morgan et al. [6] reported that these three drugs produce 

the highest death rates among all antidepressants used in the United Kingdom.  The 

first goal of Chapter 4 was to therefore extend the use of liposomes to IMI and DOS.  In 

addition, opipramol is a drug similar in structure to tricyclic antidepressants but used for 

the treatment of anxiety disorders.  It has also been cited as heavily involved in drug 

overdose cases in Germany and Turkey, where it is primarily used [3].  Including 

opipramol into the study allowed us to test liposome-drug binding for an important drug, 

and the effect of drug charge on binding, as opipramol is only 83% protonated 

compared to 99% for the TCA’s.  Chapter 4 also included experiments aimed at 

quantifying the effect of changing the PEG chain length, if any, on the drug-liposome 

interactions.  PEG length is an important parameter for liposome in vivo circulation time. 

Local anesthetic drugs are useful for providing regional anesthesia or analgesia 

with limited systemic exposure.  However, their ability to cause toxicity has been pointed 
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out above.  Such instances can occur without warning and require rapid action to 

ensure patient survival [17].  A rapid treatment protocol for toxicity reversal would 

drastically reduce the risks of using such drugs.  Several in vivo animal models and 

emerging case studies show that lipid emulsions, such as Intralipid® 20%, composed of 

20% soybean oil, 1.2% egg yolk phospholipids, 2.25% glycerin, and water, through 

rapid drug binding or improved oxidative metabolism, may be one useful modality for 

treating overdoses [12-14,17,33-40].  Such emulsions have traditionally been used to 

supply patients with calories and essential fatty acids during illness and other times 

when consuming adequate amounts of fat is difficult.  Weinberg et al. first studied the 

pre-treatment effects of lipid emulsions on rat toxicity induced with BUP [41].  They 

showed an in vitro sequestration in plasma of 75.3% of BUP at final lipid concentrations 

of 15%.  More significantly, they showed median lethal doses of 82 mg/kg for rats 

treated with lipid emulsions prior to drug exposure, which was about 5 fold higher than 

the dose of 17.8 mg/kg in the control, untreated group.  Their study was followed by 

additional work by Weinberg et al., where dogs were treated with lipid emulsions 10 

minutes after drug induced toxicity [42].  Six treated dogs survived, while the six 

untreated dogs did not.  Furthermore, they reported recovery of myocardial tissue pH 

and oxygen pressure for lipid emulsion treatment versus the control.  Since the results 

of their studies were published, several cases of successful detoxification with similar 

lipid emulsions have been reported [12-14,33,34].  Thus, lipid emulsions have been 

shown to be an effective detoxification therapy under critical conditions in clinical 

settings. 
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Still, questions remain about the use of lipid emulsions for detoxification.  First, the 

mechanism of toxicity reversal is still unclear, as Weinberg et al. and many others 

suggest [41-46].  Possible mechanisms include the redistribution mechanism, where 

drug is relocated to the blood compartment, as well as restored energy production in the 

myocardium.  BUP is known to hinder fatty acid transport at the mitochondrial 

membrane, causing disruption to energy demanding processes.  The possibility of lipid 

emulsions improving fatty acid oxidation and subsequent improved adenosine 

triphosphate production has been widely suggested and even supported through clinical 

results [14].  Yet another mechanism has also been mentioned, in which increased nitric 

oxide production induced by lipid emulsions could reduce bupivacaine toxicity [41].  The 

mode of toxicity reversal is not the only issue surrounding the use of lipid 

macroemulsions for detoxification therapy.  Concerns over the abandonment of fervent 

toxicity prevention efforts and the possible side effects of administering such large 

amounts of lipids to patients have also been raised [45,46]. 

Chapter 5 represents our attempts to both improve the current treatment protocol 

for local anesthetic adverse reactions through superior liposome therapies, and better 

understand the mode of action of emulsions currently being used.  Liposomes have 

already been explored as drug delivery vehicles for local anesthetics, which suggest 

high-affinity binding between liposomes and local anesthetics [47-53].  The PEG coated, 

anionic liposomes explored in Chapters 2-4 were used to measure BUP binding in 

Chapter 5.  Multilamellar liposomes were also utilized in drug binding experiments, 

which led to some very interesting observations about multilamellar versus unilamellar 

liposomes in the context of charged liposome-drug interactions.  Data reported for BUP 
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binding to macroemulsions in literature was compared to in vitro data for liposomes to 

determine which formulation had the higher drug affinity. 

In Chapter 6, we move from the optimization phase to a more fundamental look at 

liposome-drug interactions.  The association of small molecules with lipid and/or cell 

membranes has been a subject of several studies, primarily due to the pivotal role such 

interactions play in determining how drugs, nutrients, and other xenobiotics introduced 

into the body affect the function and vitality of the cell membrane [54-61].  These 

interactions have also been explored due to their relevance in applications, such as 

drug loading and release from liposomes [62-68] and, within the context of this work, 

drug overdose treatment with liposomes [24,25,69-72].  The interactions of molecules 

with liposomes and lipid bilayers in general impact drug delivery and drug overdose 

treatment through several mechanisms.  First, the equilibrium binding of drugs to 

bilayers controls the release rate when the release is limited by equilibrium partitioning, 

which is true for drugs that exhibit a high binding affinity for liposomes.  Second, the 

bilayer permeability of water-soluble drugs loaded into liposomes has a profound effect 

on their rate of release unless liposome destruction is triggered by some alternative 

mechanism.  Finally, the interaction of drugs with lipid bilayers of the endothelial cells 

lining the capillaries can impact the transport of drugs and other solutes into tissues.  

Chapter 6 involves additional liposome-drug binding studies where various parameters 

such as surface charge, bilayer fluidity, number of lamellae, and ionic strength were 

altered.  Moreover, leakage of a water soluble fluorescent dye from the core of 

liposomes was studied to give some insights into differences in drug-bilayer interactions 
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for TCA’s and BUP.  A continuum model incorporating electrostatics and a Langmuir 

binding isotherm was used to help analyze the experimental results. 

  In Chapters 2-6, we identified anionic, pegylated liposomes capable of 

sequestering TCA’s and BUP from human serum solutions with the goal of using 

liposome therapy to reduce toxicity through drug redistribution from vital organs to the 

blood compartment.  While our in vitro drug binding data suggested great potential for 

liposome based overdose therapy, the in vivo efficacy could not be directly assessed.  

As a next step in our efforts to prove the effectiveness of the liposomal systems, we 

attempted to utilize physiologically based pharmacokinetic (PBPK) models and our in 

vitro data to predict the in vivo behavior. 

Predictions of in vivo behavior based on in vitro data represent an exciting and 

growing research area that can lead to reductions in time and costs associated with 

developing new drug therapies, as well as the amount of animal testing required.  PBPK 

models are exceptional tools for this purpose [73-76], offering a versatile method for 

predicting the pharmacokinetic profiles, optimal doses, and pharmacodynamic (PD) 

effects of new therapies early in the drug discovery process.  PBPK models are 

essentially block compartment models more closely representing physiology than 

traditional pharmacokinetic models [77], and have been utilized for a wide array of 

purposes [78-82].  We combined partition coefficients calculated from published 

mechanistic equations with our in vitro data for protein and liposome binding to estimate 

drug distribution throughout the human body.  The models were validated for reliability 

using published intravenous data.  The models allowed for variations in drug dose, 

liposome dose, time lapse between drug and liposome dose, hepatic clearance, 
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absorption times, partition coefficients, and liposome clearance to be simulated without 

any additional in vivo experiments.  Lastly, reported local pharmacodynamic changes in 

cardiac tissue and cell components as a function of AMI or BUP concentration were 

correlated to concentration versus time profiles generated by our models to allow for an 

estimate of the extent to which liposomes would ultimately induce cardiac tissue 

recovery to basal levels. 

 

 



 

CHAPTER 2 
UPTAKE OF AMITRIPTYLINE AND NORTRIPTYLINE WITH LIPOSOMES, 

PROTEINS, AND SERUM 

2.1 Introduction 

The goal of this chapter was to test the suitability of charged liposomal systems at 

treating amitriptyline (AMI) overdose under physiological conditions.  The major 

difference between PBS and the blood is the presence of plasma proteins, which also 

bind a significant amount of drug.  Thus, in this chapter we focused on the effect of 

plasma proteins on the sequestration, or temporary removal from solution by 

complexation, of AMI by liposomes. 

Additionally, we sought to understand the role of liposome-protein interactions in 

drug overdose treatment, and to apply that knowledge to further optimize our liposomal 

systems.  Uptake of nortriptyline, the major metabolite of AMI, was also investigated 

with similar liposomal suspensions.  A primary characteristic of each species considered 

in this study was net charge.  At the physiological pH of 7.4, both AMI and nortriptyline 

exist predominantly in their positively charged forms.  DMPC has no net charge, 

whereas DOPG bears a negative charge.  Previous studies showed that liposomes 

composed of more negatively charged lipids sequestered more AMI than those with 

neutral lipids [71].  Accordingly, we studied liposomes composed of a 50:50 molar ratio 

of DMPC and DOPG, as well as pure DOPG lipids.  The structures of both drugs and 

both lipids are shown in Figure 2-1.  In addition to investigating the suitability of 

liposomes for overdose treatment, we have investigated binding isotherms for AMI with 

albumin, fibrinogen, and globulins.  These studies have revealed some very interesting 

behavior which is particularly evident at low drug concentrations, a regime which has 

not been explored in detail by previous investigators. 
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2.2 Materials and Methods 

2.2.1 Materials 

Methanol, chloroform, Dulbecco’s phosphate buffered saline (PBS) without 

calcium chloride and magnesium chloride, bovine serum albumin (BSA), fibrinogen from 

bovine plasma, γ-globulins from human blood, human serum from male plasma, 

nortriptyline hydrochloride, and amitriptyline hydrochloride were purchased from Sigma 

Aldrich.  0.45 μm nylon syringe filters, YM30 centrifugation filters (30,000 molecular 

weight cut-off), and YM10 centrifugation filters (10,000 molecular weight cut-off) were 

purchased from Fisher Scientific.  The lipids 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), in powder form, and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-

(1-glycerol)] (sodium salt) (DOPG), in powder form, were purchased from Avanti Polar 

Lipids, Inc. 

2.2.2 Liposome Preparation 

Liposomes containing a mixture of DMPC and DOPG lipids as well as liposomes 

containing DOPG lipids were prepared using an ultrasonication procedure.  For 

preparing DOPG liposomes, 20 mg of lipid was dissolved in a 9:1 mixture (by volume) of 

chloroform:methanol such that a 10 mg/mL concentration of lipids was obtained.  The 

organic solvent was then evaporated under a stream of nitrogen.  After an even and 

uniformly dried lipid film was obtained, the dried lipid layer was hydrated with PBS, such 

that the lipid concentration was 40 mg/mL, and the hydrated lipid was sonicated in a 

bath sonicator (G112SP1 Special Ultrasonic Cleaner, Avanti Polar Lipids, Inc.) at room 

temperature for 20 minutes to form lipid vesicles.  More PBS was then added, such that 

the lipid concentration became 4 mg/mL, and the lipid suspension was sonicated using 

a probe sonicator (Fisher Scientific Sonic Dismembrator Model 100) for 40 minutes at 
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room temperature to reduce the vesicle size.  The suspension was surrounded by a 

cool water bath during the sonication to avoid excessive heat buildup.  The liposomal 

dispersion was filtered using a 0.45 μm filter.  Effective diameter was previously 

determined to be 40-45 nm using a Brookhaven particle size analyzer [71].  Liposomes 

containing both DMPC and DOPG lipids in 50:50 molar ratios were prepared by 

following the same procedure as described above, except that the two lipids were mixed 

in a 50:50 molar ratio before dissolving the lipids in the organic liquid.  In some 

experiments the lipid loading was doubled at the dissolution step, and this resulted in a 

loading of 8 mg/mL in the final liposomal suspension. 

2.2.3 Amitriptyline Uptake Experiments 

To quantify AMI uptake by liposomes, proteins, and mixtures of both liposomes 

and proteins, filtration and HPLC analysis were used.  Percentage of drug uptake was 

calculated by subtracting the final drug concentration from the initial drug concentration 

measured from control solutions and dividing by the initial drug concentration.  This 

method could measure the binding of AMI, but it provided no information regarding the 

time scale on which binding occurred, due to the long time required for filtration.  The 

time scale for binding between AMI and liposomes was previously investigated, 

however, and found to be extremely rapid [71].  To determine the initial drug 

concentrations used for the percent uptake calculations, control drug solutions were 

made and a volume of PBS equal to the volume of the liposome dispersion added to the 

samples was added to the control solutions to eliminate error due to dilution. 
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2.2.4 Amitriptyline Uptake with Liposomes 

AMI uptake was expected to depend on lipid and drug loading.  The initial AMI 

concentration was varied from around 1 to 100 μM, and two different lipid loadings, 0.36 

and 0.72 mg lipid/mL were used in the experiments described below. 

Liposomes were added to solutions of AMI, which were all made with PBS (pH 

7.4), such that the volume of the liposomal dispersion (containing 4 or 8 mg lipid/mL) 

was 9% of the total solution volume giving a final lipid concentration of 0.36 or 0.72 mg 

lipid/mL.  After being stirred for 10 minutes, the solutions were ultracentrifuged at 3000 

rpm for 15-20 minutes in a vial that contained a YM30 filter (30,000 molecular weight 

cut-off).  Filter sizes were chosen to ensure that most of the drug that was not bound 

passed through the filters, while liposome-drug complexes and liposomes did not pass 

through the filters, as verified in [71].  To ensure that all unbound AMI was accounted 

for, solutions of AMI at various concentrations were passed through YM30 and YM10 

filters in a separate test.  Small amounts of AMI were taken up by the filters, and a linear 

correction curve was made and used to correct for AMI adsorbed by the membranes.  

To minimize the effect of any leaching components from the filter, the filters were rinsed 

with de-ionized water and then PBS at 3000 rpm for 20 minutes prior to their use in 

these experiments.  The concentration of AMI in the filtrate (free drug concentration) 

was measured using HPLC analysis.  AMI was detected at an absorbance of 215 nm 

after passing through a C18 column (Waters) using an acetonitrile/50 mM NH4H2PO4 

solvent mixture in a 35/65 ratio.  The calibration curve for concentration versus area 

under the curve was linear with R2 > 0.99. 
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2.2.5 Amitriptyline Uptake with Proteins 

Albumin from bovine serum, fibrinogen from bovine plasma, and globulins from 

human blood were each tested separately for their ability to bind AMI.  Human blood is 

made up of approximately 7% protein, with 4.5% albumin, 0.3% fibrinogen, and 2.5% 

globulins [83].  We conducted experiments with 2% and 4% (w/w) albumin, 2% (w/w) 

fibrinogen, and 1% (w/w) globulins.  Also, a mixture of 4% albumin, 2% fibrinogen, and 

1% globulins was tested for AMI uptake.  Each protein was weighed and AMI solutions 

were then added to the proteins.  The procedure described above for uptake with 

liposomes was then followed, with the exception of filtration times, which were 

increased to a period ranging from 45 minutes to 5 hours. 

2.2.6 Amitriptyline Uptake with Mixtures of Liposomes and Proteins 

For the mixtures tested, the proteins were first weighed and combined with AMI 

solutions.  Liposomes were then added to the solutions such that the volume of the 

liposomal dispersion (containing 4 or 8 mg lipid/mL) was 9% of the total solution volume 

(giving a final concentration of 0.36 or 0.72 mg lipid/mL).  Mixtures with protein 

concentrations of 4% albumin (w/w), 2% fibrinogen (w/w), and 1% globulins (w/w) were 

tested individually.  To simulate more realistic serum conditions, a mixture of 4% 

albumin (w/w), 2% fibrinogen (w/w), and 1% globulins (w/w) was tested. 

2.2.7 Amitriptyline Uptake with Human Serum 

50:50 DMPC:DOPG liposomes were added to solutions of AMI in human serum 

from male plasma, such that the volume of the liposomal dispersion was 9% of the total 

solution volume, giving a final lipid concentration of 0.72 mg lipid/mL.  Control solutions 

of AMI in PBS and AMI in serum without liposomes were also made to allow for uptake 

quantification and comparison.  After being stirred, the solutions were ultracentrifuged at 
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5000 rpm for 15 minutes in a vial that contained a YM10 filter (10,000 molecular weight 

cut-off).  YM10 filters were used for serum, rather than YM30 filters, due to the presence 

of many components present in serum that could pass through the membrane.  To 

minimize the effect of any leaching components from the filter, the filters were rinsed 

first with DI water and then with PBS at 5000 rpm for 10 minutes prior to their use in 

these experiments. 

2.2.8 Reversibility of Binding (Dilution Method) 

To ensure that the drug binding to liposomes and proteins is reversible, two 

different paths were followed to obtain the same final composition, and uptake was 

measured for both cases.  Specifically, two samples were tested with identical AMI 

concentrations at a 4% albumin (w/w) concentration.  The drug and albumin were 

combined as described above for the control sample, and then 50:50 DMPC:DOPG 

liposomes were added to produce a final lipid concentration of 0.72 mg lipid/mL.  For 

the second sample, a more concentrated drug solution was first combined with the 

proteins, followed by the 50:50 DMPC:DOPG liposomes.  After 10 minutes, the second 

sample was diluted to the same final AMI and liposome concentrations as the control 

sample.  Both samples were filtered and the AMI concentrations were measured via 

HPLC. 

2.2.9 Time Dependency of Amitriptyline Uptake 

To gain insight into the effects of time on the liposome-drug binding and the 

liposome-drug-protein interactions, experiments were conducted in which liposomes 

were added to AMI solutions as described in Section 2.2.4 and uptake was measured 

after approximately 24 and 48 hours.  This experiment was carried out for mixtures with 
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2% fibrinogen (w/w) and 50:50 DMPC:DOPG liposomes.  The final lipid concentration 

was again 0.72 mg lipid/mL. 

2.2.10 Nortriptyline Uptake with Liposomes and Albumin 

Once inside the body, the major metabolite of AMI is nortriptyline.  Since an 

overdose of nortriptyline may also cause toxicity, we have measured the uptake of 

nortriptyline with pure DOPG and 50:50 DMPC:DOPG liposomal systems [84].  Uptake 

measurements were done in PBS and in the presence of 4% albumin.  The procedures 

were the same as described in Sections 2.2.4, 2.2.5, and 2.2.6, with the exception of 

the protocols for HPLC analysis.  A solvent mixture of acetonitrile/50 mM NH4H2PO4 at 

a ratio of 32.5/67.5 was used for nortriptyline detection.  Nortriptyline was detected by 

measuring absorbance at 215 nm.  The calibration curve for concentration versus area 

under the curve was linear with R2 > 0.99. 

2.3 Results and Discussion 

2.3.1 Amitriptyline Uptake with Liposomes 

In all of the results reported below, the percentage of drug uptake was determined 

by measuring both the AMI sample and a control AMI solution.  The control solution was 

diluted with PBS to match the dilution effect from the liposome solution added to the 

AMI sample.  Percentage of AMI uptake was plotted as a function of final AMI 

concentration.  Typically, two experiments were done with the same starting drug 

concentration, and results from each of these are included in the figures.  The close 

proximity of the results from the repeat runs indicates the reproducibility of AMI uptake 

with liposomes. 
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2.3.1.1 Effect of lipid loading 

The effect of lipid loading was investigated for both the 50:50 DMPC:DOPG 

system and the pure DOPG system.  Figure 2-2 shows the AMI uptake as a function of 

final AMI concentration for lipid loading levels of 0.36 and 0.72 mg lipid/mL for both 

systems.  For pure DOPG, uptake values varied from around 95% at 0.36 mg lipid/mL 

and final AMI concentrations of around 2.5 μM, to nearly 100% at 0.72 mg lipid/mL and 

final AMI concentrations on the order of 0.01 μM.  The 50:50 DMPC:DOPG system 

seemed to be more sensitive to loading, with uptake values ranging from 90 to 99% in 

the same concentration range.  In both cases, uptake increased as lipid loading 

increased, which was expected.  The fractional uptake decreases on increasing the 

concentration, which is expected because there are only a limited number of binding 

sites on liposomes, and as the bulk drug concentration gets larger, a majority of these 

sites are occupied (saturated) leading to a reduction in fractional drug uptake on further 

increase in concentration.  Both lipid loading levels produced relatively high uptake 

values for both the 50:50 DMPC:DOPG system and the pure DOPG system.  Also 

important to note is that the maximum lipid loading level used in this study of 0.72 mg 

lipid/mL is still low compared to lipid loading levels in other studies [25].  Thus, the 

results presented here are the lower bounds of the uptake capabilities of these systems 

and may be improved with higher lipid loading. 

If one neglects interaction between liposomes, the uptake data for the system in 

which the lipid loading is doubled (Φdouble) can be predicted by scaling up the uptake 

data at the original lipid loading (Φ).  Here Φ refers to the fraction of drug bound to 

liposomes divided by the total amount of drug initially in solution, and so the ratio of 

drug on liposomes to free drug is as follows: 
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This ratio depends only on the drug concentration and the amount of lipids added to the 

system.  At a given free drug concentration, the amount of bound drug should double on 

doubling the loading, and so the ratio of bound to free drug should also double, i.e., 
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The above equation can be simplified to give 
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However, one has to ensure that Φ and Φdouble correspond to the same final drug 

concentration.  The solid and dashed lines in Figure 2-2 are trend lines from the 

predicted data based on the above equation.  A good match between the predictions 

and the experimental data suggests that the system is dilute in lipid and so inter-

liposome interaction is negligible.  If such interaction were present, liposomes could 

possibly fuse, which may reduce the number of sites available for drug adsorption. 

2.3.1.2 Effect of charge 

At a pH of 7.4, DMPC has a net neutral charge, DOPG carries a (−1) charge, and 

AMI is predominately present in its charged form (AH+).  To clearly illustrate the effect of 

charge on uptake, DOPG and 50:50 DOPG:DMPC should be compared at equal lipid 

loadings of 0.72 mg/mL.  The data plotted in Figure 2-2 confirms that charge, and hence 

electrostatic interactions, play an important role in sequestration.  Both systems 

sequestered AMI extremely well, but the pure DOPG system, which carried twice as 

much net charge as the 50:50 system, approached 99.99% uptake at very low AMI 
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concentrations.  The DOPG lipids form an exterior bilayer surface that is negatively 

charged, which attracts the positively charged drug.  Although the DMPC lipid also 

contains a negative charge, its positively charged group repels the positively charged 

drug and likely also causes inter-lipid interaction, which further reduces the available 

negative charges for binding.  Also, it is interesting to note that pure DOPG liposomes at 

0.36 mg/mL sequestered more drug than the 50:50 DMPC:DOPG liposomes at 0.72 

mg/mL.  This suggests that the dependence of uptake on charge is non-linear, and 

probably depends on other factors, such as bilayer structure and the presence of 

positive charge on DMPC lipids. 

2.3.2 Amitriptyline Uptake with Proteins 

The amount of AMI bound to albumin from bovine serum, fibrinogen from bovine 

plasma, and γ-globulins from human blood was measured, because it is well known that 

AMI is approximately 95% bound to serum proteins while inside the blood stream [85].  

Any particles developed for overdose treatment will be competing with proteins for AMI, 

as well as interacting with proteins themselves.  Our goal was to quantify the in vitro 

binding between AMI and proteins without liposomes using our uptake procedures, and 

then compare this data with AMI uptake from mixtures of proteins and liposomes to 

determine if significant interactions between liposomes and proteins occurred. 

2.3.2.1 Uptake with albumin 

AMI uptake by albumin at 2% and 4% (w/w) is plotted as a function of final AMI 

concentration in Figure 2-3.  Similarly to lipid loading, increased protein loading resulted 

in increased uptake.  The fractional uptake also decreased as the concentration was 

increased, which was probably due to saturation effects.  However, the fractional uptake 

leveled off above an equilibrium concentration of about 20 μM.  This behavior was also 
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evident in other results shown below.  The 4% albumin data, which is approximately 

equal to the amount of albumin in blood, shows binding levels of around 90% at low 

concentrations.  This data shows that on a weight basis, albumin has a much lower 

affinity for AMI compared to the liposomes because liposomes have a maximum AMI 

uptake of 99.9% at concentrations of 0.072% (w/w).  The solid line in Figure 2-3 is the 

trend line predicted by Equation 2-3 for 4% albumin based on the uptake data for 2% 

albumin, assuming no protein-protein interaction.  Again, a good match between the 

prediction and the experimental data suggests that the system is dilute in protein and so 

inter-protein interaction is negligible. 

While inter-protein interaction appeared to be negligible, the AMI binding curve for 

albumin showed an unexpected behavior.  The albumin concentrations of 4% and 2% 

(w/w) were equivalent to around 600 and 300 μM, respectively.  At AMI concentrations 

below 20 μM, one would expect AMI uptake to be constant across a range of drug 

concentrations because the binding sites on proteins are far more numerous than the 

number of drug molecules in solution.  However, the data shows that the fractional 

uptake decreases significantly, even at very low concentrations.  To ensure that time 

dependent kinetic effects were not responsible for this behavior, the fractional uptake 

was measured for an initial AMI concentration of 25 μM after allowing the system to 

equilibrate for a period of time varying from one to three days.  These results in Figure 

2-3 show that the uptake values after days one, two, and three were consistent with the 

previous data.  This suggests that the uptake values reported here represent equilibrium 

uptake. 
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The sharp decay in fractional uptake followed by leveling off at concentrations 

above 20 μm suggests that there are two different binding sites on the proteins.  Below, 

we propose a simple two site binding model to quantitatively understand the drug 

binding.  The detailed interactions at these binding sites cannot be explored by the 

techniques used in this paper, but the model still sheds light on the mechanisms of 

uptake. 

We propose that the drug can bind to two different sites on the protein to form 

complexes denoted by DP and DP∗: 

1

1
KD + P  DP ,            (2-4) 

2K
D + P  DP* ,            (2-5) 

where D is unbound AMI, P is unbound protein, DP is the drug-protein complex 

resulting from one mechanism, and DP∗ is the drug-protein complex resulting from a 

second mechanism.  We have further assumed that the number of ∗ sites are much 

larger than the number of drug molecules and so the reaction resulting in DP∗ is zero 

order with respect to drug concentration.  This assumption is based on the fact that the 

fractional uptake levels off beyond the 20 μm drug concentration.  Accordingly, the 

equilibrium for the ∗ binding can be represented by the following equation: 

βDDP*  ,             (2-6) 

where β is the equilibrium constant for the ∗ binding under the assumption of very large 

protein concentration.  A mass balance for the drug yields 
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totalDDPDD)(β  ,           (2-7) 

where D and Dtotal are the free and total AMI concentrations, respectively, and DP is the 

concentration of the DP complex.  A mass balance on the protein yields 

totalPPDP  ,             (2-8) 

where P and Ptotal are the free and total concentrations of the protein that contains a site 

that could be used for formation of the DP complex.  The binding sites for the two 

mechanisms are assumed to be completely independent, and so the mass balance for 

DP is unaffected by DP∗.  Based on Equations 2-4 through 2-8, Equation 2-9 was 

derived for the drug-protein complex DP, 

2

)PD(4)PDKβ(K)PDKβ(K
DP totaltotal

2
totaltotal11totaltotal11 

 ,    (2-9) 

which was then used in Equation 2-10 to solve for the fraction of AMI bound (f): 

total

total

D

DP)(D
β1

β
DP

f





 .         (2-10) 

The model was used to find the values of K1 and Ptotal that best described the 

experimental data.  The value of β was determined by equating the fractional uptake 

value in the plateau region to β/(1+β).  For the case of 2% albumin where a β value of 

1.78 was used, the best fit K1 value was 2.78 μM−1, and the effective Ptotal for albumin 

was 5.13 μM.  For 4% albumin (β = 3.35), the best fit values of K1 and Ptotal were 1.83 

μM−1 and 9.24 μM, respectively.  The fitted values of Ptotal were much smaller than the 

total protein concentration, which were 600 and 300 μM for the 4 and 2% protein 

solutions, respectively.  Thus, the data suggest that a significant number of albumin 

molecules were unavailable for binding.  This could be due to inhibition of one 
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mechanism by the other or conformational changes upon binding.  Aggregation was 

unlikely, as lyophilized protein in the presence of salt was used to ensure solubility. 

Additionally, the close correlation between the predictions from Equation 2-3 and the 

4% albumin data further support the lack of aggregation.  Another potential reason for 

the difference between the fitted and the true value of Ptotal could be that the binding site 

is not available in the native state of the protein, but slight conformational fluctuations 

around the native state allow the binding.  In this case, the fitted Ptotal would be the 

concentration of the protein molecules that possess the conformations that allow 

binding.  These results suggest that the concentration dependent nature of AMI binding 

to serum proteins at therapeutic concentrations could be important considerations for 

physicians, particularly in the case of overdose treatment. 

2.3.2.2 Uptake with fibrinogen 

Figure 2-4 shows AMI uptake with 2% fibrinogen (w/w), which is about double the 

fibrinogen concentration in plasma.  Since the system is dilute for 4% albumin, it can be 

assumed that 2% fibrinogen is also dilute, and so Equation 2-3 can be used to predict 

the uptake data for 1% fibrinogen (w/w).  Fibrinogen at 2% (w/w) binds about the same 

amount of drug as 2% (w/w) albumin, and so the model presented in Section 2.3.2.1 

was used to predict K1 and the effective Ptotal value.  A value of 0.67 was used for β in 

these calculations.  A K1 value of 2.90 μM−1 suggested a similar affinity for AMI as 

albumin, while a Ptotal value of 1.68 μM versus an actual fibrinogen concentration of 

around 60 μM again pointed to a small percentage of protein molecules available for 

binding. 
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2.3.2.3 Uptake with globulins 

Figure 2-4 also shows the drug uptake data for globulins at a concentration of 1% 

(w/w), and the scaled up prediction for uptake by 2% (w/w).  The scaled up data shows 

that at the same loading, the globulins take up slightly less drug than albumin or 

fibrinogen.  Again, Equation 2-10 was applied to the globulin case to examine the 

affinity and availability of the protein.  The Ptotal of 2.08 μM versus an actual globulin 

concentration of 67 μM was consistent with albumin and fibrinogen, once more pointing 

to a lack of available protein molecules for AMI binding.  The K1 value of 7.10 μM−1 

confirmed the lower affinity of globulins for AMI than albumin or fibrinogen. A value of 

0.025 was used for β in these calculations. 

2.3.3 Amitriptyline Uptake with Mixtures of Liposomes and Proteins 

The results from Sections 2.3.1 and 2.3.2 provided information on the AMI binding 

properties of liposomes and proteins independently.  The liposomes were shown to 

sequester large amounts of AMI in PBS, while the proteins also bound to the drug, 

although to a lesser extent.  Below we report the drug uptake in the presence of both 

liposomes and proteins.  These experiments were conducted to better simulate in vivo 

conditions and also to determine whether the proteins bind to the liposomes.  To 

accomplish the latter objective, a simple mass balance was utilized to predict the drug 

uptake by a mixture of liposomes and proteins, based on the assumption that these 

components do not interact with each other, i.e., proteins do not bind to liposomes. The 

mass balance leads to the following equation: 











n

n
mix

1
1

1
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i







 ,          (2-11) 
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where Φi and Φmix are the uptakes in the ith component and the mixture, respectively.  If 

the measured uptake for the mixture is less than that predicted by the above equation, 

one may expect that the proteins are adsorbing on the liposomes, leading to a reduction 

in the number of available sites on liposomes for drug adsorption. 

2.3.3.1 Albumin and liposomes 

In the experiments described below, 4% albumin was combined with 50:50 

DMPC:DOPG liposomes at lipid concentrations of 0.36 and 0.72 mg lipid/mL, as well as 

pure DOPG liposomes at a lipid concentration of 0.36 mg lipid/mL. 

Figure 2-5 shows the AMI uptake predictions and experimental results for 50:50 

DMPC:DOPG liposomes and 4% albumin as a function of final AMI concentration.  At 

the lower lipid loading level of 0.36 mg lipid/mL, the system behaved as if no interaction 

took place between the liposomes and albumin.  The experimental values closely 

corresponded to the trend line predicted by the mass balance.  This would seem to 

suggest that the effectiveness of the liposomes at sequestering AMI is uninhibited by 

the presence of albumin.  However, at the higher lipid loading level of 0.72 mg lipid/mL, 

the experimental values were consistently lower than the predicted values.  Increasing 

the lipid loading level seemed to increase binding between the liposomes and proteins, 

causing the overall system uptake of AMI to be reduced.  At the lowest final AMI 

concentrations of around 0.1 μM, the uptake values were around 97%, as opposed to 

predictions approaching 99%.  The system of liposomes and albumin was still a marked 

improvement over the 4% albumin (w/w) system alone, which only bound around 90% 

of the drug at similar concentrations.  Doubling the amount of lipid in the system did 

increase the uptake in the low concentration regime from around 94-95% to around 

97%.  Thus, increasing lipid loading appears to increase uptake, but the effect is less 
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than expected in the presence of albumin due to competing interactions with the 

proteins. 

AMI uptake values for mixtures of pure DOPG liposomes and 4% albumin at a lipid 

loading level of 0.36 mg lipid/mL are also plotted in Figure 2-5.  The data shows that 

significantly less AMI was bound in the mixture of liposomes and proteins than the 

predicted values.  This was particularly true in the low concentration region.  

Additionally, the measurements have more variation compared to that in results 

reported earlier.  There also seems to be a minimum in the drug uptake that occurs at a 

concentration of 0.35 μM.  The drug uptake by the mixture of 4% albumin and pure 

DOPG liposomes at 0.36 mg/mL was comparable to the uptake by the mixture of 4% 

albumin and 50:50 DOPG:DMPC liposomes at 0.36 mg lipid/mL.  This is in contrast to 

the performance of the liposomes in the absence of albumin, where the pure DOPG 

liposomes sequestered significantly more AMI than the 50:50 liposomes.  The pure 

DOPG liposomes carry twice as much charge as the 50:50 DMPC:DOPG system, and 

this may be leading to increased protein binding, causing a greater reduction in uptake 

than for the 50:50 DMPC:DOPG system.  These results suggest that pure DOPG 

liposomes may not be the optimal system to use for drug detoxification due to high 

levels of protein interaction.  Due to this reason, the 50:50 DMPC:DOPG system at a 

lipid concentration of 0.72 mg lipid/mL was used for subsequent mixture experiments 

involving fibrinogen and globulins, rather than pure DOPG liposomes. 

2.3.3.2 Fibrinogen and liposomes 

Mixtures of 2% fibrinogen and 50:50 DMPC:DOPG liposomes at lipid 

concentrations of 0.36 and 0.72 mg lipid/mL were tested for AMI uptake, and the 

measured and predicted uptake values are plotted in Figure 2-6.  For the lower lipid 

46 



 

loading of 0.36 mg lipid/mL, the measured uptake values were around 88 to 89%, falling 

significantly below the predicted values.  This was especially true in the lowest 

concentration regime, where the uptake was roughly 5% less than expected at a final 

concentration of around 0.1 μM.  A lipid loading of 0.72 mg lipid/mL produced a mixture 

with similar behavior.  Maximum uptakes were between 95% and 96%.  The largest 

deviation from the predicted values was again in the low concentration area of the plot, 

with the measured uptake falling almost 4% below the prediction. 

These results show that 50:50 DMPC:DOPG liposomes sequester significantly 

more AMI than 2% fibrinogen alone.  2% fibrinogen only bound 75% of the AMI in 

solution at a final AMI concentration of nearly 0.10 μM.  The mixture of both liposomes 

and fibrinogen bound 95-96% in the same concentration region.  However, the results 

also point to interactions between liposomes and fibrinogen that hinder the ability of 

liposomes to sequester free AMI from solution, similar to the effect observed with 

albumin and pure DOPG liposomes.  The albumin also affected the 50:50 DMPC:DOPG 

system, but to a lesser extent.  It is important to note that fibrinogen has an inhibitory 

effect on drug uptake by liposomes at 2% (w/w), which is half the concentration of 

albumin (4% (w/w)).  Therefore, it seems that fibrinogen has a higher inhibitory effect, 

presumably due to a larger binding to the liposomes.  With the approximate protein 

concentration of 7% (w/w) in plasma, it is apparent that liposome-protein interactions 

will play an important role in overdose treatment, and that fibrinogen is one of the key 

proteins to consider when studying those interactions. 

2.3.3.3 Globulins and liposomes 

Figure 2-7 shows the predicted trend line and the measured values for AMI uptake 

behavior for a mixture of 1% globulins (w/w) and 50:50 DMPC:DOPG liposomes at a 
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lipid loading of 0.72 mg lipid/mL.  The uptake values for the system were around 95-

96%, as compared to 30-40% in the same drug concentration range for pure 1% 

globulins.  Thus, the liposome-protein mixture sequestered a substantially larger 

amount of AMI from solutions than globulins alone.  An inhibition was once again 

observed at low concentrations as the uptake seemed to level off at 95-96%, rather than 

approaching 99%.  Based solely on these preliminary results, it seems that all three 

proteins reduce the uptake of AMI by liposomes at low AMI concentrations, with 

fibrinogen and globulins having more drastic effects than albumin.  To check for 

additional effects arising from interactions between the proteins themselves, 

experiments were conducted where mixtures of all three proteins were used.  These 

results are presented below. 

2.3.3.4 Albumin, fibrinogen, globulins, and liposomes 

AMI uptake was first measured for the 7% (4% albumin (w/w), 2% fibrinogen 

(w/w), 1% globulins (w/w)) protein mixture without the addition of liposomes.  The data 

from measurements of protein binding for each individual protein were used to predict 

the uptake for the mixture by using Equation 2-11.  Next, mixtures containing 4% 

albumin (w/w), 2% fibrinogen, 1% globulins (w/w), and 50:50 DMPC:DOPG liposomes 

with a lipid loading of 0.72 mg lipid/mL were tested.  The predicted trend line of AMI 

binding in the presence of 7% proteins plus liposomes, measurements from 7% 

proteins, and measurements from 7% proteins plus liposomes are plotted in Figure 2-8. 

Several noteworthy observations can be made from the experimental results.  As 

previously observed, the protein-liposome mixture did not sequester as much AMI as 

the simple mass balance equation predicted.  Rather than approaching 98-99% uptake 

at low concentrations, the system only bound around 96% of the drug.  This result again 
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suggests that under the experimental conditions, proteins are interacting with 

liposomes, and are perhaps adsorbing on the surface.  However the presence of 

liposomes results in a significant reduction in the free drug concentration.  For instance, 

at an initial AMI concentration of nearly 1.70 μM, the proteins bound around 90% of the 

AMI, bringing the final concentration to roughly 0.17 μM.  With an almost identical initial 

drug concentration, the protein-liposome mixture bound around 96% of the drug, 

resulting in a final AMI concentration of around 0.07 μM.  Therefore, we have 

succeeded in reducing the free AMI concentration by nearly 60% in the presence of 7% 

proteins with 50:50 DMPC:DOPG liposomes at a lipid loading of 0.72 mg lipid/mL. 

The initial AMI concentration of 1.70 μM was tested based on the reported relevant 

values for overdose treatment of 1-3 μM [9].  Other groups, including Dhanikula et al. 

[25], have tested in vitro AMI uptake at even lower concentrations.  Uptake increases 

with decreasing concentration, and the reported therapeutic dose range for AMI is 0.3 to 

0.8 μM [9].  Thus, any uptake values found in or below this concentration range may not 

be as relevant to overdose treatment.  While the 7% protein mixture does not contain all 

the components found in human plasma, the experimental uptake values found in this 

study still highlight the potential for DMPC:DOPG liposome systems to be used for AMI 

overdose treatment. 

2.3.3.5 Effects of liposome-protein binding 

All of the results presented thus far suggest that proteins interact with liposomes 

and perhaps adsorb on the surface.  This hypothesis is supported by extensive 

literature in this field.  Chonn, Semple, and Cullis [86,87] have done numerous studies 

and concluded that significant amounts of proteins bind to liposomes.  The amount of 

protein bound depends largely on the composition and charge of the liposomes.  They 
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have also found that in vivo half-lives of liposomes tend to be longer for those that bind 

less protein.  One of their studies involved the use of 35:45:20 phosphatidylcholine 

(PC):cholesterol (CH):phosphatidylglycerol (PG) liposomes [86].  While these liposomes 

were slightly different than the ones used in our experiments, they did contain both the 

PC and PG components.  Protein binding data taken from that study suggested that 

roughly 6 × 10−7 moles of protein were bound to liposomes per gram of lipid.  Assuming 

an AMI uptake of 98% at 1 μM, 1.40×10−6 moles of AMI would be bound to liposomes 

per gram of lipid.  These rough estimates show that at small drug concentrations, the 

number of drug molecules that bind to the liposome surface is comparable to the 

number of bound protein molecules, and so it is expected that the fractional drug uptake 

will decrease.  However at higher drug concentrations, the bound drug molecules are 

significantly more numerous than the bound protein molecules leading to a small 

change in fractional uptake. 

In spite of the detrimental effect of protein binding, the liposomes were able to 

reduce the free AMI concentration by 50-60%.  While encouraging, this in vitro result 

failed to account for possible in vivo effects.  One of the most important effects to 

consider is the response by the body’s immune system and its effect on the lifetime of 

liposomes in the circulatory system.  While we cannot make any assumptions about the 

potential half-life of our liposomes without in vivo experiments or pharmacokinetic 

modeling, we can review the reported values from Chonn, Semple, and Cullis.  In their 

studies, they report 50% of the 35:45:20 PC:CH:PG liposomes to be recovered from 

mice after 30 minutes, and around 30% to be recovered after 120 minutes [86].  For 

some applications, including drug delivery, these circulation times may be completely 
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unacceptable.  However, these may be adequate for drug detoxification as AMI uptake 

has been shown to be rapid.  A quick removal of the liposomes by the immune system 

from the blood stream to the liver may even be desirable in the case of overdose 

treatment.  But, if increasing residence time in the circulatory system is necessary, it 

can be done by increasing the lipid loading [87].  As the lipid loading used in our study 

was very low compared to other studies, we could increase our lipid loading, and this 

may have the dual benefits of increases in drug uptake and circulatory half lives.  

Cholesterol addition is another possibility, as it adds stability to liposomes and increases 

in vivo circulation times in some cases [87]. 

2.3.4 Uptake of Amitriptyline with Liposomes in Human Serum 

The results presented above show that the three main proteins present in blood 

bind to liposomes, leading to a reduction in drug uptake efficiencies.  In reality, human 

blood also contains other proteins which are present in trace amounts and are difficult to 

isolate. Thus, to better gauge the effectiveness of liposomes at sequestering drug under 

in vivo conditions, drug uptake experiments were conducted in human serum.  AMI 

uptake in human serum is plotted as a function of final AMI concentration in Figure 2-9.  

In serum, AMI was roughly 90-92% bound without liposomes, which is comparable to 

the experimental results found in 7% proteins.  When liposomes were added, the uptake 

rose to 94-98%.  Thus, AMI uptake values with liposomes fell from 99% in PBS to 96 in 

7% proteins, and increased to 98% in human serum.  As opposed to the 50-60% free 

drug concentration reduction seen in the presence of 7% proteins, the 50:50 

DMPC:DOPG liposomes produced a 35-70% reduction in serum.  Clearly, the protein-

liposome interactions have increased the variability in drug uptake by liposomes, while 

the overall effectiveness of the liposomes in serum with respect to AMI detoxification 
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appears to be comparable to 7% protein mixtures.  A reduction of free drug 

concentration by about 35-70% could have a significant beneficial effect in cases of 

drug overdose [88].  Furthermore, it may be possible to give the overdose patient 

multiple doses of liposomes, which could lead to a larger reduction.  It may also be 

possible to increase the lipid loading, which could lead to higher drug uptake values and 

longer circulation times in the bloodstream. 

2.3.5 System Characterization 

The results presented in the previous section inherently assume that the binding of 

AMI to proteins and liposomes is reversible, and that the measured values correspond 

to thermodynamic equilibrium.  To test these hypotheses, the experiments described 

below were conducted. 

2.3.5.1 Reversibility of binding 

Albumin and 50:50 DMPC:DOPG liposomes with a final lipid concentration of 0.72 

mg lipid/mL were used to test for binding reversibility.  As described in Section 2.2.8, 

two samples with the same final composition were prepared by following two different 

paths, and the drug uptake was measured for each case.  If the AMI was bound to the 

albumin or liposomes irreversibly, the uptake for the two samples would not match, as 

they were allowed to reach an initial equilibrium at different concentrations.  The results 

of the experiment are shown in Figure 2-10. 

At a final AMI concentration of 0.50 μM, the uptake values for both the diluted 

sample and standard sample were around 96.4%.  At a final concentration closer to 

0.12 μM, the uptake values for the two samples differed by less than 1%, which is within 

the range of experimental error.  It is noted that the experimental error is likely to be 

larger at smaller concentrations because a small amount of mass loss from the systems 
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could cause appreciable errors in the fractional uptake.  Based on this data, the binding 

of AMI appears to be reversible. 

2.3.5.2 Time dependency of amitriptyline uptake 

To determine whether the measurements reported above correspond to 

equilibrium, it was decided to conduct uptake measurements at various times.  A 

system with 2% fibrinogen (w/w) and 50:50 DMPC:DOPG liposomes with a lipid loading 

of 0.72 mg lipid/mL was used for these experiments.  AMI uptake was measured 24 and 

48 hours after mixing all the components, and these results, along with those measured 

immediately after mixing, are plotted in Figure 2-11.  The uptake values of AMI after 24 

and 48 hours were very similar to the sample filtered shortly after mixing.  This result 

suggests that the binding is quick and that the measured values correspond to 

equilibrium binding. 

2.3.6 Nortriptyline Uptake 

Based on the fact that nortriptyline is the well-known primary metabolite of AMI, it 

can be anticipated that nortriptyline may be important in AMI overdose cases [89].  This 

is supported by the results of a case study by Franssen et al. [89], which showed an 

initial concentration of nortriptyline of around 700 μg/L for a patient who had overdosed 

on AMI.  Nortriptyline could be of concern for AMI overdose patients, as many people 

who overdose on AMI have been using the drug for depression related illnesses prior to 

overdosing.  Thus, nortriptyline will undoubtedly be present in their system at the time of 

overdose if they have recently taken AMI regularly.  The study conducted by Franssen 

et al. also demonstrated that nortriptyline can cause many of the same serious health 

problems associated with AMI.  For this reason, nortriptyline uptake was investigated 
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with 50:50 DMPC:DOPG liposomes at lipid loading levels of 0.36 and 0.72 mg lipid/mL 

and DOPG at lipid loading levels of 0.36 and 0.72 mg lipid/mL. 

2.3.6.1 Nortriptyline uptake with 50:50 DMPC:DOPG liposomes 

Figure 2-12 shows nortriptyline and AMI uptake by 50:50 DMPC:DOPG liposomes 

versus final drug concentration.  At final nortriptyline concentrations of nearly 0.025 μM, 

the maximum uptake was slightly higher than 96% at a lipid loading of 0.36 mg lipid/mL.  

For a lipid loading of 0.72 mg lipid/mL, the nortriptyline uptake reached values slightly 

greater than 99%.  The AMI data plotted in the same figure shows that the liposomes 

sequester nortriptyline more efficiently compared to AMI.  These results show that any 

system designed for the treatment of AMI overdose will likely result in reduction of free 

drug concentration of nortriptyline as well.  This was expected, as both compounds are 

predominantly charged at pH 7.4 and have similar structures. 

2.3.6.2 Nortriptyline uptake with DOPG liposomes 

Nortriptyline uptake with pure DOPG liposomes is plotted as a function of final 

concentration in Figure 2-13.  Both lipid loadings for both compounds showed uptakes 

greater than 99%.  As is the case for AMI, the pure DOPG liposomes sequester more 

nortriptyline than the 50:50 DMPC:DOPG liposomes.  Again, this was expected 

because the binding of nortriptyline to liposomes is also driven by electrostatic 

interactions. 

2.3.6.3 Nortriptyline uptake with albumin 

To determine the effect of protein-liposome interaction on nortriptyline binding, the 

uptake of nortriptyline with 50:50 DMPC:DOPG liposomes at a lipid concentration of 

0.72 mg lipid/mL was tested in the presence of 4% albumin.  In the presence of 

liposomes and albumin, around 98% of the nortriptyline was bound.  Without liposomes, 
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the albumin bound only 85% to 86% of the drug.  Both of these results were comparable 

to the binding seen by AMI in the presence of albumin and mixtures of albumin and 

liposomes.  Overall, the results provide additional evidence for the possible dual 

effectiveness of liposomes at sequestering both AMI and nortriptyline. 

2.4 Conclusions 

Liposomes composed of DOPG and 50:50 DMPC:DOPG were tested for their 

ability to sequester AMI in PBS, in the presence of albumin, fibrinogen, and globulins, 

as well as in the presence of human serum.  Experiments were conducted using 

filtration procedures where free AMI was allowed to pass through filters, while 

liposomes and proteins were largely removed.  In PBS at a pH of 7.4, both the DOPG 

liposomes and the 50:50 DMPC:DOPG liposomes sequestered at least 99% of the AMI 

at low concentrations.  In the presence of albumin, pure DOPG liposomes were shown 

to be greatly inhibited by the proteins.  In the presence of 7% proteins (w/w) composed 

of 4% albumin, 2% fibrinogen, and 1% globulins, the 50:50 DMPC:DOPG liposomes at 

a lipid loading of 0.72 mg lipid/mL sequestered 95-96% of the free drug, as opposed to 

a predicted 99%.  The free AMI concentration was still reduced by 50-60%, however.  In 

human serum, the 50:50 DMPC:DOPG liposomes took up about 94-98% of the drug 

and reduced the free drug concentration by 35-70%.  These results suggest that 

liposome-protein interactions reduce the effectiveness of 50:50 DMPC:DOPG 

liposomes to sequester AMI.  This is probably due to protein adsorption to the surface of 

liposomes, reducing the number of available charged sites for drug binding. 

Other aspects of liposome dispersions for drug detoxification were examined as 

well.  Filtration techniques were again used to determine that AMI binding to liposomes 

in the presence of proteins is quick and reversible.  Finally, uptake studies conducted 
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with nortriptyline, the major metabolite of AMI, suggests that systems developed for AMI 

overdose treatment may also be useful for reducing the free concentration of 

nortriptyline. 

While the presence of serum proteins reduces the drug binding capacity of 

liposomes, a 35-70% reduction in drug concentration, which is attainable by the 

systems explored in this chapter, may have significant benefits for overdosed patients 

[88].  Additionally, even the highest lipid loading used in this chapter is below the lipid 

loadings used in other related studies, and so it may be feasible to increase the lipid 

loading or give multiple liposome injections to the overdosed patients.  Still, the study 

demonstrates the ability of liposomes to remove free AMI from solutions in the presence 

of proteins and human serum, and supports the idea of using a single detoxification 

treatment for both AMI and nortriptyline. 
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Figure 2-1.  Structures of drugs and lipids used for drug uptake studies with liposomes: 
(a) amitriptyline; (b) nortriptyline; (c) 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) lipid; (d) 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (DOPG) lipid. 
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Figure 2-2.  Measured and predicted (Equation 2-3) percent amitriptyline uptake for 
pure DOPG liposomes and 50:50 DMPC:DOPG liposomes in pH 7.4 buffer at 
final lipid concentrations of 0.36 and 0.72 mg lipid/mL versus final 
amitriptyline concentration.  Key: DOPG at 0.72 mg/mL (Δ); DOPG at 0.36 
mg/mL (●); DOPG at 0.72 mg/mL prediction (solid line); 50:50 DMPC:DOPG 
at 0.72 mg/mL (○); 50:50 DMPC:DOPG at 0.36 mg/mL (■); 50:50 
DMPC:DOPG at 0.72 mg/mL prediction (- - -). 
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Figure 2-3.  Measured and modeled (Equation 2-10) percent amitriptyline uptake for 2% 
albumin (w/w) in pH 7.4 buffer versus final amitriptyline concentration.  
Measured, modeled (Equation 2-11), and predicted (Equation 2-3) percent 
amitriptyline uptake for 4% albumin (w/w) in pH 7.4 buffer versus final 
amitriptyline concentration.  Key: 4% albumin (Δ); 4% albumin extended 
mixing time (■); 4% albumin prediction (solid line); 4% albumin model (─ ─); 
2% albumin (●); 2% albumin model (- - -). 
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Figure 2-4.  Measured and modeled (Equation 2-10) percent amitriptyline uptake for 2% 
fibrinogen and 1% globulins (w/w) in pH 7.4 buffer versus final amitriptyline 
concentration; predicted (Equation 2-3) percent amitriptyline uptake for 1% 
fibrinogen and 2% globulins (w/w) in pH 7.4 buffer versus final amitriptyline 
concentration.  Key: 2% fibrinogen (Δ); 2% fibrinogen modeled ( - ); 1% 
fibrinogen prediction ( ); 1% globulins (●); 1% globulins modeled (- - -); 2% 
globulins prediction (solid line). 
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Figure 2-5.  Measured and predicted (Equation 2-11) percent amitriptyline uptake for 
mixtures of 4% albumin (w/w) and 50:50 DMPC:DOPG liposomes with lipid 
concentrations of 0.72 and 0.36 mg lipid/mL and mixtures of 4% albumin and 
DOPG liposomes with lipid concentrations of 0.36 mg lipid/mL in pH 7.4 buffer 
versus final amitriptyline concentration.  Key: 4% albumin + 50:50 
DMPC:DOPG at 0.36 mg lipid/mL (○); 4% albumin + 50:50 DMPC:DOPG at 
0.36 mg lipid/mL prediction (solid line); 4% albumin + 50:50 DMPC:DOPG at 
0.72 mg lipid/mL (Δ); 4% albumin + 50:50 DMPC:DOPG at 0.72 mg lipid/mL 
prediction (- - -); 4% albumin + DOPG at 0.36 mg lipid/mL (■); 4% albumin + 
DOPG at 0.36 mg lipid/mL prediction ( ). 
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Figure 2-6.  Measured and predicted (Equation 2-11) percent amitriptyline uptake for 
mixtures of 2% fibrinogen (w/w) and 50:50 DMPC:DOPG liposomes with lipid 
concentrations of 0.36 and 0.72 mg lipid/mL in pH 7.4 buffer versus final 
amitriptyline concentration.  Key: 2% fibrinogen + 50:50 DMPC:DOPG at 0.36 
mg lipid/mL (●); 2% fibrinogen + 50:50 DMPC:DOPG at 0.36 mg lipid/mL 
prediction (solid line); 2% fibrinogen + 50:50 DMPC:DOPG at 0.72 mg 
lipid/mL (Δ); 2% fibrinogen + 50:50 DMPC:DOPG at 0.72 mg lipid/mL 
prediction (- - -). 
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Figure 2-7.  Measured and predicted (Equation 2-11) percent amitriptyline uptake for 
mixtures of 1% globulins (w/w) and 50:50 DMPC:DOPG liposomes with lipid 
concentrations of 0.72 mg lipid/mL in pH 7.4 buffer versus final amitriptyline 
concentration.  Key: 1% globulins + 50:50 DMPC:DOPG at 0.72 mg lipid/mL 
(●); 1% globulins + 50:50 DMPC:DOPG at 0.72 mg lipid/mL prediction (solid 
line). 
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Figure 2-8.  Measured and predicted (Equation 2-11) uptake of amitriptyline with 7% 
proteins (4% albumin, 2% fibrinogen, 1% globulins) and 50:50 DMPC:DOPG 
liposomes (0.72 mg lipid/mL) versus final amitriptyline concentration; 
measured uptake of amitriptyline with 7% proteins versus final amitriptyline 
concentration.  Key: 7% proteins + 50:50 DMPC:DOPG at 0.72 mg lipid/mL 
(●); 7% proteins + 50:50 DMPC:DOPG at 0.72 mg lipid/mL prediction (solid 
line); 7% proteins (□). 
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Figure 2-9.  Measured uptake of amitriptyline in human serum with and without 50:50 
DMPC:DOPG liposomes (0.72 mg lipid/mL) versus final amitriptyline 
concentration (the data corresponding to 98% uptake is two overlapping 
points).  Key: human serum + 50:50 DMPC:DOPG at 0.72 mg lipid/mL (▲); 
human serum (○). 

 

Figure 2-10.  Percent amitriptyline uptake for mixtures of 4% albumin (w/w) and 50:50 
DMPC:DOPG liposomes in pH 7.4 buffer versus final amitriptyline 
concentration where standard and dilution test methods were used to test for 
reversible binding.  Key: standard test method (▲); dilution test method (○). 
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Figure 2-11.  Measured and predicted (Equation 2-11) percent amitriptyline uptake for 
mixtures of 2% fibrinogen (w/w) and 50:50 DMPC:DOPG liposomes with lipid 
concentrations of 0.72 mg lipid/mL in pH 7.4 buffer versus final amitriptyline 
concentration filtered shortly after mixing, 24 hours later, and 48 hours later.  
Key: shortly after mixing (○); prediction (solid line); 24 hours later (Δ); 48 
hours later (■). 
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Figure 2-12.  Percent amitriptyline and nortriptyline uptake for 50:50 DMPC:DOPG 
liposomes in pH 7.4 buffer at final lipid concentrations of 0.36 and 0.72 mg 
lipid/mL versus final drug concentration.  Key: amitriptyline with 50:50 
DMPC:DOPG at 0.36 mg/mL (○); nortriptyline with 50:50 DMPC:DOPG at 
0.36 mg/mL (●); amitriptyline with 50:50 DMPC:DOPG at 0.72 mg/mL (Δ); 
nortriptyline with 50:50 DMPC:DOPG at 0.72 mg/mL (▲). 
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Figure 2-13.  Percent amitriptyline and nortriptyline uptake for pure DOPG liposomes in 
pH 7.4 buffer at final lipid concentrations of 0.36 and 0.72 mg lipid/mL versus 
final drug concentration.  Key: amitriptyline with DOPG at 0.36 mg/mL (○); 
nortriptyline with DOPG at 0.36 mg/mL (●); amitriptyline with DOPG at 0.72 
mg/mL (Δ); nortriptyline with DOPG at 0.72 mg/mL (▲). 

 

 



 

CHAPTER 3 
AMITRIPTYLINE BINDING TO PEGYLATED, ANIONIC LIPOSOMES 

3.1 Introduction 

In Chapter 2, we showed that although negatively charged liposomes are good 

candidates for amitriptyline (AMI) overdose treatment, their effect is reduced due to 

interactions between liposomes and proteins present in human blood.  The current 

chapter intends to prove that the inclusion of polyethylene glycol (PEG) chains on the 

liposomes could significantly improve the drug sequestration by liposomes.  In addition 

to improving drug uptake characteristics, inclusion of polyethylene glycol (PEG) into the 

liposomes will presumably lead to longer in vivo circulation times of the vesicles, which 

is desirable.  Additionally, we report the effect of increased lipid loading on drug uptake, 

as the loading of 0.72 mg lipid/mL explored in Chapter 2 was considerably lower than 

reported values in other studies [25].  Furthermore, we report the effects of liposome 

size on the drug binding characteristics, which to our knowledge has not been 

considered before.  During storage, pharmaceutical products such as liposomes can 

undergo changes resulting in a lack of potency or undesired side effects.  As a 

preliminary screening for packing effects, liposomes were also stored and checked 

periodically for their drug uptake properties. 

3.2 Materials and Methods 

3.2.1 Materials 

Human serum from male plasma, methanol, chloroform, Dulbecco’s phosphate 

buffered saline (PBS) without calcium chloride and magnesium chloride, cholesterol 

(CH), and amitriptyline hydrochloride were purchased from Sigma-Aldrich.  0.45 μm 

nylon syringe filters and Centriprep YM10 centrifugation filters (10,000 molecular weight 
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cut-off) were purchased from Fisher Scientific.  The lipids 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), in powder form, 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-

glycerol)] (sodium salt) (DOPG), dissolved in chloroform, and 1,2-dipalmitoylsn-glycero-

3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium salt) 

(DPPE-mPEG-2000), in powder form, were purchased from Avanti Polar Lipids, Inc.  A 

Mini-Extruder kit for liposome preparation was also purchased from Avanti Polar Lipids, 

Inc. 

3.2.2 Liposome Preparation via Sonication 

Liposomes composed of a molar ratio of 50:50 DMPC:DOPG, 55:15:30 

DMPC:DPPE-mPEG-2000:CH, 95:5 DOPG:DPPE-mPEG-2000, 85:15 DOPG:DPPE-

mPEG-2000, and pure DOPG lipids were prepared using an ultrasonication procedure.  

Lipids were combined in their respective molar ratios and then dissolved in a 9:1 

mixture (by volume) of chloroform:methanol such that a 20 mg/mL concentration of 

lipids was obtained.  The organic solvent was then evaporated under a stream of 

nitrogen.  After an even and uniformly dried lipid film was obtained, the dried lipid layer 

was hydrated with PBS, such that the lipid concentration was 80 mg/mL, and the 

mixture was sonicated in a bath sonicator (G112SP1 Special Ultrasonic Cleaner, Avanti 

Polar Lipids, Inc.) at room temperature for 20 minutes to form lipid vesicles.  More PBS 

was then added, such that the lipid concentration became 8 mg/mL, and the lipid 

suspension was sonicated using a probe sonicator (Fisher Scientific Sonic 

Dismembrator Model 100) for 40 minutes at room temperature to reduce the vesicle 

size.  The suspension was surrounded by a cool water bath during the sonication to 

avoid excessive heat buildup.  The liposome dispersion was filtered using a 0.45 μm 
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filter.  In some experiments, the lipid loading was doubled at the dissolution step, and 

this resulted in a loading of 16 mg lipid/mL in the final liposome suspension. 

3.2.3 Liposome Preparation via Extrusion 

It has been reported that liposome diameters of around 100-200 nm are best for 

extending in vivo circulation time [26,90].  Accordingly, it was decided to explore the 

effect of liposome size on drug binding by preparing liposomes of controlled size by 

using the extrusion process.  Specifically, liposomes composed of a molar ratio of 50:50 

DMPC:DOPG, 95:5 DOPG:DPPE-mPEG-2000, and pure DOPG lipids were prepared 

via extrusion.  An even and uniformly dried lipid film was obtained with the appropriate 

lipid composition by following the same procedures as described above.  Next, the dried 

lipid layer was hydrated with PBS, such that the lipid concentration was 8 mg/mL.  The 

lipid suspension was then heated to 30°C and stirred for 45 minutes.  After stirring, the 

lipid dispersion was extruded through a 100 nm membrane 13 times.  The same 

procedures were used to prepare larger liposomes by using a membrane with a pore 

size of 400 nm. 

3.2.4 Liposome Characterization 

The mean diameters and size distributions of the liposomes were analyzed using a 

Precision Detectors PDDLS/CoolBatch + 90T instrument.  The data was analyzed with 

the Precision Deconvolve32 Program.  The measurements were taken at 20°C with a 

scattering angle of 90° using a 683 nm laser source. 

3.2.5 Measurement of Amitriptyline Uptake by Liposomes in Buffer and Human 
Serum 

Liposomes were added to solutions of AMI in PBS or human serum from male 

plasma, such that the volume of the liposome dispersion was 9% of the total solution 
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volume, giving a final lipid concentration of 0.72 mg lipid/mL.  In some cases the final 

lipid concentration in the drug-liposome mixture was doubled to 1.44 mg lipid/mL by 

either preparing liposomes with a higher lipid loading of 16 mg lipid/mL or by mixing a 

larger volume of liposomes with 8 mg/mL lipid loading.  The initial AMI concentration 

varied from about 1 to 10 μM, and in some cases 1 to 20 μM, which is a physiologically 

relevant range for toxic plasma drug levels [9,91,92].  Control solutions of AMI in PBS 

and AMI in serum without liposomes were also made to allow for uptake quantification 

and comparison.  After being stirred, the solutions were ultracentrifuged at 5000 rpm for 

15 minutes in a vial that contained a YM10 filter (10,000 molecular weight cutoff).  To 

minimize the effect of any leaching of components from the filter, the filters were rinsed 

first with DI water and then with PBS at 5000 rpm for 10 minutes prior to their use in 

these experiments.  The concentration of AMI in the filtrate (free drug concentration) 

and the control solution was detected by measuring UV absorbance at 215 nm after 

passing the samples through a C18 column using an acetonitrile/50 mM NH4H2PO4 

solvent mixture in a 35/65 ratio.  The calibration curve for concentration versus area 

under the curve was linear with R2 > 0.99.  To ensure that all unbound AMI was 

accounted for, solutions of AMI at various concentrations were passed through YM10 

filters in a separate test.  Small amounts of AMI were taken up by the filter, and a linear 

correction curve was made and used to correct for AMI adsorbed by the membranes in 

subsequent tests. 

3.2.6 Storage Tests 

The stability and effectiveness of any pharmaceutical product after storage is an 

important issue, especially for complex dosage forms such as liposome suspensions.  

Experiments were therefore carried out to study the effects of storage on liposomes in 
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the context of drug overdose treatment.  The liposomes chosen for this portion of the 

study, based on results from experiments discussed in Section 3.2.5, were pure DOPG 

liposomes and 95:5 DOPG:DPPE-mPEG-2000 liposomes.  Lipid dispersions were 

extruded through 100 nm membranes as described in Section 3.2.3, with a lipid loading 

of 8 mg/mL.  The liposomes were stored in the refrigerator at temperatures of 2-8°C for 

34 days.  Periodically, liposome samples were withdrawn and tested to measure the 

drug binding characteristics at an AMI concentration of 2.7 μM.  This method of storage 

was chosen based on similar reported storage methods for commercial drug loaded 

liposome based therapies such as CAELYX™ and DOXIL™. 

3.2.7 Data Analysis 

The data was analyzed using JMP software developed by SAS.  Regression lines 

were fitted to the concentration dependent uptake data, and 95% confidence intervals 

(CI) are displayed to allow for both experimental error analysis and comparison between 

two or more data sets.  The confidence intervals were calculated for mean uptake 

values using the Student t distribution.  For the time dependent storage data, data 

points were replicated and error bars are shown. 

3.3 Results and Discussion 

3.3.1 Liposome Characterization 

Sonication and extrusion methods were used in the present study to form 

liposomes.  Sonication was one of the first methods commonly used to form lipid 

vesicles and has been used by a number of researchers for preparing small unilamellar 

vesicles (SUV) [27,93,94].  The mean diameters and size distributions of several of the 

liposomes explored here are shown in Figure 3-1.  The 85:15 DOPG:DPPE-mPEG-

2000 liposomes and pure DOPG liposomes, which were both sonicated, showed similar 
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size distributions with primary modes containing liposomes with mean diameters of 41.5 

± 5 and 39.2 ± 4.5 nm, respectively.  In both cases, and particularly for the PEG-lipids, a 

small percentage of the liposomes had diameters in the range of about 400 nm.  The 

55:15:30 DMPC:DPPE-mPEG-2000:CH liposomes, which were also sonicated, were 

much larger with diameters of 77.7 ± 10.4 nm.  This trend of increasing vesicle size 

upon inclusion of CH was also observed by Lapinski et al. with DOPC lipids [94].  

Extrusion, a more recently developed method of forming lipid vesicles, has become a 

widely accepted technique due to the ability to control vesicle size [94,95].  The 95:5 

DOPG:DPPE-mPEG-2000 liposomes extruded with 100 nm membranes had a mean 

diameter of 118 ± 15 nm.  The 50:50 DMPC:DOPG liposomes made with 400 nm 

membranes had a vesicle size of 284 ± 36 nm. 

3.3.2 Increased Lipid Loading for 50:50 DMPC:DOPG Liposomes 

In Chapter 2, a concentration dependent free AMI reduction of 35-70% by 50:50 

DMPC:DOPG liposomes was reported in human serum samples.  While the magnitude 

of this reduction is clinically significant, the concentration dependence of the uptake is 

undesirable.  The decrease in fractional uptake with increasing concentration likely 

arises due to saturation of the binding sites on liposomes, and so it may be speculated 

that an increased lipid loading would reduce this effect.  Increasing the lipid loading in 

the drug-liposome mixtures can be accomplished either by increasing the volume of 

liposome dispersions added to drug solutions, or by increasing the lipid loading in the 

liposome formulation.  Both of these approaches were utilized to increase the lipid 

loadings.  Figure 3-2 shows AMI uptake values as a function of final drug concentration 

for the 50:50 DMPC:DOPG liposomes at 0.72 mg lipid/mL and data for loadings of 1.44 

mg lipid/mL obtained by adding the liposome dispersion at either 9% by volume at 8 
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mg/mL lipid loading or at 18% by volume with 16 mg/mL lipid loading.  The data shows 

minimal improvement in drug removal in both cases despite doubling of lipid loading.  A 

simple mass balance can be used to facilitate quantitative comparisons between the 

expected increase due to double lipid loading and the observed behavior.  For any 

mixture of colloids in equilibrium with free drug, the partition coefficients between the 

bound and the free concentration can be obtained from uptake data for each colloid 

separately, and the uptake for the mixture can then be obtained, assuming that no 

interactions are taking place within the system (discussed in Chapter 2).  The uptake in 

the mixture is given by 
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where Φmix is the fraction of drug bound in the mixture and Φ1, Φ2, etc., are the fractions 

of drug bound in the components of the mixture measured separately.  It must be 

ensured that all the uptakes in the above equation correspond to identical free drug 

concentration.  This equation was solved to obtain the fraction of drug bound for 50:50 

DMPC:DOPG liposomes at 0.72 mg lipid/mL in human serum samples, and the results 

are also shown in Figure 3-2.  The disparity between the predicted behavior in a system 

lacking protein-liposome interactions and the experimental data is most likely due to 

saturation of binding sites on liposomes by proteins, which implies a need for shielding 

of those sites by inclusion of PEG into the liposomes. 

3.3.3 Effect of Vesicle Size on Amitriptyline Sequestration 

Any foreign particle introduced into the body will be naturally removed by the 

reticuloendothelial system (RES).  For a most effective drug detoxification system, blood 

75 



 

stream circulation times should be maximized.  A number of factors impact liposome 

circulation time, including liposome size, lipid type and composition, and modifications 

such as PEG incorporation.  Literature indicates that liposomes with sizes ranging from 

roughly 100-200 nm may be best for in vivo applications [26,90].  In addition, 

commercial liposome formulations such as CAELYX and DOXIL report average vesicle 

sizes of 100 nm.  In view of the importance of the liposome size on circulation times, we 

chose to investigate the uptake dependency on size using 50:50 DMPC:DOPG 

liposomes in PBS solutions of AMI.  Drug uptake values for sonicated (40-45 nm) and 

extruded (100 and 284 nm) liposomes are shown in Figure 3-3.  All three liposome sizes 

showed maximum uptake values of approximately 99%, and the drug uptake seems to 

be independent of liposome size.  This result shows that the curvature of the lipid 

bilayers does not impact drug sequestration.  In the results reported below, both 100 nm 

and 40-45 nm liposomes were used. 

3.3.4 Liposomes Incorporated with Polyethylene Glycol (PEG) 

A common method used to overcome the effect of protein-liposome interactions 

and liposome scavenging by the RES is incorporation of PEG into the lipid membrane.  

Such liposomes have been used for a variety of applications and are currently 

incorporated into commercial drug delivery formulations such as CAELYX and DOXIL.  

Dhanikula et al. have used PEG coated nanocapsules composed of triglycerides for 

detoxification purposes, although their proposed methods of drug-particle interaction 

were pH and concentration gradients rather than charge-charge interactions, as in our 

case [24]. 

Pegylation of liposomes can be achieved by mixing lipids that have covalently 

attached PEG chains into the lipid mixture.  Here, lipids modified with PEG were 
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incorporated into neutral and predominantly anionic liposomes at various molar ratios to 

assess the affect of PEG on in vitro drug removal.  Cholesterol (CH) was also included 

in the neutral liposome formulation for a screening of its potential effects on drug 

removal.  To achieve incorporation of PEG, DPPE-mPEG-2000 was chosen due to its 

negative charge and PEG chain length.  It was hypothesized that lipids containing PEG 

chains of 2000 units would minimize protein interactions with the liposomes without 

impacting drug binding.  DPPE-mPEG-2000 was added at 5% by mole based on results 

from several studies indicating long circulating properties for similar formulations 

[24,87,96-98].  In addition, 15% by mole incorporation was also tested to explore the 

effect of larger proportions of polymer in the liposome bilayer. 

A number of researchers have explored the configuration of the surface of 

pegylated liposomes.  The approximate thickness of the surface coating for PEG chains 

of 2000 kD is 5 nm, which is much less than typical liposome diameters observed here 

[29].  The area of coverage for one PEG-2000 chain on the surface of a liposome was 

approximated to be 2.6 nm2 by Rex et al. [99].  Additionally, they performed Monte-

Carlo simulations which suggested that a large portion of the liposome surface was 

uncovered by PEG-2000 polymers at 2-10% addition of PEG modified lipid (molar 

basis).  Yoshida et al. also conducted simulations to estimate surface coverage and 

concluded that approximately 45% of the surface would be covered at 5% addition of 

PEG-2000 [95].  As far as the conformation of the PEG chains is concerned, Moghimi 

and Szebeni suggest that at very low coverages (below 5%), the polymers exhibit a 

mushroom-like behavior with a lack of extension into the aqueous bulk phase [100].  At 

moderate to high coverages (5% or more), a brush-like configuration is assumed.  
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Gbadamosi et al. showed that liposomes with polymers in the brush-like configuration 

were much less susceptible to phagocytosis by macrophage type cells than liposomes 

with polymers in the less extended mushroom configuration [101].  Thus, the inhibition 

of phagocytosis by the addition of PEG is not simply a function of the surface coverage, 

but is more directly affected by the PEG configuration, which in turn is directly affected 

by surface coverage.  The studies cited above clearly prove that 5-15% pegylation 

significantly reduces protein binding, but the effect of the pegylation on drug binding 

needs investigation, and this issue is discussed below. 

In addition to DPPE-mPEG-2000, DOPG was used as the primary component in 

the 95:5 and 85:15 DOPG:DPPE-mPEG-2000 liposome suspensions in view of its 

affinity for AMI due to electrostatic interactions (see Chapter 2 and [71]).  Also, drug 

uptakes were measured for pure DOPG liposomes to gauge the effect of polymer 

inclusion on drug binding.  Additionally, predominantly neutral pegylated liposomes 

were prepared (55:15:30 DMPC:DPPE-mPEG-2000:CH) to demonstrate the effect of 

lack of charge on drug binding properties.  All reported final lipid concentrations refer to 

phospholipid concentrations and do not include CH. 

3.3.4.1 Amitriptyline removal from human serum by various liposome 
formulations 

To compare the drug uptake performance of several liposome formulations in 

human serum, liposomes were made via sonication (see Section 3.2.2) with lipid 

concentrations of 0.72 mg lipid/mL.  AMI uptake for pure human serum without 

liposomes, 95:5 and 85:15 DOPG:DPPE-mPEG-2000 liposomes, 50:50 DMPC:DOPG 

liposomes, and 55:15:30 DMPC:DPPE-mPEG-2000:CH liposomes is plotted as a 

function of final AMI concentration in Figure 3-4.  Clearly, the liposomes including 
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DMPC and CH have a much lower binding capacity than the other three formulations.  

By comparing the binding capacity of a mixture of the 55:15:30 DMPC:DPPE-mPEG-

2000:CH liposomes and serum proteins with serum proteins alone, it is clear that they 

fail to reduce the free drug concentration by any appreciable amount.  The results also 

suggest that the 95:5 liposomes are slightly superior to the other two types.  Figures 3-5 

and 3-6 show the 50:50 DMPC:DOPG and the 85:15 DOPG:DPPE-mPEG-2000 

liposome uptake values, respectively, compared to the 95:5 DOPG:DPPE-mPEG-2000 

values, along with the 95% CI for each data set.  Based on the CI, the 95:5 and 50:50 

liposomes have significantly different uptake behaviors at most AMI concentrations, but 

behave similarly for final concentrations of less than 0.10 μM.  The fractional uptake 

reduces with increasing concentration for both 50:50 and the 95:5 liposomes, but the 

reduction is less for the 95:5 liposomes.  The most plausible explanation for this 

behavior is protein-liposome interactions in both cases, which saturate the liposome 

surface and limit the number of adsorption sites available to the drug.  The PEG 

modification seems to decrease this effect, however, causing a more gradual decrease 

in drug binding in the case of the 95:5 liposomes. 

In the case of the 85:15 liposomes, a less drastic decrease in drug affinity is again 

seen, but the uptake values as a whole are lower than the 95:5 liposomes.  The polymer 

inclusion has decreased the protein-liposome interactions as hoped, but has also 

affected the drug-liposome affinity.  The extra 10% by mole of DPPE-mPEG-2000 is 

actually a much larger increase by weight, as the ratio of formula weights for DOPG and 

DPPE-mPEG-2000 is roughly 4:1.  The amount of negative charge in the system has 

therefore been decreased substantially when comparing the 95:5 and 85:15 
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DOPG:DPPE-mPEG-2000 liposomes.  Clearly, the increase in negative charge for the 

95:5 liposomes has led to an increase in drug uptake.  It is, however, unclear whether 

the presence of the PEG affects the drug uptake directly in any manner.  To address 

this issue, AMI uptake was also measured for 95:5 and 85:15 DOPG:DPPE-mPEG-

2000 liposomes at 0.72 mg lipid/mL in buffer solutions without proteins present.  The 

goal was to use the uptake values for one system to scale up to the other system, as 

discussed in Section 3.3.2.  In this case, the method was slightly adapted to probe for 

the effect of changing the net charge of the system.  The ratio of net charge for 95:5 

liposomes compared to the 85:15 liposomes (also the ratio of the total moles of lipid in 

the systems) is 1.217.  Based on the assumptions that increased drug uptake would be 

directly proportional to increased charge and that no other factors played a role in 

binding, the following equation was derived for the partition coefficient for the drug in 

liposomes with increased charge: 
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15:85

5:95

5:95
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217.1
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 .          (3-2) 

The fraction of drug bound to the 95:5 liposomes was obtained from the above 

equation, and the results, along with the uptake data for both types of liposomes in 

buffer, are shown in Figure 3-7.  The 95:5 DOPG:DPPE-mPEG-2000 liposomes took up 

more drug than the scale up equation predicted, suggesting a direct effect of PEG on 

drug binding.  The 5% PEG liposomes sequestered more drug than predicted, 

suggesting a negative correlation between increased PEG-lipid percentage and drug 

binding.  This effect could be due to steric interactions which limit the number of sites on 

liposomes that are available for drug binding.  Alternatively, the high PEG percentage 
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could be impacting the structure of the lipid bilayer leading to a reduction in drug 

sequestration in the bilayer, which is another potential mechanism for drug uptake by 

liposomes.  In either case, a factor other than electrostatics seems to be affecting the 

binding between the liposomes and the drug, and a 5% inclusion of lipids modified with 

PEG was nearly optimal for minimization of liposome-protein interactions while 

maximizing drug-liposome affinity. 

The average difference in fractional drug uptake between the 85:15 and 95:5 

DOPG:DPPE-mPEG-2000 formulations in Figure 3-6 is roughly 2-3%, which may seem 

insignificant.  However, it is important to note that the goal of liposome injections will be 

to reduce the free drug concentration as much as possible because the free drug will 

bind to the receptors in the body (sodium ion channels for AMI) leading to toxic effects.  

Since the fractional uptake values are very close to 100%, a difference in 2-3% in 

fractional uptake could lead to a very large percentage decrease in the free drug 

concentration.  To better illustrate the effect of liposomes on overdose treatment, the 

fractional drug uptake by serum is compared with that for 95:5 DOPG:DPPE-mPEG-

2000 liposomes in serum in Figure 3-8.  Serum binds to about 92% of the drug, leading 

to 8% free drug, while liposomes and serum together bind to about 98% of the drug, 

leading to 2% free drug.  Thus, liposome addition reduces the free drug from 8 to 2%, 

which represents a 75% reduction.  Similarly, the reduction in total uptake by 2-3% for 

the 85:15 liposomes results in a free drug reduction of around 30-50%, as opposed to 

75%.  The AMI uptake by 95:5 DOPG:DPPE-mPEG-2000 liposomes is thus significantly 

superior to the other systems studied here and all previously published data.  More 

importantly, the variability over the relevant initial concentration range of 1-10 μM has 
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been drastically reduced with the inclusion of PEG chains, making these treatments 

more suitable clinically.  Predicted uptake values for 95:5 DOPG:DPPE-mPEG-2000 

liposomes in human serum were again calculated using Equation 3-1, and are also 

shown in Figure 3-8.  Although the drug concentration dependency of the uptake values 

has been reduced, the failure to reach the predicted values still shows evidence for site 

occupation by proteins.  However, the difference between the predictions for the 

pegylated liposomes is much less than the difference for the unpegylated liposomes 

seen in Figure 3-2. 

Clearly, strong evidence exist to conclude that the 95:5 DOPG:DPPE-mPEG-2000 

vesicles are superior to the 50:50 DMPC:DOPG, 85:15 DOPG:DPPE-mPEG-2000, and 

55:15:30 DMPC:DPPE-mPEG-2000:CH vesicles.  To determine if the effect was 

actually a function of polymer inclusion and increased charge or simply increased 

charge, pure DOPG liposomes were tested and compared to 95:5 DOPG:DPPE-mPEG-

2000 liposomes in Figure 3-9.  As shown in the figure, the uptake values for both 

systems in human serum were almost equal.  This shows that perhaps the reduction in 

protein binding is balanced by the reduction in charge leading to similar drug uptake by 

these systems.  To determine the effect of pegylation, additional experiments were 

conducted to measure drug uptakes by both pure DOPG and 95:5 DOPG:DPPE-

mPEG-2000 liposomes in PBS (without any proteins) and results were compared to 

those reported in Figure 3-9 for uptake in serum (with proteins) in the following section. 

3.3.4.2 Assessment of protein-liposome interactions 

To assess the affect of proteins on drug binding to liposomes with and without 

PEG, the summing of partition coefficients was again used (Equation 3-1).  The 

predictions were made for drug uptake in mixtures of proteins and liposomes, and were 
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based on uptake experiments done with each component.  Figure 3-10 shows the drug 

uptake for 95:5 DOPG:DPPE-mPEG-2000 liposomes in serum and PBS, along with the 

predictions for a mixture of liposomes and serum.  Figure 3-11 shows the same for pure 

DOPG liposomes.  Both liposome types were made via sonication (Section 3.2.2).  For 

both liposomes, the drug uptake was lower than the predicted values.  The fact that the 

fractional uptake was lower in mixtures of liposomes and serum than predicted suggests 

that proteins must be binding directly to the liposomes leading to a reduction in drug 

binding in serum.  To determine the effect of pegylation on protein binding, it is 

instructive to compare the magnitude of differences between the predictions and the 

experimental results for both pegylated and unpegylated liposomes.  This difference is 

smaller for the pegylated liposomes (Figure 3-10), with overlapping behavior at small 

concentrations.  Interestingly, the drug uptake by the pegylated liposomes in PBS is 

almost concentration independent, whereas the pure DOPG liposomes show a clear 

reduction in drug uptake with increasing concentration.  It is possible that the PEG 

chains provide additional sites for drug binding through non specific adsorption and this 

eliminates the saturation effects responsible for the decrease in fractional uptake with 

increasing concentration evident in all unpegylated systems.  Regardless, this effect 

sharply contrasts the results in Section 3.3.4.1, which suggest a negative effect of PEG 

on drug uptake.  We speculate that the presence of PEG does provide additional 

binding sites but 15% PEG reduces binding of the drug to liposomes due to effects 

discussed above, as well as to possible bilayer disruptions, and this reduction offsets 

the binding of the drug to the PEG.  Again, this is a speculation and more investigations 

are needed to validate this hypothesis. 
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Based on the in vitro drug binding data reported above, the 95:5 DOPG:DPPE-

mPEG-2000 liposomes seem best suited for overdose treatment but the pure DOPG 

systems are almost equally effective.  Consequently, it is vital to consider in vivo effects 

as well, as they may be much more important in determining whether or not polymer 

inclusion is necessary.  Studies in literature suggest that liposome removal by the RES 

to the liver is imminent without polymer shielding of proteins [30].  In the absence of 

pegylation, the liposomes along with the bound drug may enter the liver and spleen very 

quickly and fragment, leading to the possible release of the drug back into circulation.  It 

is necessary to ensure that the drug is released back into the circulatory system at a 

rate that does not cause toxicity, and so the addition of PEG will most likely be 

necessary for in vivo applications. 

3.3.4.3 Increased lipid loading for 95:5 DOPG:DPPE-mPEG-2000 liposomes 

In Section 3.3.2, data was presented to show that increased lipid concentrations 

were ineffective at substantially increasing drug sequestration for 50:50 DMPC:DOPG 

liposomes in human serum.  The 50:50 liposomes quickly became ineffective as the 

AMI concentration increased, making it very difficult to increase drug binding over a 

wide range of AMI concentrations.  On the contrary, 95:5 DOPG:DPPE-mPEG-2000 

liposomes appear to be less affected by protein interactions, and were subsequently 

tested for AMI binding at double the original lipid loading of 0.72 mg/mL.  The liposomes 

were made via extrusion with 100 nm membranes.  Figure 3-12 shows drug uptake as a 

function of final AMI concentration for human serum without liposomes and for 95:5 

DOPG:DPPE-mPEG-2000 liposomes loaded at 1.44 mg lipid/mL in human serum.  The 

lipid concentration in the liposome dispersion was 8 mg lipid/mL, and the dispersion was 

then added to the serum samples at 18% of the final solution volume.  Also shown are 
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the predicted values for the liposome-serum mixture based on Equation 3-1.  The higher 

loading resulted in consistent uptake values of nearly 99% across the drug 

concentrations tested.  Additionally, the uptake values were nearly equal to the 

predicted values, pointing to a lack of binding inhibition by the proteins.  By comparing 

Figures 3-2, 3-8, and 3-12, one can clearly see that the pegylated liposomes at higher 

lipid loadings are binding to the drug as effectively as they do in buffer solutions with no 

proteins present.  Protein binding to the liposome surface has therefore been reduced to 

a level that is insignificant with respect to drug removal.  Although the data appears to 

suggest that a small drug concentration range was tested, the actual initial AMI 

concentrations ranged from 1 to 20 μM.  The liposomes sequestered high proportions of 

the drug and made the final drug concentration range exceptionally small. 

The results are encouraging when considering the percentage reduction in free 

drug concentration.  Figure 3-13 compares the percentage reduction achieved with 

three liposomal systems at initial AMI concentrations of 3, 6, and 9 μM.  The magnitude 

of the free drug reduction has risen to almost 90% with 95:5 DOPG:DPPE-mPEG-2000 

liposomes at 1.44 mg lipid/mL for total concentrations as high as 9 μM.  To achieve a 

comparable lipid concentration in the bloodstream, roughly 5 g of lipid would need to be 

administered to a patient, which is half of the amount of spherulites composed of similar 

materials that are claimed to be safe for intravenous administration [25].  A 90% free 

drug reduction implies a substantial drug-liposome affinity and a high degree of binding 

selectivity despite the presence of serum proteins.  While these values may not 

correlate directly to in vivo applications due to the presence of the immune system and 

other factors, a free drug reduction in the blood stream of even 20% could be significant 
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[88].  Thus, the systems tested here have a high likelihood of reducing toxicity in an 

overdosed patient. 

The magnitude of the free drug reduction is not the only factor that should be 

considered from Figure 3-13.  The free drug reduction dropped from 55% to 45% for the 

50:50 DMPC:DOPG liposomes, and from 75% to 68% for the 95:5 DOPG:DPPE-

mPEG-2000 liposomes at 0.72 mg lipid/mL.  Such declines in reduction show evidence 

for site saturation at physiologically relevant concentrations.  The 95:5 liposomes with 

more lipid showed no decline over the entire range tested.  For the purposes of drug 

overdose treatment, the concentration independent behavior is enormously beneficial in 

clinical applications so that the same treatment would be equally effective in all 

overdosed patients. 

The 95:5 DOPG:DPPE-mPEG-2000 liposomes at 1.44 mg lipid/mL show promise 

as a detoxifying agent.  In addition to high binding efficacy, these systems are likely to 

circulate in the body for an extended period of at least a day.  The liposomes will then 

accumulate in the liver, spleen, lungs, and other organs, and be eventually broken down 

by the liver into their phospholipid components.  The breakdown of the liposomes will 

possibly release some drug back into the circulation but this amount will likely be 

significantly less than that during overdose because of the metabolization of the drug 

during the 24 hour period in which the liposomes circulate in the body.  These issues 

are explored through pharmacokinetic modeling in Chapter 7. 

3.3.5 Drug Uptake by Stored Liposomes 

AmBisome™ is an anti-fungal liposome formulation supplied as lyophilized 

powder, which is reconstituted with sterile water prior to injection.  Although this method 

increases storage time and could possibly be used with the liposomes tested here for 
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drug overdose treatment, a significant amount of lag time would be necessary for 

pharmacy reconstitution.  Time is a key issue during drug overdose, and so the storage 

method for CAELYX and DOXIL seemed to be the most promising method to test.  Both 

are liposomes for drug delivery to tumors, and both include PEG in their formulations for 

increased circulation time, as do the liposomes tested in the present study.  They are 

stored as concentrated liposome dispersions at temperatures of 2-8°C for extended 

periods of time (greater than one month), although their exact shelf lives are unknown.  

Just prior to injection, both products are diluted with 5% dextrose solutions.  To explore 

the effect of shelf life on the binding capacity of liposomes, 95:5 DOPG:DPPE-mPEG-

2000 and pure DOPG liposomes were prepared via extrusion through 100 nm 

membranes at concentrations of 0.72 mg lipid/mL.  AMI uptake by the liposomes was 

measured from the day of preparation to day 34.  Most readings were taken in 7 day 

increments. 

Figures 3-14 and 3-15 show drug uptake as a function of time for pure DOPG and 

95:5 DOPG:DPPE-mPEG-2000 liposomes, respectively.  The results show that 

liposome dispersions, especially those including PEG, continued to effectively remove 

AMI from human serum after being stored for several weeks.  Although these 

experiments differed from actual clinical conditions and provided only a small sample, 

the preliminary assumption is that these liposome dispersions could be prepared and 

stored at 2-8°C for at least one month for drug overdose treatment. 

3.4 Conclusions 

In this chapter, liposomes composed of DOPG, 50:50 DMPC:DOPG, 95:5 and 

85:15 DOPG:DPPE-mPEG-2000, and 55:15:30 DMPC:DPPE-mPEG-2000:CH were 

tested for their ability to sequester AMI in PBS and in the presence of human serum.  

87 



 

Factors such as liposome size, lipid loading, PEG inclusion, and storage were analyzed 

for their effects on drug binding.  Uptake of drug by 50:50 DMPC:DOPG liposomes was 

not enhanced by increased lipid loading and remained at 35-70% in human serum.  

Liposome size was shown to have no effect on drug-liposome affinity, which implies that 

size can be chosen solely for in vivo considerations. 

When considering liposomes incorporated with PEG, those composed of 

predominantly anionic lipids with a small amount of PEG-modified lipids were shown to 

sequester the drug from human serum most effectively.  95:5 DOPG:DPPE-mPEG-

2000 liposomes at 0.72 mg lipid/mL reduced the free drug concentration of AMI in 

human serum by 65-75%.  85:15 DOPG:DPPEmPEG-2000 liposomes at 0.72 mg 

lipid/mL appeared to have too much PEG shielding and not enough negative charge, as 

they reduced the free drug concentration by only 30-50%.  Thus, the optimal amount of 

PEG-modified lipid to be incorporated into liposomes to effectively shield proteins while 

also allowing diffusion and binding of the drug to the charged lipid membrane appeared 

to be 5%. 

The best results were obtained for 95:5 DOPG:DPPE-mPEG-2000 liposomes 

loaded at 1.44 mg lipid/mL, which reduced the free AMI concentration in human serum 

by nearly 90% across a wide range of initial drug concentrations.  Stability and 

continued effectiveness during storage are also important considerations for clinical 

applications, and preliminary storage tests performed on pure DOPG and 95:5 

DOPG:DPPE-mPEG-2000 liposomes at 0.72 mg lipid/mL provided evidence for 

sustained drug binding effectiveness after being stored at 2-8°C for at least 34 days. 
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Overall, the results of this chapter indicate that liposomes composed of 95:5 

DOPG:DPPE-mPEG-2000 lipids at a concentration of 1.44 mg lipid/mL sequester 

extremely large amounts of free AMI from human serum.  Furthermore, these systems 

may be stored at 2-8°C for extended periods of time with little to no effect on drug 

uptake properties.  Thus, these systems seem highly suitable for conducting animal and 

human trials for overdose treatment of AMI. 
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Figure 3-1.  Size distributions of liposomes from dynamic light scattering for (a) 
sonicated 85:15 DOPG:DPPE-mPEG-2000, (b) sonicated DOPG, (c) 
sonicated 55:15:30 DMPC:DPPE-mPEG-2000:CH, (d) extruded 95:5 
DOPG:DPPE-mPEG-2000, and (e) extruded 50:50 DMPC:DOPG. 
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Figure 3-2.  Percent amitriptyline uptake from human serum by 50:50 DMPC:DOPG 
liposomes at lipid loadings of 0.72 mg lipid/mL and 1.44 mg lipid/mL; 
prediction for 50:50 liposomes in human serum based on 50:50 uptake in 
buffer and serum uptake using Equation 3-1.  Key: 50:50 DMPC:DOPG at 
0.72 mg/mL (▲); 50:50 DMPC:DOPG at 1.44 mg/mL added at 9% by volume 
(●); 50:50 DMPC:DOPG at 1.44 mg/mL added at 18% by volume (□); 
prediction for 50:50 DMPC:DOPG at 1.44 mg lipid/mL in human serum (  ). 

 

Figure 3-3.  Percent amitriptyline uptake from buffer by 50:50 DMPC:DOPG liposomes 
of various sizes (40-45 nm, 100 nm, 284 nm) at a lipid loading of 0.72 mg 
lipid/mL.  Key: 284 nm (●); 100 nm (■); 40-45 nm (Δ). 
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Figure 3-4.  Percent amitriptyline uptake from human serum samples without liposomes 
and from human serum samples with 95:5 and 85:15 DOPG:DPPE-mPEG-
2000 liposomes, 50:50 DMPC:DOPG liposomes, and 55:15:30 DMPC:DPPE-
mPEG-2000:CH liposomes at lipid loadings of 0.72 mg lipid/mL as a function 
of final amitriptyline concentration.  Key: human serum (+); 95:5 
DOPG:DPPE-mPEG-2000 (X); 85:15 DOPG:DPPE-mPEG-2000 (□); 50:50 
DMPC:DOPG (●); 55:15:30 DMPC:DPPE-mPEG-2000:CH (▲). 

 

Figure 3-5.  Percent amitriptyline uptake from human serum by 95:5 DOPG:DPPE-
mPEG-2000 liposomes (□) and 50:50 DMPC:DOPG liposomes (▲) at lipid 
loadings of 0.72 mg lipid/mL versus final amitriptyline concentration with 95% 
CI (dashed lines). 
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Figure 3-6.  Percent amitriptyline uptake from human serum by 95:5 and 85:15 
DOPG:DPPE-mPEG-2000 liposomes at lipid loadings of 0.72 mg lipid/mL 
versus final amitriptyline concentration with 95% CI (dashed lines).  Key: 95:5 
DOPG:DPPE-mPEG-2000 (■); 85:15 DOPG:DPPE-mPEG-2000 (○). 
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Figure 3-7.  Percent amitriptyline uptake from buffer by 95:5 and 85:15 DOPG:DPPE-
mPEG-2000 liposomes at lipid loadings of 0.72 mg lipid/mL versus final 
amitriptyline concentration with 95% CI (dashed lines); prediction for 95:5 
uptake based on 85:15 uptake using Equation 3-2.  Key: 95:5 DOPG:DPPE-
mPEG-2000 (■); 85:15 DOPG:DPPE-mPEG-2000 (○); prediction for 95:5 
DOPG:DPPE-mPEG-2000 (  ). 



 

 

Figure 3-8.  Percent amitriptyline uptake by human serum and by mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-2000 liposomes at a lipid loading of 
0.72 mg lipid/mL versus final amitriptyline concentration with 95% CI (dashed 
lines); prediction for 95:5 uptake in serum based on 95:5 uptake in buffer and 
serum uptake using Equation 3-1.  Key: 95:5 DOPG:DPPE-mPEG-2000 (■); 
human serum (○); prediction for 95:5 DOPG:DPPE-mPEG-2000 (  ). 

 

Figure 3-9.  Percent amitriptyline uptake from human serum by 95:5 DOPG:DPPE-
mPEG-2000 liposomes and pure DOPG liposomes at lipid loadings of 0.72 
mg lipid/mL versus final amitriptyline concentration.  Key: 95:5 DOPG:DPPE-
mPEG-2000 (●); DOPG (○). 
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Figure 3-10.  Percent amitriptyline uptake from human serum and buffer by 95:5 
DOPG:DPPE-mPEG-2000 liposomes at lipid loadings of 0.72 mg lipid/mL 
versus final amitriptyline concentration with 95% CI (dashed lines); prediction 
for 95:5 uptake in serum based on 95:5 uptake in buffer and serum uptake 
using Equation 3-1.  Key: human serum (□); buffer (●); prediction for 95:5 
DOPG:DPPE-mPEG-2000 in serum (  ). 
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Figure 3-11.  Percent amitriptyline uptake from human serum and buffer by pure DOPG 
liposomes at lipid loadings of 0.72 mg lipid/mL versus final amitriptyline 
concentration with 95% CI (dashed lines); prediction for DOPG uptake in 
serum based on DOPG uptake in buffer and serum uptake using Equation 3-
1.  Key: human serum (○); buffer (▲); prediction for DOPG in serum (  ). 



 

 

Figure 3-12.  Percent amitriptyline uptake by human serum and by mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-2000 liposomes at a lipid loading of 
1.44 mg lipid/mL versus final amitriptyline concentration with 95% CI (dashed 
lines); prediction for 95:5 uptake in serum based on 95:5 uptake in buffer and 
serum uptake using Equation 3-1.  Key: 95:5 DOPG:DPPE-mPEG-2000 (▲); 
human serum (○); prediction for 95:5 DOPG:DPPE-mPEG-2000 (  ). 

 

Figure 3-13.  Free drug concentration reduction of amitriptyline in human serum by 95:5 
DOPG:DPPE-mPEG-2000 liposomes at loadings of 1.44 (  ) and 0.72 mg 
lipid/mL (  ) and 50:50 DMPC:DOPG liposomes at 0.72 mg lipid/mL (  ).  
Free drug reduction was calculated based on the difference between free 
drug in human serum samples and free drug in human serum samples mixed 
with liposomes.   
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Figure 3-14.  Percent amitriptyline uptake from human serum by pure DOPG liposomes 
at a lipid concentration of 0.72 mg lipid/mL and an initial drug concentration of 
around 2.7 µM (corrected for dilution) versus days stored.  Data are reported 
as mean ± SD with n = 2. 

 

Figure 3-15.  Percent amitriptyline uptake from human serum by 95:5 DOPG:DPPE-
mPEG-2000 liposomes at a lipid concentration of 0.72 mg lipid/mL and an 
initial drug concentration of around 2.7 µM (corrected for dilution) versus days 
stored.  Data are reported as mean ± SD with n = 2. 

 

 



 

CHAPTER 4 
BINDING OF IMIPRAMINE, DOSULEPIN, AND OPIPRAMOL TO LIPOSOMES FOR 

OVERDOSE TREATMENT 

4.1 Introduction 

In Chapters 2 and 3, pegylated, anionic liposomes were proven to be effective 

binding agents for amitriptyline (AMI) and nortriptyline.  Three main goals were 

addressed in this chapter.  First, we explored binding of other tricyclic antidepressants 

commonly involved in overdoses to determine whether pegylated liposomes could be 

useful as a general treatment strategy for drug overdose.  Imipramine (IMI) and 

dosulepin (DOS), both weak bases existing in the predominantly charged state at the 

physiological pH of 7.4, were studied.  Opipramol, a diprotic compound with pKa values 

of around 4 and 8.1 [102-104], was also studied.  At a pH of 7.4, one opiprmaol 

protonation site is 83% protonated while the other site is uncharged.  Opipramol thus 

gave us the opportunity to test the effectiveness of liposomes at binding an important 

overdose drug and the chance to confirm the importance of electrostatic effects for drug 

binding to pegylated, charged liposomes. 

Next, we explored the mechanisms of binding, particularly focusing on the 

importance of electrostatic effects, and also investigating the role of the PEG chain 

length on drug binding.  It is important to understand the role of electrostatic interactions 

in drug binding because several overdose drugs are charged at physiological 

conditions.  Electrostatics were studied using opipramol, as mentioned above.  The role 

of PEG chain length is also very important because PEG chain lengths have been 

shown to affect the biodistribution and circulation time of polymer coated liposomes [31].  

Thus, it was important to determine whether PEG chain length impacted drug binding so 
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that an optimum PEG chain length based on both pharmacokinetics (circulating times) 

and equilibrium drug binding could be determined.   

Finally, we wished to compare the binding efficacy of liposomes to other targets 

inside the body to determine the binding potential of the liposomes in vivo.  It is common 

knowledge that most tricyclic antidepressant drugs are highly bound to proteins once 

inside the blood stream [25,85], and in our prior work, we have shown that liposomes 

can compete favorably with plasma proteins for drug uptake ([71] and Chapters 2 and 

3).  However, there are acidic lipids in the body similar in structure to lipids considered 

here and so it is extremely important to compare the binding affinity of liposomes with 

other acidic lipid containing targets inside the human body.  A brief discussion on the 

time scales relevant for drug redistribution from the organs to the blood compartment is 

also presented as evidence for the clinical feasibility of overdose treatment with 

liposomes.  A more detailed pharmacokinetic analysis is presented in Chapter 7. 

All of the binding experiments performed in this chapter were done in vitro in 

human serum samples or PBS at a pH of 7.4.  It is misleading to measure the absolute 

binding of drug molecules to liposomes in the presence of proteins and assume the 

effective free drug concentration has been reduced by the same margin as in PBS 

(without proteins).  For that reason, we have measured the binding of drugs to serum 

proteins in human serum, followed by mixtures of human serum and liposomes.  Protein 

binding has already been accounted for when free drug concentration reductions are 

reported. 
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4.2 Materials and Methods 

4.2.1 Materials 

Methanol, chloroform, Dulbecco’s Phosphate Buffered Saline (PBS) without 

calcium chloride and magnesium chloride, amitriptyline hydrochloride, imipramine 

hydrochloride, and opipramol dihydrochloride were purchased from Sigma Aldrich (St. 

Louis, MO).  Dosulepin (dothiepin) hydrochloride was purchased from LGC Promochem 

(Teddington, UK).  Human serum from male plasma and Centriprep YM10 

centrifugation filters (10,000 molecular weight cut-off) were purchased from Fisher 

Scientific (Pittsburg, PA).  The lipids 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] 

(sodium salt) (DOPG), dissolved in chloroform, 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (ammonium salt) (DPPE-

mPEG-2000), in powder form, and 1,2-dipalmitoylsn-glycero-3-phosphoethanolamine-

N-[methoxy-(polyethylene glycol)-5000] (ammonium salt) (DPPE-mPEG-5000), in 

powder form, were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).  A Mini-

Extruder kit for liposome preparation was also purchased from Avanti Polar Lipids, Inc. 

4.2.2 Liposome Preparation via Extrusion 

Liposomes composed of a molar ratio of 95:5 DOPG/DPPE-mPEG-2000 and 95:5 

DOPG/DPPEmPEG-5000 were prepared via extrusion.  Lipids were combined in their 

respective molar ratios and then dissolved in a 9:1 mixture (by volume) of 

chloroform/methanol such that a 12 mg/mL concentration of lipids was obtained.  The 

organic solvent was then evaporated under a stream of nitrogen.  After an even and 

uniformly dried lipid film was obtained, the dried lipid layer was hydrated with PBS.  The 

lipid concentration after hydration was 8 mg lipid/mL PBS for 95:5 DOPG/DPPE-mPEG-

2000 liposomes or 9.33 mg lipid/mL PBS for 95:5 DOPG/DPPE-mPEG-5000 liposomes.  
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The mass loading was slightly higher for the PEG-5000 liposomes so that the DOPG 

content would be identical for both types of liposomes.  The lipid suspension was then 

heated to 30°C and stirred for 45 minutes.  After stirring, the liposome solution was 

extruded through a 100 nm membrane 13 times. 

4.2.3 Liposome Characterization 

The mean diameters and size distributions of the liposomes were analyzed using a 

Precision Detectors PDDLS/CoolBatch+90T instrument.  The data were analyzed with 

the Precision Deconvolve32 Program.  The measurements were taken at 20°C with a 

scattering angle of 90° using a 683 nm laser source. 

4.2.4 Drug Uptake With Liposomes in Human Serum or PBS 

95:5 DOPG/DPPE-mPEG-2000 liposomes were added to solutions of IMI, DOS, or 

opipramol in human serum such that the volume of the liposome dispersion was 9% or 

18% of the total solution volume, giving a final lipid concentration of 0.72 or 1.44 mg 

lipid/mL.  95:5 DOPG/DPPE-mPEG-5000 liposomes were added to solutions of IMI, 

DOS, or opipramol in human serum or PBS such that the volume of the liposome 

dispersion was 18% of the total solution volume, giving a final lipid concentration of 1.68 

mg lipid/mL.  The initial drug concentrations for all three drugs varied from around 3-25 

µM, due to the significance of this range for serum drug concentrations during drug 

overdose [105].  Control solutions of drug in PBS and drug in serum without liposomes 

were also made to allow for uptake quantification and comparison.  After being stirred 

for 15 minutes, the solutions were ultracentrifuged at 5000 rpm for 15 minutes in a vial 

that contained a YM10 filter (10,000 molecular weight cut-off).  Experiments were done 

in Chapter 2 to ensure that the systems were at equilibrium before filtration.  To 

minimize the effect of any leaching components from the filter, the filters were rinsed 
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first with DI water and then with PBS at 5000 rpm for 10 minutes prior to their use in 

these experiments.  The concentration of the drugs in the filtrate (free drug 

concentration) and the control solution was detected by measuring UV absorbance at 

215 nm after passing the samples through a C18 column (Waters Corp., Milford, MA) 

using an acetonitrile/50 mM NH4H2PO4 solvent mixture in a 35/65 ratio for IMI and DOS 

and a 30/70 ratio for opipramol.  The calibration curves for concentration versus area 

under the curve were linear with R2>0.99.  To ensure that all unbound drug was 

accounted for, solutions of the drugs at various concentrations were passed through 

YM10 filters in a separate test.  Small amounts of drug were taken up by the filter, and a 

linear correction curve was made and used to correct for drug adsorbed to the 

membranes in subsequent tests. 

4.2.5 Data Analysis 

The data were analyzed using JMP software developed by SAS.  Best fit 

regression lines were fit to the concentration-dependent uptake data, and 95% 

confidence intervals (CIs) were displayed to allow for both experimental error analysis 

and comparison between two or more data sets.  The CI’s were calculated for mean 

uptake values using the Student’s t distribution. 

4.3 Results and Discussion 

4.3.1 Liposome Characterization 

The 95:5 DOPG/DPPE-mPEG-2000 and DOPG/DPPE-mPEG-5000 liposomes 

extruded with 100 nm membranes had mean diameters of 118 ± 15 and 112 ± 15 nm, 

respectively. 
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4.3.2 Imipramine Uptake 

The binding of IMI to liposomes was explored for initial drug concentrations 

ranging from 3 to 22 µM, which are relevant to overdose cases.  Musshoff et al. [105] 

reported toxic values in human plasma to be 1.58 to 4.73 µM, but observed levels in 

dead victims from 1.58 to 79 µM.  IMI percent uptake values for human serum and 

mixtures of human serum and liposomes are plotted as a function of final drug 

concentration in Figure 4-1.  In Figures 4-1 through 4-3, the y-axis represents Φ x 

100%, where Φ ≡ (CT-CF)/CT, CT is the total drug concentration, and CF is the free 

concentration assayed by HPLC.  The final, or equilibrium, drug concentrations (CF) 

were used on the x-axis rather than the initial drug concentrations so that the curves 

would represent equilibrium binding isotherms. 

IMI binding to proteins in serum samples was roughly 80-84%, or equivalently, 16-

20% of the IMI remained unbound in the solution.  These values agree well with the free 

fractions of 24% and 8-15% reported by Rodgers et al. [106] and Kristensen [107], 

respectively.  The total drug binding in the presence of liposomes and proteins rose to 

96-98% for 95:5 DOPG/DPPE-mPEG-2000 liposomes at 0.72 mg lipid/mL.  Doubling 

the lipid loading to 1.44 mg lipid/mL caused the drug uptake values to increase to 

around 98%, while also eliminating the uptake reduction with increasing drug 

concentration. 

The lack of overlap in the CI’s for uptakes for the 0.72 and 1.44 mg/mL lipid 

loadings demonstrates the significance of the reduction.  The 95:5 DOPG/DPPE-

mPEG-5000 liposomes at 1.68 mg lipid/mL also reduced the overall drug concentration 

by 98%.  Other than a slight drop in drug uptake at low drug concentrations, the PEG-

5000 liposomes behaved similarly to the PEG-2000 liposomes (CI overlap).  This may 
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be an important result when final formulations are developed for in vivo use, as 

formulators could choose polymer chain lengths based on pharmacokinetic 

considerations without the risk of affecting the drug uptake capacity of the system. 

To analyze the suitability of liposomes for overdose treatment, it is instructive to 

calculate the percentage change in the free drug concentration after liposomes are 

added to serum.  The free drug concentration in serum is about 16-20%, and it reduces 

to 2% after liposome addition.  This implies that liposomes reduce the free drug 

concentration in serum by about 88%.  Poisonings occur due to partitioning of the drug 

into the cardiovascular tissue and central nervous system, which induces ion channel 

disruption and other effects [2].  Thus, a reduction in the free drug concentration could 

shift equilibrium towards the blood stream, driving some of the drug out of the most vital 

tissues and into the bloodstream and/or other less vital tissues.  This is discussed in 

more detail in Section 4.3.5 and Chapter 7. 

Pegylated liposomes are likely to be more suitable for overdose treatment 

because of a reduction in protein binding due to pegylation.  The degree of protein 

binding to liposomes can be indirectly estimated by combining the uptake data from 

serum with the data from liposomes in buffer, and comparing the result with the case in 

which liposomes and serum are mixed.  If a mixture contains several types of binding 

targets, the following mass balance can be used to obtain uptake values in mixtures if 

the uptakes are known for individual components, 

n
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where Φmix is the fraction of drug bound in the mixture and Φ1, Φ2, etc., are the fractions 

of drug bound in the components of the mixture measured separately, with each being 

measured at the same final (equilibrium) concentration (see Chapters 2 and 3).  For 

instance, Φ1 and Φ2 could be the bindings in serum (without liposomes) and liposomes 

in PBS, respectively, and the above equation could be used to predict the uptake in 

serum after the addition of liposomes, Φmix.  Figure 4-1 shows the projected uptake 

values for a 1.44 mg/mL loading of 95:5 DOPG/DPPE-mPEG-2000 liposomes in serum 

along with the measured values in the magnified region of the figure.  The predicted 

values are higher than those obtained experimentally, although only slightly.  This 

difference is likely due to protein binding to liposomes, and its magnitude is much less 

than that for unpegylated liposomes, which is expected as pegylation was shown to 

reduce protein binding to liposomes in Chapter 3. 

4.3.3 Dosulepin Uptake 

DOS uptake versus final DOS concentration is shown in Figure 4-2.  Again, the 

initial drug concentrations tested ranged from 3 to 25 µM, which is the physiologically 

relevant range.  The results in Figure 4-2 show that the serum proteins sequester 88-

92% of the drug.  These values are similar to those for AMI and slightly higher than the 

values observed for IMI.  This is reasonable as DOS and AMI are more similar in 

structure than AMI and IMI.  At a lipid loading of 0.72 mg lipid/mL, the 95:5 

DOPG/DPPE- mPEG-2000 formulation sequestered almost all of the drug at low 

concentrations and just above 96% at higher concentrations.  When the lipid loading 

was doubled, the values ranged from almost 100% to about 98.5%.  The lack of overlap 

between the CI’s for serum, serum and a 0.72 mg/mL loading of lipids, and serum with 

1.44 mg/mL lipids points to a significant effect of liposomes on drug uptake.  The free 

105 



 

drug concentration reduction from 8-12% to about 1.5% after addition of liposomes at 

1.44 mg lipid/mL to serum implies an average free drug reduction of about 93%.  The 

95:5 DOPG/DPPE-mPEG-5000 liposomes at 1.68 mg lipid/mL behaved exactly as the 

PEG-2000 liposomes, as was observed for IMI.  These results for binding of DOS again 

point to the effectiveness of the polymer coated liposomes made of a predominantly 

anionic lipid for minimizing protein-liposome interactions and sequestering multiple 

weak bases from serum samples.  These results also show a lack of impact of the PEG 

chain length on drug uptake, as the uptakes are similar for the PEG chain lengths of 

2000 and 5000 tested here. 

By again using the uptake data from serum and liposomes in PBS in combination 

with Equation 4-1, we predicted the uptake values for 95:5 DOPG/DPPE-mPEG-2000 

liposomes at 1.44 mg/mL in serum, and the results are shown in the magnified portion 

of Figure 4-2.  The measured values are slightly less than the predicted ones, again 

demonstrating that while pegylation reduces protein binding to liposomes, it does not 

completely eliminate the binding. 

4.3.4 Opipramol Uptake and the Importance of Electrostatic Interactions 

Unlike IMI and DOS, opipramol is a diprotic drug with pKa values of around 8 and 

4, and thus, about 80% of the drug molecules have one site protonated at a pH of 7.4 

[102-104].  A comparison between the uptake of opipramol with the uptakes of IMI and 

DOS illustrate the importance of the electrostatic interactions in drug binding to the 

anionic, pegylated liposomes.  An earlier study by Austin et al. [55] involving the net 

neutral, zwitterionic lipid DMPC pointed to a more favorable thermodynamic interaction 

between the lipid bilayer and charged drugs versus neutral ones.  Here, changes in 
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partitioning are compared for charged versus partially uncharged drugs for liposomes 

composed of a net negative lipid, DOPG. 

Opipramol uptake as a function of final drug concentration is displayed in Figure 4-

3.  The total drug concentrations in these experiments ranged from 3 to 23 µM.  The 

serum proteins sequestered about 76-82% of the drug from solution, which is lower in 

comparison to binding for IMI and DOS to serum proteins.  This difference is likely due 

to reduced electrostatic interactions between the drug and albumin and other serum 

proteins that possess multiple charged sites.  The 95:5 DOPG/DPPE-mPEG-2000 

liposomes added to the serum at 0.72 and 1.44 mg lipid/mL increased uptakes to 

approximately 88-92% and 92.5-95.5%, respectively.  The CI’s show that the liposomes 

significantly increase the amount of drug bound in the system.  Again, the CI’s for both 

PEG-2000 and PEG-5000 liposomes overlap and imply no drug binding differences 

between the different PEG chain lengths. 

The uptake values for the serum and mixtures of serum and liposomes were all 

lower than those observed for IMI and DOS, where over 99% of the drug molecules 

were in the protonated form.  This confirmed the hypothesis that charge was playing a 

role in drug binding.  The change in free drug concentration remained relatively high at 

about 76%.  A reduced presence of charge-charge interactions in the system by 20% 

reduced the free drug concentration reduction by 12% compared to the values seen for 

IMI and DOS.  This proves that electrostatic interactions play an important role in drug 

sequestration.  Furthermore, the results show that the 95:5 DOPG/DPPE-mPEG-

2000/5000 liposomes are capable of sequestering drugs that are only partially charged. 
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4.3.5 In Vivo Considerations: Competition and Pharmacokinetics 

A nanoparticulate system can only reduce toxic effects from a drug overdose if it 

has a higher affinity for the drug in comparison to other target sites in the body.  Two 

major binding targets in the body for drugs considered here are the acidic phospholipids 

and serum proteins.  Our data reported above show that the partition coefficient for drug 

binding to liposomes is significantly higher than that for drug-protein binding, as 

evidenced by the fact that a liposome addition of 1.44 mg/mL reduces the free drug 

concentration in serum, which contains about 7% protein by weight, by as much as 

90%.  Below, we compare the binding capacity of the liposomes with another important 

binding target in the body, acidic phospholipids. 

Acidic phospholipids (APL) are present inside red blood cells and within the cells 

of all major tissues.  Here, we utilize the approach developed by Rodgers et al. [106] to 

estimate the equilibrium constant (Ka) for drug-APL binding inside red blood cells.  The 

estimated Ka for drug-APL binding inside red blood cells is representative of equilibrium 

constants for drug-APL binding for all other tissues in the body [106].  The Ka value for 

IMI binding to APL in red blood cells can be calculated from the following equation 

(Equation 20 in [106]), 

.      (4-2) 
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This equation is based on using the known partition coefficient for the drug in the 

RBC and the known composition of the RBC to estimate the partition coefficient for 

binding to the APL.  For details on the equation and the parameters used for the 

calculation, see [106], although it should be noted that a blood to plasma ratio of 1.1 

was used here for IMI [108], rather than the value of 1.67 used by Rodgers et al. [106].  

The resulting Ka value for IMI is 3.9 g/mg.  The association constant between liposomes 

and IMI can be calculated based on the data reported for drug binding to liposomes in 

PBS at 0.72 mg lipid/mL by using the following equation (Equation 10 from [106]), 

 Pf

f
K

u

b
a  ,             (4-3) 

where fb is the fraction of bound drug, fu the fraction of unbound drug, and [P] the 

concentration of APL in mg/g.  The results for Ka are shown as a function of 

concentration in Table 4-1.  The mean Ka value for IMI-liposome binding is about 77 

g/mg over the relevant therapeutic concentration range, which is about 20 times larger 

than the value of 3.9 g/mg for APL in the red blood cells.  As the approximate amount of 

lipids added to an overdosed patient could approach 10 g without toxic effects, the 

amount of lipids added via liposomes would substantially increase the total APL 

concentration in the blood compartment, which has about 1.2 g of APL [25,106].  A 

human body contains about 90 g of APL, and thus the total drug bound to 10 g of 

liposomes would far exceed the drug bound to all the APL in the body [106].  It should 

also be noted that a large fraction of the APL in the body are present in organs with low 

blood flow and so these APL are not truly available for binding within the time frame 

relevant to overdoses. 
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Based on the above data, it is clear that liposome administration into the blood can 

reduce the free drug concentration in the blood by a factor of about 8.  However, 

overdose treatment requires a substantial reduction in drug concentration in vital organs 

such as the heart and central nervous system.  If the overdose occurred a long period of 

time prior to treatment, all tissues would be in equilibrium at the instance of liposome 

administration.  In this scenario, the total change in drug concentration in any tissue 

would be negligible after the body achieved the new steady state concentrations due to 

the large volume of distributions for the drugs of interest.  However, most overdose 

cases do not correspond to this scenario.  As shown in Table 4-2, the average times 

between ingestion and treatment observed in several overdose cases was typically 

between 2 and 4 hours.  The drugs considered in this chapter are consumed orally, in 

which case the maximum blood levels are reached about 2-8 hours after ingestion 

[2,109].  During overdose, this time will increase substantially [2,8].  Additionally, several 

tissues in the body equilibrate rather slowly with the blood compartment.  A good first 

approximation for equilibration times is the product of the partition coefficient of an 

organ and its volume, divided by the blood flow rate to the organ.  In Table 4-3, these 

quantities have been estimated for many of the vital organs of the body.  Many of the 

organs equilibrate within an hour or so of an IV dose.  The muscle, skin, and adipose 

tissues, which account for almost 80% of the volume of distribution, equilibrate on a 

slower time scale than most other organs, requiring 4-10 times longer.  If the time 

required for significant oral absorption and for the ‘‘slow’’ tissues to reach equilibrium 

are roughly combined, these large tissues will have little drug in them at the time of 

liposome administration, assuming that time lapses between overdose and treatment 
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are similar to those reported elsewhere [7,110-112].  The liposomes will then remove 

drug exclusively from vital tissues, which would include the brain and heart.  In fact, in 

such cases, the large organs could act as sinks and remove excess drug from the blood 

stream as liposomes redistribute the drug from faster equilibrating organs to slower 

ones.  The drug partitioning into the slowly equilibrating organs could actually speed up 

after liposome administration due to the decrease in the partition coefficient between the 

organs and the whole blood including liposomes. 

Effectively, the liposomes could act as transporters, removing the drug from the 

rapidly equilibrating organs and redistributing it to the slowly equilibrating ones.  This 

method of redistribution is likely the mechanism for overdose treatment by Fab 

fragments for digoxin and antidepressants, where the amount of Fab fragments 

administered is far less than the amount needed to bind the amount of drug present in 

the entire body [4,113-116].  Evidence for improved pharmacodynamic responses due 

to redistribution was shown in several animal studies, while human studies revealed an 

increase in tricyclic antidepressant serum concentrations after protein fragment 

administration.  These pharmacokinetic issues have previously been included in a 

detailed mathematical model that is applicable to overdose treatment by any type of 

particles [117], as well as more quantitatively addressed for liposomes in Chapter 7.  It 

is also noted that liposome administration could increase the hepatic drug clearance 

due to drug concentration increases in the blood, which could in turn lead to additional 

benefits for overdose treatment. 

4.3.6 Comparisons with Prior Studies 

Binding measurements in the presence of human serum for 95:5 DOPG/DPPE-

mPEG-2000 and 95:5 DOPG/DPPE-mPEG-5000 liposomes demonstrated their 
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effectiveness at sequestering the weak bases DOS and IMI, and the diprotic drug 

opipramol.  Figure 4-4 summarizes the results from the present and previous chapters 

by showing the average free drug concentration reductions over the concentration 

ranges tested for AMI, IMI, DOS, and opipramol.  The liposomes were able to reduce 

the free drug concentration relative to protein samples without liposomes by 84-93% for 

the charged species and 76% for the partially charged opipramol.  In Chapter 2, 

nortriptyline showed similar uptake results to that of AMI in PBS solutions by similar 

liposomes, and so its uptake in serum is also expected to be similar to that of AMI.  

Thus, the liposomes explored in this study have been shown to be effective at 

sequestering a large fraction of drug under physiological conditions, which includes 

protein binding.  Such results demonstrate the feasibility of using a single detoxification 

system in a wide variety of circumstances.  In Chapter 5, the use of such liposomes is 

expanded to other classes of drugs as well. 

Table 4-4 compares the uptake efficacy of the formulations described here with 

prior studies on drug sequestration by nanoparticles.  Dhanikula et al. [24,25,70] 

reported significant in vitro uptake of AMI by spherulites composed of soy 

phosphatidylcholine and cholesterol with a 100 mM citrate buffer internal phase.  They 

reported an AMI sequestration of 97.3 ± 0.4% in the presence of 3% albumin, which is 

similar to the results obtained with the liposomes tested here.  However, only 3% 

albumin was used, rather than human serum samples containing all serum proteins.  

Furthermore, their initial drug concentration was only 0.20 µM, which is within the 

therapeutic range for AMI but far below the toxic level of 1-3 µM.  Also, the mass 

loadings in all of their studies were almost twice as high as those used here.  The in 
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vitro studies of Dhanikula et al. were supplemented with in vivo studies on isolated rat 

hearts.  They showed that infusion of the nanoparticles leads to a significant reduction 

in toxicity in isolated rat hearts that had been previously injected with relatively high 

amounts of AMI.  Varshney et al. [19] also used nanocarriers in the form of 

nanoemulsions composed of ethyl butyrate, fatty acids, and poloxamer to sequester 

bupivacaine from buffer solutions.  They reported maximum uptakes of about 90% in 

PBS, but the effect of serum proteins was not considered and their total mass loadings 

(surfactants and oil) were fairly high.  As summarized in Table 4-4, several types of 

particles have shown high drug sequestrations.  However, pegylated, anionic liposomes 

seem to have the widest possible spectrum of use and one of the highest binding 

efficacies for drugs that are mostly positively charged under physiological conditions 

[21-23]. 

It should be noted that several factors must be taken into account when evaluating 

different drug detoxification vehicles.  Sequestering high amounts of drug at 

therapeutically feasible mass loadings, causing minimal toxicity, remaining effective in 

the presence of serum proteins and the reticuloendothelial system (RES), and 

remaining in circulation for some period of time after administration are all of utmost 

importance.  Based on the comparisons shown in Table 4-4 and the well-known 

biocompatibility characteristics of pegylated liposomes, we believe liposomes to be the 

optimal vehicle for drug overdose treatment.  Additional studies on biodetoxification 

have been reviewed by Leroux [69]. 

4.4 Conclusions 

In this chapter, polymer shielded liposomes composed of 95:5 DOPG/DPPE-

mPEG-2000 and 95:5 DOPG/DPPE-mPEG-5000 lipids were tested as nanocarriers for 
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the treatment of IMI, DOS, and opipramol overdose.  The liposomes proved to be 

capable of sequestering about 98% or more of IMI and DOS and 92.5-95.5% of 

opipramol.  Additionally, the liposomes reduced the free drug concentrations in human 

plasma by 88-93% in the case of the weak bases IMI and DOS, and 76% for the diprotic 

drug opipramol (1.44 mg lipid/mL loading).  Comparison of the drug binding in PBS with 

that in human serum showed that the presence of the PEG on the liposome surface 

reduced protein binding to liposomes, but did not completely eliminate it.  These 

experiments also showed that the length of the PEG chain did not make any detectable 

difference in uptake. Thus, PEG chain lengths of up to 5000 and possibly higher may be 

chosen if pharmacokinetic parameters dictate their necessity.  Calculations suggested 

that liposomes are approximately 20 times more effective at binding antidepressants 

than acidic phospholipids already present in the body.  Estimates of the times required 

for tissues to reach equilibrium also demonstrated that liposomes could significantly 

alter the drug concentrations in vital organs after a drug overdose.  Such free drug 

reductions and calculations lead to the conclusion that the liposomes tested are prime 

candidates for treating drug overdoses from a variety of tricyclic antidepressant drugs. 
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Figure 4-1.  Percent imipramine uptake by human serum and by mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-2000 liposomes at lipid loadings of 0.72 
and 1.44 mg lipid/mL (predicted via Equation 4-1) and mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-5000 liposomes at a lipid loading of 
1.68 mg lipid/mL versus final imipramine concentration with 95% CI (dashed 
lines).  Key: human serum (X); 95:5 DOPG:DPPE-mPEG-2000 at 0.72 mg 
lipid/mL (■); 95:5 DOPG:DPPE-mPEG-2000 at 1.44 mg lipid/mL (▲); 95:5 
DOPG:DPPE-mPEG-5000 at 1.68 mg lipid/mL (O); prediction for 95:5 
DOPG:DPPE-mPEG-2000 at 1.44 mg lipid/mL in human serum via Equation 
4-1 ( ). 
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Figure 4-2.  Percent dosulepin uptake by human serum and by mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-2000 liposomes at lipid loadings of 0.72 
and 1.44 mg lipid/mL (predicted via Equation 4-1) and mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-5000 liposomes at a lipid loading of 
1.68 mg lipid/mL versus final dosulepin concentration with 95% CI (dashed 
lines).  Key: human serum (X); 95:5 DOPG:DPPE-mPEG-2000 at 0.72 mg 
lipid/mL (■); 95:5 DOPG:DPPE-mPEG-2000 at 1.44 mg lipid/mL (▲); 95:5 
DOPG:DPPE-mPEG-5000 at 1.68 mg lipid/mL (O); prediction for 95:5 
DOPG:DPPE-mPEG-2000 at 1.44 mg lipid/mL in human serum via Equation 
4-1 ( ). 
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Figure 4-3.  Percent opipramol uptake by human serum and by mixtures of human 
serum and 95:5 DOPG:DPPE-mPEG-2000 liposomes at lipid loadings of 0.72 
and 1.44 mg lipid/mL and mixtures of human serum and 95:5 DOPG:DPPE-
mPEG-5000 liposomes at a lipid loading of 1.68 mg lipid/mL versus final 
opipramol concentration with 95% CI (dashed lines).  Key: human serum (X); 
95:5 DOPG:DPPE-mPEG-2000 at 0.72 mg lipid/mL (■); 95:5 DOPG:DPPE-
mPEG-2000 at 1.44 mg lipid/mL (▲); 95:5 DOPG:DPPE-mPEG-5000 at 1.68 
mg lipid/mL (O). 
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Figure 4-4.  Free drug concentration reductions for amitriptyline, imipramine, dosulepin, 
and opipramol in human serum by 95:5 DOPG:DPPE-mPEG-2000 and 95:5 
DOPG:DPPE-mPEG-5000 liposomes at loadings of 1.44 and 1.68 mg 
lipid/mL, respectively.  Free drug reductions were calculated based on the 
differences between free drug concentrations in human serum samples and 
free drug concentrations in human serum samples mixed with liposomes. 
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Table 4-1.  Association constant comparison for liposomes and red blood cells 
Imipramine 
Concentration 
(μM) 

Ka  

2.0 112.7 
3.5 40.2 
6.5 85.7 
9.3 75.3 
11.7 79.5 
16.1 67.3 
Mean a 76.8 
KaRBC b 3.9 

aAssociation constant for liposomes and imipramine from Equation 4-3.  bAssociation 
constant for red blood cells and imipramine from Equation 4-2. 
 
Table 4-2.  Time between ingestion and treatment for antidepressant overdoses 

Source 
Subjects 
(N) 

Avg Time 
(h) 

[7] 1 4.00 
[110] 21 3.05 
[111] 3 2.30 
[112] 4 4.00 

 
Table 4-3.  Pharmacokinetic properties of various organs and imipramine partition 

coefficients 

Organ V (L) a Q (L/h) a  Kimipramine 
b KV / Q (h) Type 

Bone 2.9 41.7 6.6 0.46 Fast 

Brain 0.4 6.8 7.8 0.45 Fast 

Gut 1.9 44.8 20.8 0.88 Fast 

Heart 0.2 16.8 16.9 0.23 Fast 

Kidney 0.5 48.2 35.0 0.37 Fast 

Liver 2.6 59.9 32.2 1.38 Fast 

Lung 0.4 314.6 29.0 0.03 Fast 

Spleen 0.1 6.8 22.2 0.45 Fast 

Muscle 28.3 95.1 11.7 3.47 Slow 

Skin 13.3 19.8 16.0 10.73 Slow 

Adipose 5.3 23.9 18.8 4.18 Slow 
aOrgan volume (V) and blood flow rate (Q) from Rodgers et al. [106].  bBlood/tissue 
partition coefficients (K) calculated by Rodgers et al. [106] assuming an imipramine 
unbound fraction of 0.24. 
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Table 4-4.  Comparison of drug detoxification vehicles 

Source Vehicle Drug(s) 
Mass 
Loading 
(mg/mL) 

Maximum 
Uptake 
(buffer) 

Medium 
Free Drug 
Reduction 
in Mediuma

Ch. 2, 
3, 4 

PEG - 
Liposomes 

Amitriptyline  
Imipramine  
Dosulepin 

1.68 99.50% 
Human 
Serum 

88% 

Ch. 2, 
3, 4 

PEG - 
Liposomes 

Opipramol 1.68 96.00% 
Human 
Serum 

76% 

[24] Nanocapsules 
Haloperidol 
Docetaxel 
Paclitaxel 

3 
46.2%  
75%   
75% 

3% 
Albumin 

0%               
60.8%          
48.6% 

[25] Spherulites Amitriptyline 2.5 98.10% 
3% 
Albumin 

97.30% 

[70] Spherulites 
Haloperidol 
Docetaxel 
Paclitaxel 

3 
75.2%   
94.4%   
91.5% 

Bovine 
Serum 

38.3%          
No Data       
No Data 

[19] Nanoemulsions Bupivacaine 11 90% No Data No Data 

[21] Nanocapsules 
Quinoline     
Bupivacaine 

14 
>97% 
>99% 

No Data No Data 

[22] Oligochitosans Amitriptyline 4 90.70% No Data No Data 
[23] Nanoparticles Amitriptyline   1 90% No Data No Data 

aRefers to the difference between the free drug concentration in the presence of 
proteins and the free drug concentration in the presence of proteins and detoxifying 
agents. 
 

 



 

CHAPTER 5 
BUPIVACAINE BINDING TO PEGYLATED LIPOSOMES  

5.1 Introduction 

In Chapters 2, 3, and 4, pegylated, anionic liposomes were proven capable of 

sequestering tricyclic antidepressants.  Local anesthetics represent another class of 

charged drugs for which adverse reactions are a major concern.  The development of 

an overdose treatment capable of treating multiple drug classes would greatly increase 

its utility.  We hypothesized that an IV delivery of anionic liposomes after a local 

anesthetic overdose could reduce the free drug concentration of the drug in the blood 

stream and lead to the redistribution of the drug from vital organs to the blood 

compartment and possibly other sink organs as well.  Accordingly, the goal of this 

chapter was to again use in vitro experiments to assess the ability of uni and 

multilamellar, polymer coated, anionic liposomes to sequester the local anesthetic 

bupivacaine (BUP) from buffer solutions and human serum.  In addition to testing 

liposome-drug binding within a new drug class, this chapter also includes another 

strategy for increasing liposome-drug affinity: the use of multilamellar liposomes. 

5.2 Methods 

5.2.1 Liposome Preparation 

Liposomes composed of a molar ratio of 95:5 DOPG:DPPE-mPEG-2000 were 

prepared via extrusion (Avanti Polar Lipids, Alabaster, AL).  Lipids were combined in 

their respective molar ratios and then dissolved in a 9:1 mixture (by volume) of 99.9% 

chloroform/99.9% methanol (Sigma-Aldrich, St. Louis, MO) such that a 21 mg/mL 

concentration of lipids was obtained.  The organic solvent was then evaporated under a 

stream of nitrogen.  After an even and uniformly dried lipid film was obtained, the dried 
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lipid layer was hydrated with PBS (Sigma-Aldrich, St. Louis, MO).  The lipid 

concentration after hydration was 16 or 25 mg lipid/mL PBS, depending on the final lipid 

loading desired.  The lipid suspension was then mixed for 1-2 minutes on level 5 using a 

Mini Vortexer mixer (Fisher Scientific, Pittsburg, PA).  Unilamellar liposomes were then 

bath sonicated at room temperature for 20 minutes using a G112SP1 Special Ultrasonic 

Cleaner (Avanti Polar Lipids, Alabaster, AL), whereas multilamellar liposomes were not 

immediately sonicated.  The lipid suspensions were then heated to 30°C and stirred 

overnight for approximately 20 hours. After stirring, the unilamellar liposomes were 

extruded through a 100 nm membrane 15 times using an Avanti Mini-Extruder (Avanti 

Polar Lipids, Alabaster, AL).  The size distributions of the extruded liposomes measured 

by dynamic light scattering are reported in Chapter 3.  The liposomes had a mean 

diameter of 118 ± 15 nm.  To make multilamellar liposomes, the lipid dispersion was 

bath-sonicated for 2 minutes after the overnight stirring.  Such short bath sonication 

times produce multilamellar liposomes [27]. 

5.2.2 In Vitro Drug Binding Measurements in Buffer or Human Serum 

Liposome solutions at loadings of 16 or 25 mg/mL were added to solutions of 

bupivacaine hydrochloride (Sigma-Aldrich, St. Louis, MO) in PBS or human serum 

(Fisher Scientific, Pittsburg, PA) such that the volume of the liposome dispersion added 

was 9% or 11.6% of the final solution volume, giving final lipid loadings of 1.45 or 2.9 

mg lipid/mL.  These mass loadings were chosen based on results from Chapters 2-4, 

where similar loadings allowed liposomes to compete with serum proteins for 

antidepressant binding.  Multilamellar liposomes were added at a lipid concentration of 

1.45 mg lipid/mL, and a higher binding affinity was observed compared to unilamellar 

liposomes at the same loading.  Based on the increased binding, it would seem logical 
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to focus on multilamellar liposomes.  However, large liposomes will be cleared from 

systemic circulation into the liver and spleen faster than smaller liposomes, which may 

not be desirable.  Such issues can only be conclusively addressed through in vivo 

experiments, but, because of the slower clearance, we believe unilamellar liposomes to 

be more promising for drug overdose treatment.  Thus, only unilamellar liposomes were 

measured at both 1.45 and 2.9 mg lipid/mL.  Serum concentrations for BUP during 

infusion can range from 1 to 15 µM [118,119].  Circulatory collapse in ewes has been 

observed at concentrations as high as 27.7 µM [120].  Accordingly, the total BUP 

concentrations tested in our studies ranged from 5 to 50 µM.  Control solutions of BUP 

in PBS and serum without liposomes were also prepared to allow for uptake 

quantification and comparison.  After stirring for 15 minutes, the solutions were 

ultracentrifuged at 5000 rpm for 15-25 minutes in a 15 mL Centriprep Centrifugal Filter 

Device (Millipore Corp., Billerica, MA) containing an Ultracel YM10 filter (10,000 

molecular weight cutoff).  The concentration of BUP in the filtrate (free drug 

concentration) and the control solution was detected by measuring ultraviolet 

absorbance at 215 nm after passing the samples through a C18 column (Waters Corp., 

Milford, MA) using a 99.9% acetonitrile/50 mM KH2PO4 solvent mixture in a 25/75 ratio 

(Sigma-Aldrich, St. Louis, MO).  The calibration curves for concentration versus area 

under the curve were linear with R2 > 0.99.  To ensure that all free BUP unbound to 

liposomes or proteins was accounted for, solutions of BUP at various concentrations 

were also filtered through YM10 filters and a calibration curve (R2 > 0.98) was made 

and used to correct for the drug adsorbed to the membranes. 

123 



 

5.2.3 Statistical Analysis 

Drug binding results were compared using the Student t distribution.  Comparisons 

between drug uptake values or the amount of drug unbound to proteins and/or 

liposomes were made at each drug concentration because of the presence of 

interactions between drug concentration and the desired effect of study, which was the 

liposome loading or the presence or absence of liposomes.  In most cases, drug binding 

was measured for each initial drug concentration at least twice (n = 2).  Results were 

considered significant when P < 0.05. 

5.3 Results 

5.3.1 Bupivacaine Extracted from Buffer 

The results for BUP extraction from PBS with 95:5 DOPG:DPPE-mPEG-2000 

liposomes are shown in Figure 5-1.  The unilamellar liposomes sequestered roughly 

60%-65% and 77%-85% of BUP from PBS at 1.45 and 2.9 mg lipid/mL loading, 

respectively.  The increased lipid loading increased the percent BUP uptake 

substantially at all BUP concentrations measured (P = 0.001, 0.002, <0.001, and <0.003 

for 5, 20, 35, and 50 µM, respectively).  Also shown in the plot are the drug uptake 

values measured for multilamellar liposomes at 1.45 mg lipid/mL.  As Figure 5-1 shows, 

the drug binding increased from 60%-65% for unilamellar liposomes to 71%-90% for 

multilamellar liposomes at the same mass loading (P = 0.002, 0.001, 0.001, and 0.08 for 

5, 20, 35, and 50 µM, respectively). 

5.3.2 Bupivacaine Extracted from Human Serum 

The amount of BUP bound to serum proteins decreased as drug concentration 

increased (Figure 5-2).  At low BUP concentrations, the percentage bound approached 

90%, which is consistent with reported values [121].  When liposomes were added to 
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serum, the total bound fraction increased.  The free BUP unbound to liposomes and/or 

proteins before and after liposome addition is shown in Figure 5-3. The liposomes 

reduced the free drug in solution by 36% (P = 0.037), 56% (P = 0.022), 47% (P = 

0.042), and 50% (P = 0.018) for BUP concentrations of 5, 20, 35, and 50 µM, 

respectively. 

5.4 Discussion 

The treatment of local anesthetic-induced toxicity has rapidly evolved over the past 

10 years with the emergence of lipid emulsion therapy [41,42,122].  Many case studies 

continue to provide evidence for the effectiveness of lipid emulsions at toxicity reversal 

in actual clinical settings [12-14,33-36,40].  However, two major issues surrounding the 

use of lipid emulsions are currently at the forefront.  First, the doses of lipid emulsions 

required for toxicity reversal are potentially high.  The resulting hyperlipidaemia could 

pose considerable risks to patients, many of which are unknown or not fully understood 

[43,45].  Second, the mechanism of toxicity reversal remains a major question 

associated with the use of lipid emulsions.  The results from this chapter may offer 

some insights and potential for exploring these critical issues. 

Our results for drug binding support the possibility of achieving significant free 

drug concentration reductions with liposomes, perhaps with doses lower than those 

used with lipid emulsions.  In vitro BUP binding by lipid emulsions (Intralipid® 20%, 

Fresenius Kabi, Bad Homburg, Germany) and pluronic microemulsions in buffer was 

explored by Varshney et al. [19].  They tailored the pluronic microemulsions for 

maximum drug binding per unit mass by testing several pluronic surfactants, varying the 

oil to surfactant ratio, and adjusting the fatty acid chain length and concentration.  The 

final concentration of lipid emulsion in the in vitro binding experiments was 
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approximately 1 mg/mL, which is about 30% lower than the lipid loadings considered in 

this chapter.  At total BUP concentrations similar to those tested here, nearly 30% of 

BUP was bound to the lipid emulsions, which is about one-third of the drug bound to the 

liposomes.  The total loading of pluronic microemulsions used (surfactant and oil) was 

7.7 mg/mL, which is about 5 times the lipid loadings considered here.  The maximum 

drug binding to the microemulsions was 60%, which is substantially less than the drug 

bound to the liposomes.  Thus, comparison of in vitro measurements reported here with 

the data reported by Varshney et al. [19] suggest that pegylated, anionic liposomes 

composed of DOPG lipids have more BUP bound per unit mass than lipid emulsions or 

pluronic microemulsions. 

Liposomes sequester such large amounts of BUP and other drugs because of 

their unique structures and compositions (see Chapters 2,3, and 6).  They can be 

tailored to more specifically target toxins because of surface charge and/or lipophilicity, 

and can be pharmacokinetically enhanced to circulate for long times through the use of 

polymers, such as polyethylene glycol.  Approximately 83% of BUP, which has a pKa 

value of 8.1, is in the charged state at physiological conditions [121,123].  Previous 

chapters have shown that anionic liposomes preferentially bind to cationic drugs.  As 

drug delivery vehicles, liposomes have also been proven biocompatible.  The results in 

serum confirm that liposomes can effectively compete with serum proteins for drug 

binding and could rapidly reduce the free drug in the blood compartment.  This could, in 

turn, cause a redistribution of the drug from vital organs to the blood and/or other slowly 

equilibrating organs.  Thus, we propose that liposomes, based primarily on 

redistribution, could be a more effective detoxification treatment than lipid emulsions 
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and could be applied to a wider array of drugs, including local anesthetics.  The in vitro 

drug-binding data presented here provide the rationale for in vivo studies to test this 

hypothesis. 

It has been proposed that lipid emulsions may reduce toxicity by either inducing 

drug redistribution from vital organs to the blood compartment and/or slowly 

equilibrating organs or the enhancement of oxidative metabolism [44].  The difficulty in 

discerning between these mechanisms stems from a lack of knowledge as to the 

destination of lipid emulsions and the time scales for transport to those destinations.  

Lipid emulsions most likely enter tissues, while polymer-coated liposomes of the type 

used in this chapter circulate in the bloodstream for some period of time.  Our results 

strongly infer that liposomes bind more BUP per unit mass than lipid emulsions.  

Therefore, if liposome administration after an overdose reduces BUP toxicity, the mode 

of reversal will be related to redistribution.  Furthermore, if redistribution is the dominant 

mechanism, then liposomes would be the better detoxification candidate. 

5.5 Conclusions 

In conclusion, pegylated, anionic liposomes were shown to be highly effective at 

sequestering the local anesthetic drug BUP from in vitro solutions with a removal 

efficiency of about 80% in buffer and a free-drug reduction of about 50% in human 

serum.  The promising results present a rationale for further investigation into the 

treatment of local anesthetic toxicity with liposomes.  Such liposomes may offer an 

alternative therapy to lipid emulsions or microemulsions at treating local anesthetic 

toxicity.  Furthermore, in vivo comparisons of liposomes and lipid emulsions at treating 

drug toxicity may lead to an improved understanding of the mode of action of lipid 

emulsions.
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Figure 5-1.  Percent of total bupivacaine bound to 95:5 DOPG:DPPE-mPEG-2000 
liposomes in buffer solutions for unilamellar liposomes at lipid loadings of 1.45 
(O) and 2.9 mg lipid/mL (▲) and multilamellar liposomes at 1.45 mg lipid/mL 
( ); n = 2 at all concentrations. 
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Figure 5-2.  Percent of total bupivacaine bound in human serum (O) and in a mixture of 
human serum and unilamellar liposomes at 2.9 mg lipid/mL (▲); n = 2 for all 
measurements except serum binding at 35 and 50 µM, where n = 3. 
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Figure 5-3.  Free bupivacaine (unbound to proteins and/or liposomes) versus total 
bupivacaine concentration in human serum samples in the absence (  ) and 
presence (  ) of unilamellar, 95:5 DOPG:DPPE-mPEG-2000 liposomes at 
2.9 mg lipid/mL calculated from data in Figure 5-2.  Differences were 
significant at all concentrations tested (P = 0.037, 0.022, 0.042 and 0.018 for 
5, 20, 35, and 50 µM, respectively). 

 



 

CHAPTER 6 
THE INTERACTION OF CATIONIC DRUGS WITH LIPOSOMES 

6.1 Introduction 

In the past several chapters, we have shown that anionic liposomes can sequester 

significant amounts of antidepressant and anesthetic drugs.  It is imperative that the 

interactions responsible for such behaviors are well characterized.  Such interactions 

are important for developing better drug overdose treatments, as well as for many other 

important membrane related applications related to drug delivery, cell viability, and so 

on.  In this chapter, we focus on characterizing liposome-drug interactions via 

equilibrium binding and its effect on liposome permeability.  Anionic and zwitterionic 

liposomes were used, along with bupivacaine (BUP), amitriptyline (AMI), and 

imipramine (IMI).  The varying physical properties and structures of the drug molecules 

allowed a detailed understanding of the effects of these factors on binding and 

permeability.  Additionally, binding was measured to charged poly(methacrylic acid) and 

poly(acrylic acid) microparticles with total charge comparable to liposomes to 

investigate the importance of the charge distribution (i.e., surface versus bulk) on 

binding.  To explore the interactions, liposome properties such as surface charge, 

bilayer fluidity, and number of lamellae were varied, as well as the ionic strength of the 

bulk medium.  The experimental results were supplemented by a continuum model that 

incorporated electrostatic interactions and a Langmuir binding isotherm.  The model 

was validated by comparing predictions with experiments at high ionic strengths for 

unilamellar liposomes (ULL). 
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6.2 Materials and Methods 

6.2.1 Materials 

Methanol, chloroform, Dulbecco’s Phosphate Buffered Saline (PBS) without 

calcium chloride and magnesium chloride (0.165 M ionic strength), ethylene glycol 

dimethacrylate (EGDMA), acrylic acid (AA), amitriptyline hydrochloride (AMI), 

imipramine hydrochloride (IMI), bupivacaine hydrochloride (BUP), and Sephadex G-50 

(fine) were purchased from Sigma Aldrich (St. Louis, MO, USA).  Dosulepin (dothiepin) 

hydrochloride (DOS) was purchased from LGC Promochem (Teddington, Middlesex, 

U.K.).  Methacrylic acid (MAA) was purchased from Polysciences, Inc. (Warrington, PA).  

Ciba Darocur TPO, a photoinitiator, was a gift from Ciba Specialty Chemicals 

(Tarrytown, NY).  Sodium chloride, Centriprep Centrifugal Filter Devices (Millipore 

Corp., Billerica, MA) containing Ultracel YM10 filters (10 000 molecular weight cutoff), 

Whatman GF/B glass microfiber filters, and calcein dye (fluorexon) were purchased 

from Fisher Scientific (Pittsburgh, PA).  The lipids DOPG, dissolved in chloroform, 

DPPE-mPEG-2000, in powder form, DMPG, in powder form, and DMPC, in powder 

form, as well as a Mini-Extruder kit for liposome preparation, were purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL). 

6.2.2 Liposome Preparation for Drug Binding and Zeta Potential Measurements 

Liposomes composed of pure DOPG, pure DMPG, pure DMPC, and molar ratios 

of 50:50 DMPC:DOPG, 95:5 DOPG:DPPE-mPEG-2000, and 95:5 DMPG:DPPEmPEG-

2000 were prepared via extrusion.  Lipids were combined in their respective molar ratios 

and then dissolved in a 9:1 mixture (by volume) of chloroform:methanol such that a 12-

20 mg/mL concentration of lipids was obtained.  The organic solvent was then 

evaporated under a stream of nitrogen.  The dried lipid layer was hydrated with PBS or 
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PBS that had an increased ionic strength of 1.5 M via sodium chloride.  The lipid 

concentration ranged from 8 to 25 mg lipid/mL buffer.  The lipid suspension was then 

bath sonicated for 20 minutes, heated to 30°C, and stirred overnight.  After stirring, the 

liposome solution was extruded through a 100 nm membrane13-15 times to produce 

liposomes with diameters slightly greater than 100 nm.  DOPG liposomes with 

diameters close to 40 nm were prepared via probe sonication as described in Chapter 

2. 

To prepare DOPG and 95:5 DOPG:DPPE-mPEG-2000 MLL, a similar procedure 

to the one described above was followed to obtain a hydrated lipid film.  The dispersion 

was then vortex mixed for 2 minutes at medium speed, heated to 30°C, stirred for 24 

hours, and bath sonicated for 2 minutes.  Short bath sonication times are well-known to 

produce MLL [27]. 

6.2.3 Liposome Preparation for Calcein Leakage Studies 

Liposomes composed of pure DOPG and a molar ratio of 95:5 DOPG:DPPE-

mPEG-2000 were prepared as described above in Section 6.2.2, except the dried lipid 

layer was hydrated with 100 mM calcein dye dissolved in PBS such that the lipid 

concentration was 25 mg lipid/mL solution for pure DOPG and 28 mg/mL for 95:5 

DOPG:DPPE-mPEG-2000.  The mass loading was slightly higher for the PEG-2000 

liposomes so that the number of charged head groups in the liposomes would be 

identical for both types of liposomes.  The lipid suspension was then mixed using a 

Fisher vortex mixer for 1-2 minutes, followed by bath sonication for 20 minutes.  The 

vesicles were then gently stirred overnight at 30°C for approximately 20 hours to 

increase the entrapped aqueous volume of liposomes [27].  After stirring, the liposome 

solution was extruded through a 100 nm membrane 15 times.  To remove excess dye 
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from the bulk, the liposome solution was passed through a mini-column of Sephadex G-

50 (fine) using the centrifugation method to ensure that almost all (≈90%) of the lipids 

added to the Sephadex bed were recovered [124].  The resulting liposome solution was 

diluted by a factor of 1001 based on the observation that the calcein release at the 

subsequent liposome loading was in the linear detection range of 0 to 10 μM even upon 

100% calcein release after bilayer disruption. 

6.2.4 Preparation of Poly(methacrylic acid) and Poly(acrylic acid) Microparticles 

Porous poly(methacrylic acid) and poly(acrylic acid) microparticles were studied 

for their ability to remove AMI from solution.  For particle synthesis, MAA or AA was 

combined with the cross-linker EGDMA.  After purging with nitrogen to remove excess 

oxygen, the photoinitiator Ciba Darocur TPO was added, and 1 mL of the resulting 

mixture was added to 5 mL of ethyl acetate.  The solution was then placed under a UV 

light source to induce polymerization.  After the formation of microparticles, the ethyl 

acetate was boiled off to yield a gel of microparticles.  The microparticles were added to 

PBS such that the concentration of microparticles was around 9 mg/mL, similar to the 

concentration of lipids in liposome dispersions previously described.  The microparticles 

were then resuspended in the buffer solution with the use of bath and probe sonicators.  

The resulting microparticle suspension was then tested for its ability to remove AMI from 

buffer solutions as described in Section 6.2.6.  The final concentration of microparticles 

was around 0.85 mg/mL and the AMI concentrations measured ranged from 1 to 50 μM. 

6.2.5 Liposome Characterization 

Mean diameters and size distributions for the liposomes were reported in Chapters 

2 and 3 and elsewhere [71].  Briefly, the extruded ULL had diameters of 118 ± 15 nm 

and the probe sonicated ULL had diameters of 39.2 ± 4.5 nm.  The bath sonicated MLL 
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produced widely varying size distributions with liposomes ranging from roughly 50 nm to 

3 μm in size.  The zeta potentials of the liposomes are reported in Table 6-1. 

6.2.6 Drug Binding to Liposomes in Buffer Solutions 

DOPG, DMPG, DMPC, 95:5 DOPG:DPPE-mPEG-2000, and 95:5 DMPG:DPPE-

mPEG-2000 liposomes were added to buffer solutions containing drug such that the 

final lipid concentration ranged from 0.72 to 1.44 mg lipid/mL.  Buffer solutions with ionic 

strengths of 0.165 M, which was the original ionic strength of the buffer, and 1.5 M were 

used.  The increased ionic strength was achieved with the addition of sodium chloride.  

Control solutions of drug in PBS were also made to allow for uptake quantification and 

comparison.  After being stirred for 15 minutes, the drug-liposome solutions were 

ultracentrifuged at 5000 rpm for 15 minutes in a vial that contained an Ultracel YM10 

filter (10,000 molecular weight cutoff).  Experiments were previously done to ensure that 

the systems were at equilibrium before filtration in Chapter 2.  The filters were rinsed 

with DI water and then with PBS at 5000 rpm for 10 minutes prior to their use in the 

experiments.  The concentration of the drugs in the filtrate (free drug concentration) and 

the control solution was detected by measuring UV absorbance at 215 nm after passing 

the samples through a C18 column (Waters Corp., Milford, MA, USA) using an 

acetonitrile/50 mM NH4H2PO4 solvent mixture in a 35/65 ratio for AMI, IMI, and DOS, 

and an acetonitrile/50 mM KH2PO4 solvent mixture in a 25/75 ratio for BUP.  The 

calibration curves for concentration versus area under the curve were linear with R2 > 

0.99.  To ensure that all of the unbound drug was accounted for, solutions of the drugs 

at various concentrations were passed through YM10 filters in a separate test.  Small 

amounts of drug were taken up by the filter, and correction curves were made and used 

to correct for drug adsorbed to the membranes in subsequent tests. 
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6.2.7 Zeta Potential Measurements 

Zeta potential measurements were made for pure DOPG, pure DMPC, and 50:50 

DMPC:DOPG liposomes for use in the model developed in Section 6.3.3.  The 

measurements were made in PBS (0.165 M ionic strength) using a Brookhaven Zeta 

Plus machine with a voltage of 2.5 V at a field frequency of 2 Hz.  At least 10 runs were 

done for each liposome type.  Measurements were also done in PBS at AMI and BUP 

concentrations of 100 μM and 50 μM, respectively.  The presence of drug molecules did 

not change the zeta potential values appreciably.  Results are shown in Table 6-1.  

Measurements could not be made in 1.5 M ionic strength solutions due to extremely 

high conductance values. 

6.2.8 Liposome Leakage Studies 

The liposomes prepared by the methods described in Section 6.2.3 contain 100 

mM calcein solution in the liposome core.  This concentration is sufficiently high so that 

the fluorescence is quenched, resulting in negligible signal, except from the dye that 

diffuses out from the liposomes into the bulk [124].  The baseline fluorescence of the 

liposome solution prior to leakage was first measured using a Quantech Digital Filter 

Fluorometer with excitation and emission filters at 490 and 515 nm, respectively.  A 

concentrated drug solution or PBS was then added, and the fluorescence was 

measured after 10 minutes.  Drug concentrations of 0 (PBS), 8.6, 38, and 150 μM were 

studied for 95:5 DOPG:DPPE-mPEG-2000 liposomes.  To compute the percent release, 

the following formula was used, 

100x
FF

FF
Release%

ototal

ot




 ,         (6-1) 
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where Ft was the fluorescence measurement at time t, F0 was the fluorescence at time 

zero, and Ftotal was the total calcein released, which was determined by breaking the 

liposomes with 100 μL of 20% (v/v) Triton X-100.  Corrections were made to account for 

the dilution upon addition of the drug, PBS, protein, or Triton X-100 solutions.  All 

release experiments were carried out at least twice. 

6.2.9 Statistical Analysis 

The data was analyzed using R, a free statistical software package developed by 

the R Project (http://www.r-project.org/).  For the drug uptake experiments, ANOVA was 

used.  In such cases, P values were reported and a significance level of 0.05 was 

assumed.  When interactions were significant (P < 0.05), drug binding was analyzed for 

each drug concentration independently using the Student’s t distribution.  Error bars are 

presented in most of the results but are not always evident due to the small standard 

errors observed in some cases.  The data are plotted and reported as mean ± standard 

error of the mean.  Comparisons were made using the Student’s t distribution.  The 95% 

confidence intervals discussed in Section 6.3.2.2 were computed using JMP (SAS, Cary 

NC).  The standard errors reported for the fitted parameters in Section 6.3.3 (a and K) 

were computed with R using a nonlinear least-squares (nls) model. 

6.3 Results and Discussion 

To facilitate the discussion of the results in this chapter, the structures of AMI, 

BUP, and the lipids used are shown in Figure 6-1.  The structure of AMI is similar to all 

other TCA’s.  They have two distinct regions, a hydrophilic tail and a lipophilic, aromatic 

region.  Their pKa values are around 9.5, so that 99% of their molecules are in the 

charged form at pH 7.4 [106].  BUP has a more centrally located charge, is only 86% 

protonated at pH 7.4 (pKa 8.2 at 25°C [123]), and has less surface activity compared to 
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TCA’s.  DOPG is anionic and possesses oleic acid carbon chains with cis double bonds 

at its ninth carbon, causing its gel to fluid phase transition temperature to be very low at 

-18°C.  DMPC is zwitterionic and has saturated myristic acid chains, resulting in a gel to 

fluid phase transition temperature of 23°C.  DMPG is anionic like DOPG but also has 

saturated myristic acid chains.  Thus, the nonpolar interiors of DMPC and DMPG are 

most likely in the gel phase at room temperature. 

6.3.1 Electrostatic Contribution to Drug Binding 

To probe the importance of electrostatics in binding between cationic drugs and 

liposomes, various types of binding experiments were performed.  First, anionic DOPG 

and 95:5 DOPG:DPPE-mPEG-2000 liposomes were tested in solutions of high ionic 

strength to probe the effect of electrostatics.  Next, net neutral DMPC lipids were used 

to conclusively prove that charge was instrumental in achieving high drug sequestration.  

Lastly, porous microparticles with negative charge comparable to liposomes but 

dispersed uniformly throughout the particles were also tested for their drug binding 

ability to help determine whether or not the charge distribution and lipophilic nature of 

liposomes were important factors in binding. 

6.3.1.1 Effect of ionic strength 

If drug binding to liposomes is dominated by electrostatic effects, increasing the 

ionic strength should reduce drug binding due to shortening of the Debye length and 

screening of charge-charge interactions.  In this case, buffer was used with an ionic 

strength, I, of 0.165 M, as well as buffer with NaCl added such that the ionic strength 

was 1.5 M.  As described in Section 6.2.2, lipid bilayers were typically hydrated with the 

1.5 M ionic strength solution during liposome preparation.  In some cases, hydration 

was carried out with 0.165 M buffer and the ionic strength of the uptake medium was 
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adjusted to give a final value of 1.5 M.  No differences were detected in binding for the 

two methods with ULL (P = 0.114, data not shown), demonstrating that sodium ions 

permeated through the bilayers and eliminated ionic strength gradients across the 

bilayers prior to filtration.  The Debye lengths, calculated with the following equation for 

aqueous solutions at room temperature: 

0.50D I

3045.0
l  ,             (6-2) 

were 0.75 and 0.25 nm for the lower and higher ionic strength solutions, respectively.  In 

addition, Equation 6-12 (see below) predicts the zeta potential change on the liposome 

surface to be approximately 50 mV for DOPG liposomes when transitioning from 0.165 

to 1.5 M ionic strength, in agreement with the experimental results of Egorova [125] and 

McLaughlin [126]. 

Results from IMI and BUP uptake studies in both mediums with anionic ULL are 

shown in Figure 6-2.  Clearly, the increased ionic strength reduced the drug uptake for 

IMI (P = 0.003 for 2.9 μM, P < 0.001 for 24.2 μM) and BUP (P < 0.001).  The free 

fraction of drug was increased by a factor of roughly 2-5 for IMI and 2 for BUP, proving 

that electrostatics was a significant factor for drug binding in both cases.  Furthermore, 

the amount of BUP bound per unit mass of lipid was less than the amount of IMI bound.  

This likely resulted from the lower proportion of charged molecules at pH 7.4 for BUP 

versus IMI, as well as for other reasons discussed later in Section 6.3.4. 

6.3.1.2 Drug binding to neutral liposomes 

To further explore the importance of electrostatics, drug binding to DMPC 

liposomes was measured, which have a much less negative surface charge than 

DOPG.  This point is clear from the measured zeta potential values for both liposomes 
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shown in Table 6-1.  The results in Figure 6-2 comparing binding to anionic and DMPC 

liposomes show that reducing the net negative charge drastically reduces the drug 

uptake for both IMI (P < 0.001) and BUP (P < 0.001).  This, along with the reduced 

binding at higher ionic strengths, proves that the binding is dominated by electrostatic 

interactions between the cationic drug and the negatively charged surface of the 

liposomes. 

6.3.1.3 Drug binding to anionic microparticles 

To compare drug binding for microparticles and liposomes, AA and MAA 

microparticles were prepared and drug binding was measured.  Similar experiments 

have been conducted elsewhere at AMI concentrations greater than 300 μM, which are 

significantly higher than concentrations explored here and also well beyond the relevant 

concentrations for drug overdose treatment [23].  At similar mass loadings to liposomes, 

both the MAA and AA microparticles were unable to sequester any significant amount of 

AMI from PBS.  At 0.85 mg/mL, MAA and AA microparticles possess charges of -0.95 

and -1.14 C/mL, respectively, compared to -0.18 C/mL for DOPG liposomes at 1.45 

mg/mL.  Thus, the ability for liposomes to bind large amounts of drug must be attributed 

to both their charged surfaces and lipophilic bilayers, as opposed to the charged 

microparticles, which lack a lipophilic component.  Chakraborty and Somasundaran 

observed relatively large bindings to anionic microparticles at higher drug 

concentrations but also observed a reduction in binding upon lowering the drug 

concentration.  Upon extrapolation of their results to the low physiological 

concentrations explored here, the results agree reasonably well [23]. 
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6.3.2 Lipophilic Contribution to Drug Binding 

Section 6.3.1 suggests that TCA’s and BUP are preferentially attracted to 

negatively charged liposomes, whereupon they are bound and retained.  This 

observation provides no information about the conformation of the drugs after binding.  

Drugs could reside in the charged double layer surrounding the liposomes or enter the 

lipid bilayer to some degree.  This issue was investigated through drug binding 

comparisons between liposomes with contrasting nonpolar, inner bilayers and 

liposomes with single or multiple concentric bilayers.  Additionally, leakage of a water 

soluble fluorescent dye from the aqueous core of liposomes was monitored while in the 

presence of AMI, IMI, or BUP.  The dye leakage experiments, when viewed in light of 

the liposome-drug binding results, afforded additional insight into the specific nature of 

the drug-bilayer interactions. 

6.3.2.1 Drug binding with DMPG liposomes: the effect of bilayer fluidity 

The difference in bilayer fluidity between DOPG and DMPG is a useful probe for 

drug-bilayer interactions, since any corresponding change in drug bound would imply 

that drug-bilayer interactions are important, as opposed to drug-surface interactions 

alone.  Drug binding for both lipid types is plotted as a function of initial drug 

concentration in Figure 6-2.  The DOPG liposomes bound more drug than the DMPG 

liposomes for IMI (P < 0.001) and BUP (P < 0.001).  The magnitude of the difference 

was about 2% and 10% of the total IMI and BUP present, respectively.  This statistically 

significant difference in binding leads to the conclusion that both drug types are 

interacting with the lipid bilayers and suggest that drugs enter fluid bilayers more easily 

than gel bilayers.  Also note the gap in binding for DMPG and DMPC lipids, again 

confirming the importance of electrostatic interactions. 
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6.3.2.2 Drug binding with multilamellar liposomes (MLL) 

To confirm the hypothesis of drug-bilayer interaction from the bilayer fluidity tests, 

drug binding was measured with MLL.  At equivalent mass loadings, MLL and ULL 

should bind equal drug amounts if the drugs readily cross lipid bilayers.  Figure 6-2 

shows the outcomes of AMI and BUP binding experiments using DOPG MLL.  MLL 

bound more drug than ULL at equivalent mass loadings.  The disparity is small for AMI 

due to the high proportion of total drug bound in both cases, but 95% confidence 

intervals (magnified portion of Figure 6-2) confirm this point.  Considerably larger 

binding increases were observed for BUP at three of the four concentrations measured 

(P = 0.002, 0.001, 0.001, and 0.08 for 5, 20, 35, and 50 μM, respectively).  The results 

prove that both drug types can cross the bilayers and that MLL bind more drug than 

ULL for the same lipid loading. 

We believe this enhancement to be the result of electrostatic interactions or 

energy barrier reductions.  For MLL without PEG, such as the ones shown in Figure 6-2 

for AMI binding, the concentric bilayers were separated by a water layer approximately 

1-3 nm thick [127,128].  This proximity allowed adjacent charged layers to interact, 

thereby increasing the effective potential experienced by the drug bound to the inner 

layers.  BUP binding with PEG coated MLL must have been enhanced in a different 

way, since adjacent charged layers were separated by about 10 nm, making interaction 

negligible [129].  In this case, the dielectric constants of the aqueous layers between 

bilayers were decreased due to the presence of PEG.  Aqueous PEG solutions have 

been shown to have lower dielectric constants than pure water, and this effect is 

mentioned for liposomes elsewhere as well [130,131].  Lower dielectric constants would 

reduce the surface potentials of the bilayers [131], which would act to reduce drug 
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binding based on the results presented thus far.  However, there is a competing effect 

which we believe is overcoming the reduced surface potentials and actually increasing 

the amount of drug bound.  As a result of the reduced dielectric constant, the energy 

barrier for the cationic drugs to enter the aliphatic bilayers is reduced. The charge-

charge interactions are still key, but binding is more energetically favorable.  This effect 

of reduced dielectric constants on ion transport across membranes has been 

extensively studied [132-134]. 

To demonstrate that binding was still driven by electrostatics in spite of the 

reduced energy barrier for membrane interaction, BUP binding to MLL prepared using 

PBS with salt added to increase the ionic strength to 1.5 M was measured (Figure 6-2).  

High ionic strength buffer was used to hydrate the liposomes to avoid ionic strength 

gradients across the bilayers, as such gradients could take long periods of time to 

disappear due to limited sodium permeability through the multiple layers of the MLL.  

The BUP binding was much lower than the MLL at the original ionic strength (P < 

0.001).  Additionally, the MLL in 1.5 M ionic strength solutions bound similar amounts of 

drug to ULL at 1.5 M ionic strength (P = 0.935).  Thus, while enhanced drug binding 

stemming from energy barrier reductions for charge transfer across the membrane was 

important, electrostatic attractions still dominated.  The effect of increasing the ionic 

strength of the medium overcame the lower dielectric constant effect of the aqueous 

layers. 

6.3.2.3 Liposome leakage induced by drugs 

In Figure 6-3, the percent of calcein release from pegylated, anionic liposomes 10 

minutes after drug application is displayed.  For AMI (P < 0.001 and P < 0.001) and IMI 

(P = 0.001 and P < 0.001), leakage at 38 μM and 150 μM was significantly greater than 
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the control.  For BUP, significant leakage was only observed at 150 μM (P = 0.016).  

Even at 150 μM, BUP provoked less leakage than the TCA’s at 38 μM.  Despite the 

higher percentage of drug bound for AMI and IMI compared to BUP, this factor alone 

cannot account for the differences in leakage because the number of drug molecules 

bound to the liposomes is larger for BUP at 150 μM compared to TCA’s at 38 μM.  

Results with DMPG and MLL showed that both TCA’s and BUP traverse the lipid 

bilayers easily and likely reside there to some extent.  Thus, it is clear that the 

conformation of TCA’s in the bilayer must be such that they enhance the bilayer 

permeability more than BUP.  This seems plausible upon examination of the drug 

structures.  The two contrasting regions of TCA’s are structurally separated, which 

would allow the lipophilic portion to associate with the bilayers and the charged region 

to extend into the bulk phase.  This dual association would disrupt the bilayer 

significantly.  BUP, by contrast, probably remains inside the nonpolar region to a greater 

degree and alters the bilayer structure to a lesser extent. 

6.3.3 Mechanism Validation through Continuum Modeling 

6.3.3.1 Model development 

All of the experimental findings presented in Chapter 6 thus far point to a 

combinatorial drug uptake mechanism that includes both electrostatics and drug-bilayer 

interactions.  To further validate that observation, a continuum model was developed 

and validated by matching model predictions to experiments in solutions of increased 

ionic strength. 

If the Poisson-Boltzmann equation for the potential distribution around spherical 

surfaces, such as liposomes, is solved under the Debye-Huckel approximation, the 

following equation is obtained: 
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where ζ is the zeta potential, r is the radial coordinate with its origin at the center of the 

liposome, R is the liposome radius, and κ is the inverse of the Debye length [135].  To 

determine the amount of drug sequestered in the double layer, one can solve the 

species conservation equation for the drug to obtain 
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where C(r) is the drug concentration in the double layer as a function of the radial 

coordinate, C∞ is the bulk drug concentration far from the liposome surface, e is the 

elementary charge, k is the Boltzmann constant, and T is the temperature.  An overall 

mass balance on the drug gives 
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where Ci is the total drug concentration, NL is the number of liposomes per volume, Γ is 

the concentration of the drug specifically bound to the bilayer surface, and Sp is the 

surface area of the liposomes per volume, which is given by 
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where MW is the average molecular weight of the lipids present (excluding PEG), NA is 

Avogadro’s number, ρl is the lipid loading in the solution (excluding PEG), f is the 

fraction of lipid molecules that participate in drug binding, and A0 is the average area 

per lipid molecule on the surface.  In the limit of double layer thickness (typically a few 
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nm) much smaller than the liposome radius (>50 nm), the concentration profile 

simplifies to 

)(e
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where y is the distance from the liposome surface.  The overall mass balance also 

simplifies to 
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The specific drug binding of drugs to lipid bilayers can be modeled as a Langmuir 

isotherm [57]: 
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where a and K are the parameters of the isotherm.  The zeta potentials used for 

modeling drug binding at 0.165 M ionic strengths were measured, whereas changes 

due to an increased ionic strength were calculated as detailed below (Table 6-1).  Zeta 

potential values were also measured in the presence of AMI (100 μM) and BUP (50 

μM), but the values were relatively unaffected by drug binding.  PEG chains have a 

negligible effect on the surface potential of liposomes but move the slipping plane away 

from the liposome surface, leading to changes in zeta potential.  As a result, zeta 

potential measurements for pegylated liposomes are less representative of the true 

surface potential characteristics when compared to unpegylated liposomes.  
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Measurements were therefore made for unpegylated liposomes and used for pegylated 

liposomes with similar lipids [136].  In Equation 6-6, the value used for f was 1, since 

experiments have already shown that all drugs tested can pass through MLL and bind 

to both sides of the bilayers.  Also, the molecular weights and lipid loadings used were 

corrected to exclude the PEG, as the bulk of the PEG is extended into the aqueous 

phase on either side of the liposome bilayer and should have little bearing on drug 

binding.  All data used for model fitting or model validation was derived using ULL 

extruded with 100 nm membranes.  The values used for the constants in Equations 6-6 

through 6-12 are listed in Table 6-1, along with ranges of previously reported values for 

similar systems for comparison. 

6.3.3.2 Model fits to data for antidepressant drugs 

Initially, the amount of AMI bound exclusively within the double layer of DOPG 

liposomes (1.44 mg/mL) at an AMI concentration of 25 μM was estimated by calculating 

the first term on the left-hand side of Equation 6-8.  The model predicted that a zeta 

potential value of -50 mV would yield double layer binding of less than 1%.  Based on 

our observations reported in Section 6.3.1 and previous chapters, the drug uptake 

actually approaches 99% in some cases, providing strong evidence for significant drug-

bilayer interactions [71]. 

Accordingly, Equation 6-8 was used in combination with AMI uptake data by 40 

nm, pure DOPG liposomes at a lipid loading of 0.72 mg/mL reported in Chapters 2 and 

3 to estimate the parameters a and K under the assumption that the drug molecules 

were located both in the double layer and the lipid bilayer.  The data used ranged from 

an initial AMI concentration of 1 μM to around 110 μM.  Figure 6-4a shows the 

experimental data and the fitted data based on Equation 6-8.  The values of the fitting 
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parameters, a and K, were 5.36 x 10-7 ± 3.3 x 10-8 mol/m2 and 1.88 x 10-2 ± 2.1 x 10-3 

mol/m3, respectively.  The fit was very good, indicating that a combination of 

electrostatic and lipophilic interactions is a more plausible explanation for the results 

obtained, rather than simple double layer electrostatics.  Based on the value of a 

obtained from the fit, the area per drug molecule at maximum packing is about 310 Ǻ2, 

which is about 5 times the area per molecule for the lipid heads. 

In Figures 6-4b through 6-4d, the values of a and K for AMI binding to the DOPG 

liposomes were used to estimate AMI, IMI, and DOS binding by pegylated, anionic 

liposomes.  The fits were all reasonable, suggesting that pegylated and unpegylated 

liposomes exhibit similar interactions with the drugs, and that the different TCA’s exhibit 

similar interactions with the liposomes due to similarities in their molecular structures. 

6.3.3.3 Model fits to data for bupivacaine 

The overall mass balance for BUP is 

iP
0

Pp CΓSdy1y))κexp(
kT

ζ
exp(SCC 




















  



 

e
,    (6-10) 

where Cp∞ = 0.86C∞ is the bulk concentration of the protonated form of the drug [123].  

The specific drug binding of BUP to lipid bilayers can be modeled as a sum of two 

isotherms, one each for the protonated and the unprotonated forms.  The concentration 

of the protonated form in the bulk, Cp∞, is about 6 times that of the unprotonated form, 

C∞, and the negative zeta potential further enhances the concentration of the protonated 

form near the liposome surface by a factor of e-eς / kT.  Thus, the binding contribution 

from the unprotonated form can be neglected, and the specific binding is given by the 

following equation: 
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where a and K are the parameters of the isotherms for the protonated form.  BUP 

binding to anionic, pegylated liposomes was significantly lower than for TCA’s, and 

fitting the binding data to the model (Figure 6-4e) yielded an a/K ratio of 3.68 x 10-7 ± 

6.9 x 10-9 m.  The concentration range tested for BUP was within the linear range, and 

so determination of individual values of a and K was not possible.  The a/K ratio for BUP 

was about 2 orders of magnitude lower than for TCA’s, proving that BUP has a 

significantly lower affinity for liposomes, likely stemming from the reduced proportion of 

charged BUP compared to TCA’s, and its inability to associate with the charged lipid 

heads once inside the bilayer.  Note that the pK shift for local anesthetics inside lipid 

bilayers is minimal, leading to a similar proportion of charged drug in the bilayer and the 

bulk [137]. 

6.3.3.4 Effect of surface charge on isotherm parameters 

The presence of charge on the liposome surface likely contributes to increased 

drug binding through two mechanisms.  First, the negative surface potential leads to an 

elevated drug concentration near the surface, and thus an increased concentration in 

the bilayer.  This effect is evident in the exponential factor in Equation 6-9.  Second, the 

adsorbed molecules could still interact with the charged surface, resulting in an 

increased partitioning reflected in the binding isotherm parameters a and K.  If the 

increased binding is purely due to the first effect, i.e., the enhanced surface 
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concentration, the binding parameters a and K should be relatively similar for both 

charged and uncharged liposomes. 

In Chapter 2, we observed up to 99% of total AMI in solutions bound to liposomes 

composed of 50:50 DMPC:DOPG.  The DOPG liposomes carry a negative zeta 

potential (-50.9 mV) which is significantly larger in magnitude compared to DMPC 

liposomes (-6.6 mV) at 0.165 M ionic strength, whereas the 50:50 DMPC:DOPG 

liposomes more closely resemble the DOPG system (-42.7 mV).  The drug uptake data 

for 50:50 DMPC:DOPG liposomes was fitted with Equation 6-8 (Figure 6-4f) and new 

values for a and K were obtained (a = 6.43 x 10-7 ± 4.2 x 10-8 mol/m2, K = 5.90 x 10-2 ± 

5.5 x 10-3 mol/m3).  The area per molecule for the 50:50 DMPC:DOPG liposomes was 

assumed to be the mean of the area per molecule of pure DMPC and pure DOPG 

liposomes.  The values of a for both liposome types were similar, whereas K was three 

times larger for the mixed system, implying that the 50:50 DMPC:DOPG liposomes 

have a lesser affinity for the drug in the dilute regime.  The value of maximum uptake is 

similar for both systems, but the saturation occurs at a higher concentration for the 

50:50 DMPC:DOPG liposomes due to the lower affinity.  The value of a was most likely 

similar due to the fact that DOPG and DMPC lipids are well-mixed in these systems 

[138], and the maximum drug to lipid ratio observed in these experiments was only 0.12.  

Additionally, the value of a could be limited by the size of the drug molecules and 

interactions between bound drug molecules. 

The binding of IMI and BUP to DMPC liposomes was simulated using the a and K 

values obtained with purely anionic liposomes previously mentioned and the measured 

value of zeta potential (Table 6-1).  A good fit to the DMPC data with the same a and K 
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values would imply that increased drug affinity for anionic liposomes stems purely from 

increased concentrations near the liposomes, and that bound molecules do not interact 

with the charged surface.  Conversely, if the fitted values failed to accurately predict the 

drug uptake, it could be viewed as strong evidence for direct interaction between 

charged drug sites and lipid head groups.  The drug uptake results and predicted values 

for TCA’s are compared in Figure 6-5a.  Clearly, the predictions were not good, 

confirming that cationic TCA’s interact with DMPC and DOPG differently.  In Figure 6-

5b, the a/K ratio previously obtained for BUP and anionic liposomes was used to predict 

BUP binding to DMPC vesicles.  Again, the model significantly over predicted the 

amount of drug bound, and points to interactions between bound BUP molecules and 

lipid head groups.  However, the discrepancy between the model and the data for BUP 

is slightly less than that for IMI, supporting the previous hypothesis that BUP interacts 

with the charged lipid head groups to a lesser extent than TCA’s. 

6.3.3.5 Model validation via salt effects 

The model proposed above can be used to predict the effect of increased ionic 

strength on binding without introducing any new parameter.  The fitted a and K values 

for TCA’s and BUP from above were used to predict drug binding with anionic vesicles 

under such conditions.  The liposome zeta potential change (Table 6-1) was estimated 

via surface potential calculations using the following equation [135]: 
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where σ* is the surface charge density expressed as a function of A0, the surface area 

per charge, in the following way: 
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and n∞ is the number of ions per cubic meter in the bulk, calculated by the equation 

below: 

IN1000n A ,          (6-14) 

where I is the ionic strength of the medium.  Based on Equation 6-12 and published 

experimental results [125,126], the zeta potential of the liposomes decreases by about 

50 mV at an ionic strength of 1.5 M.  In Figures 6-5c and 6-5d, experimental and 

predicted binding is compared for IMI and BUP.  The calculated values for the amount 

of each drug bound agreed well with the experimental values.  The model demonstrates 

that increasing the ionic strengths of the solutions reduced the amount of drug bound by 

reducing the bulk drug concentration in the immediate vicinity of the liposomes. 

Fisar et al. also fitted binding data for IMI to both charged and uncharged 

liposomes and showed that neutral phosphatidylcholine (PC) liposomes were less 

effective at binding to IMI than anionic phosphatidylserine (PS) vesicles [57].  

Somewhat similar values for the parameters denoted herein as a and K (a = 9.4 x 10-7 

mol/m2, K = 0.12 mol/m3) were reported for PS vesicles and IMI in their study.  They 

attributed high IMI binding to electrostatic interactions in concurrence with van der 

Waals and hydrophobic interactions.  Despite these similarities, our systematic variance 

of lipid charge and bilayer fluidity and structure, in combination with the inclusion of 

PEG-modified lipids, as well as our direct comparison between BUP and TCA’s and the 

use of dye leakage to augment the binding and modeling results, allowed us to gain a 

deeper understanding of the drug-liposome interaction details. 
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6.3.4 Summary of the Proposed Mechanism of Drug Sequestration 

To summarize the findings from this chapter, TCA’s are attracted to anionic 

liposomes by electrostatic interactions and associate with lipid bilayers so that their 

charged regions interact with the charged phospholipid head groups, while their 

lipophilic, aromatic regions associate with the lipid bilayers.  This is illustrated in Figure 

6-6a (bilayer thickness and drug size is exaggerated for clarity).  Because of their 

structures, which include distinct hydrophilic and lipophilic regions, they are able to 

associate with the bulk aqueous phase, the charged phospholipid head groups, and the 

lipid bilayers.  BUP, however, with a more centrally located charge, sits within the lipid 

bilayers as depicted in Figure 6-6b.  It is again attracted to the vesicle through 

electrostatics and is also positioned so that charge-charge interactions are maximized, 

but interacts with the bulk phase and the phospholipid head groups to a lesser extent.  

The increased drug-liposome affinity for TCA’s over BUP stems from two factors.  First, 

the lower pKa of BUP when compared to TCA’s results in a lower proportion of BUP 

molecules in the charged state.  Second, the unique structures of TCA’s afford them 

very distinct lipophilic and hydrophilic regions, allowing them to reach a lower energy 

state than BUP within lipid bilayers. 

Austin et al. and Deo et al. proposed similar mechanisms for cationic drug uptake 

by liposomes [55,72].  In both cases, charge was identified as a key aspect for high 

affinity binding.  Sanganahalli et al. completed fluorescence spectroscopic studies using 

phosphatidylcholine liposomes and confirmed that both IMI and AMI penetrate lipid 

bilayers [58].  While studying the effect of BUP on model membranes composed of PC 

and phosphatidylethanolamine (PE), Suwalsky et al. [59] found that BUP interacted with 

the membranes to a significant degree and proposed that BUP partitioned into lipid 
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bilayers.  More recently, Mizogami et al. studied the effects of BUP enantiomers on PC 

membranes and found that BUP disorders lipid bilayers in cholesterol free membranes 

and selectively associates with membranes when cholesterol is present [60].  These 

results clearly support the drug-liposome interaction details put forth in this chapter for 

both TCA’s and BUP.  In addition, our use of a common drug binding model and 

liposome leakage experiments allowed for a direct comparison of the drugs’ bilayer 

conformations.  Also, the use of MLL and ULL also provided new insight into the effect 

of PEG aqueous layers on inner bilayer surface charge. 

6.4 Conclusions 

In this chapter, drug binding experiments performed using filtration and 

centrifugation, calcein leakage from liposomes, and a Langmuir binding model were 

utilized to explore the mechanisms of drug binding to liposomes and anionic microgels.  

In spite of higher charge densities, anionic microgel particles bound significantly less 

drug than liposomes.  The binding of tricyclic antidepressants such as AMI, IMI, and 

DOS was compared to each other and to the binding by the local amide anesthetic 

bupivacaine.  The mechanisms, as validated with binding isotherm parameters, are 

similar for all TCA’s but are significantly different for BUP. 

The experiments and modeling indicate that the amount of drug molecules in the 

electrical double layer is negligible but the electrostatic effects play a major role in 

binding.  The electrostatic interactions are responsible for the initial association between 

antidepressants and liposomes, whereupon the drug enters the bilayer with its charged 

region closely associated with the charged lipid head groups and its lipophilic region 

closely associated with the lipid bilayers.  BUP, which is predominantly in the protonated 

state at pH 7.4 and 25°C as well (86%), is also preferentially attracted to the charged 
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vesicle [123].  Once bound, it appears to be located within the bilayer to a greater extent 

than the antidepressants with minimal interactions with the charged surface.  The 

structure of BUP makes it less able to access the bulk aqueous phase surrounding or 

encompassed by the lipid bilayers.  The conclusions regarding the differences in 

conformations between antidepressants and the anesthetic bupivacaine are supported 

by the fact that bupivacaine binding leads to a much lower increase in liposome 

permeability compared to antidepressant binding. 

Drug binding is similar for both pegylated and unpegylated liposomes because the 

PEG layer is sufficiently porous to allow rapid drug diffusion.  For both the pegylated 

and unpegylated cases, as well as both drug types, more drug is bound to multilamellar 

rather than unilamellar liposomes.  This difference vanishes at high ionic strengths.  We 

attribute the increased binding for multilamellar liposomes without PEG to enhanced 

electrostatic interactions between adjacent charged layers.  For pegylated liposomes, 

the reduced dielectric constant in the aqueous-PEG layer between adjacent bilayers 

results in a lower energy barrier for cationic drug transport across the aliphatic tail 

region [130,132-134]. 
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Figure 6-1.  Structures of the drugs a) amitriptyline and b) bupivacaine and the 
phospholipids c) DOPG, d) DMPC, and e) DMPG used for studying drug-
liposome interactions. 
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Figure 6-2.  Percent of IMI bound to DOPG (anionic) ULL at 1.44 mg lipid/mL in 
solutions of 0.165 M (▲) and 1.5 M ( ) ionic strength and to DMPG (anionic) 
ULL at 1.44 mg lipid/mL in solutions of 0.165 M ionic strength ( ).  Percent of 
AMI bound to DOPG (anionic) ULL ( ) and MLL ( ) at 0.72 mg lipid/mL in 
PBS with 95% confidence intervals shown.  Percent of BUP bound to 95:5 
DOPG:DPPE-mPEG-2000 (anionic) ULL at 1.44 mg lipid/mL in solutions of 
0.165 M ( ) and 1.5 M ( ) ionic strength.  Percent of IMI bound to DMPC 
ULL at 1.44 mg lipid/mL in PBS ( ).  Percent of BUP bound to DMPC ULL at 
1.44 mg lipid/mL in PBS ( ).  Percent of BUP bound to 95:5 DMPG:DPPE-
mPEG-2000 (anionic) ULL at 1.44 mg lipid/mL in PBS ( ).  Percent of BUP 
bound to 95:5 DOPG:DPPE-mPEG-2000 (anionic) MLL at 1.44 mg lipid/mL in 
solutions of 0.165 M ionic strength ( ) and 1.5 M ionic strength ( ).  Data are 
reported as mean ± standard error of the mean with n = 2, except for AMI 
binding data where all data points are shown and 95% CI displayed. 
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Figure 6-3.  Percent of entrapped calcein released by 95:5 DOPG:DPPE-mPEG-2000 
ULL 10 minutes after exposure to AMI, IMI, or BUP at drug concentrations of 
0 ( ), 8.6 ( ), 38 ( ), and 150 ( ) μM.  Means are shown with n = 2-4.  
Marker (*) denotes P < 0.05. 
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Figure 6-4.  Concentration of a) AMI bound to DOPG ULL at 0.72 mg lipid/mL versus 
unbound AMI, b) AMI, c) IMI, and d) DOS bound to 95:5 DOPG:DPPE-
mPEG-2000 ULL at 0.72 mg lipid/mL versus unbound drug determined 
experimentally (▲) or estimated from Equation 6-8 (—) with a = 5.36 x 10-7 
moles/m2 and K = 1.88 x 10-2 moles/m3, e) BUP bound to 95:5 DOPG:DPPE-
mPEG-2000 ULL at 1.44 mg lipid/mL versus unbound BUP determined 
experimentally (▲) or estimated from Equation 6-8 (—) with a/K = 3.68 x 10-7 
m, f) AMI bound to 50:50 DOPG:DMPC ULL at 0.72 mg lipid/mL versus 
unbound AMI determined experimentally (▲) or estimated from Equation 6-8 
(—) with a = 6.43 x 10-7 moles/m2 and K = 5.90 x 10-2 moles/m3. 
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Figure 6-5.  Concentration of a) IMI or b) BUP bound to DMPC ULL at 1.44 mg lipid/mL 
in 0.165 M (▲) ionic strength solutions determined experimentally and c) IMI 
or d) BUP bound to DOPG ULL at 1.44 mg lipid/mL determined 
experimentally in 0.165 M ( ) or 1.5 M (▲) ionic strength solutions.  
Predictions were made using Equation 6-8 (—) with a = 5.36 x 10-7 moles/m2 
and K = 1.88 x 10-2 moles/m3 for IMI and a/K = 3.68 x 10-7 m for BUP.  See 
Table 6-1 for corresponding changes in zeta potential. 
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A 

B 

Figure 6-6.  Plausible mechanism for a) TCA and b) BUP binding to pegylated, anionic 
liposomes.  For TCA’s, charged lipid head groups associate with the 
protonated portion of the drug (depicted in gray, molecular structure also 
shown) and the bulk aqueous phase, while the uncharged portion of the drug 
associates with the hydrophobic lipid bilayer.  For BUP, the drug is 
predominantly located within the lipid bilayer with its charged region oriented 
towards the charged lipid head groups. 
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Table 6-1.  Values for constants and parameters used for drug binding predictions from 
Equations 6-6 through 6-12 (lipid loadings are specified in figure legends) 

Constant Value  
Range of 
Observed Values 

Units 

A° a 6.86 x 10-19   m2 / lipid 
A° b 6.22 x 10-19 5.96 - 6.52 x 10-19 m2 / lipid 
A° c 6.54 x 10-19   m2 / lipid 
MW (DOPG) 797.04   g / mole 
MW (95:5 DOPG:DPPE-mPEG-2000) 

d 794.66   g / mole 
MW (DMPC) 677.94   g / mole 
MW (50:50 DMPC:DOPG) 737.49   g / mole 
κ (0.165 M) e 1.33 x 109   1/m 
κ (1.5 M) e 3.33 x 109   1/m 
e 1.6 x 10-19   C 
k 1.38 x 10-23   m2 kg s-2 K-1 
T 298   K 
ε f 6.951 x 10-10   C / ( V • m ) 

ζ (DOPG - 0.165 M) g -50.9  ±  2.63 -60 to -65 mV 
ζ (DOPG - 1.5 M) h 0   mV 
ζ (50:50 DMPC:DOPG - 0.165 M) i -42.7  ±  4.82 -40 mV 
ζ (DMPC - 0.165 M) 

j -6.6  ±  7.56 0 to -20 mV 
aAverage area per DOPG lipid molecule on the liposome surface at 30°C.  The same value was 
used for 95:5 DOPG:DPPE-mPEG-2000 liposomes [139].  bAverage area per DMPC lipid 
molecule on the liposome surface at 27-30°C [127,128,140].  cAverage area per lipid molecule 
on the liposome surface for 50:50 DMPC:DOPG liposomes at nearly 30°C, calculated as the 
average of the pure values for DMPC and DOPG.  dThe molecular weight of pegylated 
liposomes was calculated excluding the PEG chains.  eInverse of the Debye length at 0.165 M 
and 1.5 M ionic strengths [135].  fProduct of the dielectric constant and the relative static 
permittivity of water (78.54) used for surface potential calculations for ULL.  gMeasured zeta 
potential (mean ± standard error) of DOPG liposomes in PBS (0.165 M ionic strength).  
Observed values were measured at ionic strengths of 0.1 M [126] and 0.165 M [125].  hThe zeta 
potential change from about -50 mV to 0 mV when increasing the ionic strength to 1.5 M was 
estimated from the surface potential change calculated with Equation 6-12 and has also been 
noted in literature [125,126].  iMeasured zeta potential (mean ± standard error) of 50:50 
DMPC:DOPG liposomes in PBS (0.165 M ionic strength).  The observed value was measured 
at an ionic strength of 0.1 M [126].  jMeasured zeta potential (mean ± standard error) of DMPC 
liposomes in PBS (0.165 M ionic strength).  Observed values were measured at ionic strengths 
of 0.1 M [126] and 0.165 M [95]. 
 
 



 

CHAPTER 7 
PREDICTING THE EFFICACY OF AMITRIPTYLINE AND BUPIVACAINE OVERDOSE 

TREATMENT WITH LIPOSOMES IN MAN WITH PHYSIOLOGICALLY BASED 
PHARMACOKINETIC MODELS 

7.1 Introduction 

Chapters 1-6 focused on developing and understanding high affinity binding 

between liposomes and drugs.  In this chapter, physiologically based pharmacokinetic 

(PBPK) models were constructed to simulate the treatment of AMI and BUP overdoses 

with liposomes to assess the effect of liposome administration on drug redistribution and 

possible toxicity reversal.  A preliminary model framework and discussion concerning 

requirements for nanoparticles capable of treating overdoses was formerly published, 

but lacked the details or in vitro data required to extract specific information [117].  To 

develop our PBPK models, mechanistically based equations for tissue to blood partition 

coefficients developed by Rodgers et al. [106] were combined with in vitro drug binding 

data from previous chapters and drug specific input parameters from literature.  The 

partition coefficients were validated by comparing model predictions to intravenous (IV) 

data, followed by best fits to non-IV data to obtain first-order absorption rate constants.  

AMI and BUP overdoses and the efficacy of liposomes at reversing the overdoses were 

then simulated by including liposomes into the mass balances of the PBPK models and 

utilizing the in vitro drug-liposome binding data.  Simulations were also conducted to 

evaluate the model sensitivity.  Finally, published in vitro data on the function of cardiac 

ion channels [9,16,141] and atrial contractility [10] was utilized to estimate, to a first 

approximation, the molecular level pharmacodynamic effects in the heart resulting from 

liposome therapy. 
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7.2 Methods 

7.2.1 Obtaining Tissue Partition Coefficients 

A precursor to developing a useful PBPK model is obtaining reasonable values for 

the organ to blood partition coefficients for the drugs or compounds of interest.  This is 

often done experimentally using animal or post-mortem data.  However, the values 

reported in such studies can vary widely from study to study and/or species to species, 

and many organs are typically omitted due to practical limitations.  Furthermore, in 

cases of new compounds, studies to measure the partition coefficients could be 

prohibitively expensive.  Poulin et al. began the process of overcoming this problem by 

developing methods for predicting partition coefficients based on compound properties 

[73,142-144].  Rodgers et al. subsequently developed additional mechanistic equations 

for acidic and basic compounds [106,145].  Their equations for moderate-to-strong 

bases were utilized here to predict the partition coefficients for AMI, IMI, and BUP [106].  

The mechanistic equations were developed for partition coefficient predictions in rats 

[106], and we have assumed the values are reasonably transferrable from rats to 

humans. 

The drug partition coefficients between the tissues and the concentrations 

unbound in plasma, Kpu, were calculated utilizing the association constant for blood 

cells, KaBC, as detailed by Rodgers et al. [106].  The compound specific parameters 

necessary for the calculations are shown in Table 7-1 [106-108,119,121,123,146-158].  

Table 7-2 [85,150,151,158,159] shows the calculated Kpu values for the drugs 

modeled.  Note that TCA’s are highly lipophilic and thus very likely to partition into 

organs.  The integration of Kpu values into our model is outlined below.  However, for a 
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detailed review of the equations and parameters necessary for the Kpu calculations, the 

reader is directed to the work of Rodgers et al. [106]. 

For the PBPK model developed herein, we have assumed steady state conditions 

between tissue and blood concentrations (i.e. blood-flow limited transport).  Kpu values 

can be related to Cf, the free concentration in the blood, and H, the hematocrit, in the 

following way: 

f
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pu,

t

C

H)(1C

C

C
Kpu




,           (7-1) 

where Ct is the concentration in the tissues and Cu,p is the concentration unbound in the 

plasma.  The (1-H) factor is added to correct for the discrepancy in volume between 

blood and plasma [160].  The PBPK equations described in the next section require the 

partition coefficients between the tissue and the whole blood, including proteins and red 

blood cells (RBC).  Additionally, if the blood contains any other component that can bind 

substantial amounts of drug such as liposomes, the effect on the partition coefficient 

also needs to be accounted for.  To describe the binding between drugs and proteins, 

liposomes, and red blood cells (RBC), we define the partition coefficients K1, K2, and K3 

as 
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where Cb,p, Cb,lip, and Cb,RBC are effective drug concentrations in blood bound to 

proteins, liposomes, and RBC’s, respectively, based on the blood volume.  A new 

parameter, Keff, is defined as follows: 
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By examining Equations 7-1 and 7-3, Keff can also be defined as 

)KKKH)(1(1 321  .     

Kpu
Keff 

     (7-4) 

The values of K1 and K2 shown in Table 7-3 were obtained using experimentally 

measured drug binding to liposome

, in 

 

ion must be 

s that 

lues 

ious 

s and proteins reported in Chapters 2-5.  The values 

of K1 and K2 depend linearly on the amount of protein and liposomes, respectively

the blood.  The concentration of protein in the blood is relatively constant, and so a 

constant K1 that corresponds to physiological concentrations of protein can be used in

the simulations.  However, liposomes introduced into the blood through IV 

administration are cleared, and so the concentration of liposomes in blood is time 

dependent.  Accordingly, the dependence of K2 on the liposome concentrat

included in the simulations.  Experimental data on drug binding to liposomes show

K2 depends linearly on the liposome concentration, which is expected based on mass 

balance considerations.  Accordingly, a linear dependence of K2 on the liposome 

concentration is utilized (Table 7-3).  The drug binding to RBC’s that is needed to 

determine K3 was not directly measured, but was obtained by utilizing reported va

of blood-to-plasma drug concentration ratios (B:P), which can be related to the var

partition coefficients through a mass balance to yield the following equation: 

H)(1

CKC
CKCKCKC
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.          (7-5) 

The K3 values shown in Table 7-3 were calculated by solving Equation 7-5 using 

reported B:P ratios (Table 7-1) with K2 

in the cited studies in which B:P was measured.  Table 7-3 shows that K1 was taken to 

going to zero, since no liposomes were present 
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be independent of drug concentrations for TCA’s and BUP.  This is a reasonable 

assumption for TCA’s across a fairly broad range of drug concentrations (see Chapters 

2-4) and for BUP (Chapter 5) within the low concentration range observed during 

adverse reactions (< 1 µg/mL).  BUP concentrations are often low because overdo

not intentional, as it occurs in a clinical setting. 

To validate the Keff values obtained from the methods illustrated above, K1 a

values for AMI and BUP were used to calculate Keff values in the absence of 

liposomes.  Comparisons were then made to tis

se is 

nd K3 

sue to blood partition coefficients 

repor

e 7-1 

 used 

 

om 

The PBPK model included venous and arterial blood compartments and 13 

additional organs (Figure 7-2).  A local equilibrium between tissue and blood 

ted from various animal or post-mortem human studies [161-167].  Comparisons 

were only made for the organs for which data was available in literature.  Figur

compares the experimental and calculated values for AMI and BUP, the two drugs

for the overdose simulations.  The partition coefficients agree reasonably well for most 

of the organs.  Experimental error is not shown due to the lack of error estimation in 

some of the studies with small sample sizes.  However, when taking into consideration 

the large inter- and intra-species variations associated with tissue to blood partition 

coefficients, as well as the level of difficulty of such experiments, the experimental 

values clearly support the validity of the mechanistic equations developed by Rodgers 

et al. [106] for AMI and BUP.  Moreover, the larger than predicted values observed in

the experimental studies for organs such as the lungs and liver could have arisen fr

post-mortem drug redistribution, an occurrence cited in several published reports 

[163,168]. 

7.2.2 PBPK Model Structure 
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concentrations (i.e. blood-flow limited transport) was assumed for all organs.  All 

equations were solved using MATLAB™ software (The Mathworks, Natick, MA, USA).  

 rates to organs (denoted by i), organ volumes, and drug 

concentrations of organs, respectively.  Subscripts denote organs as follows: venous 

eart (ht), 

le (m), 

) 

Qi, Vi, and Ci refer to blood flow

whole blood (vb), arterial whole blood (ab), lungs (l), adipose (ad), brain (br), h

pancreas (p), gut (g), spleen (sp), liver (h), thymus (th), bone (bo), skin (sk), musc

and kidneys (k).  Hepatic and renal clearance values are denoted as CLh and CLr, 

respectively.  The arterial blood flow directly to the liver (ha) is denoted as Qha.  The 

mass balance equation for non-eliminating tissue (i = ad, br, ht, p, g, sp, th, bo, sk, mu

was as follows: 
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Liver concentrations were obtained from 
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where the hepatic extraction ratio, Eh, was defined as [73,108,169] 
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For the kidneys, Equation 7-9 was solved: 
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For the lungs, Equation 7-10 was solved: 
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The venous blood compartment was represented by Equation 7-11: 

vbVdt
km,sk,bo,th,h,ht,br,ad,

i
i
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,      (7-11) 

while the arterial blood was represented by Equation 7-12: 
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7.2.3 Model Input Parameters 

Organ blood flow rates, organ volumes, and total cardiac output for humans were 

obtained from various sources [78,79,144,170-172]

 7-9 and bioavailable drug 

fractions after oral dosages (F) were obtained from human studies and are shown in 

Table 7-5 [73,108,148-150,169,173-185].  H

ere weighted according to the number of subjects for 

parameter values pooled from multiple studies. 

7.2.4 Validation of Model Parameters by Predicting Intravenous Data 

, and dosage protocols (i.e. 

 were then 

predicted using the PBPK model described above.  The PBPK model results were then 

 and are shown in Table 7-4.  Renal 

and hepatic clearance values used in Equations 7-7 through

ematocrit values were taken to be 0.45 for 

all simulations [181].  Averages w

To prove the reliability of the parameters utilized here, PBPK simulations were 

conducted to simulate various experimental studies where AMI [149,175,176], IMI 

[173,174], or BUP [151,177-179,186] was given intravenously.  IMI was used for model 

validation but was omitted from drug overdose simulations due to the very similar nature 

of AMI and IMI.  Reported subject weights, drug doses

infusion time, etc.) were utilized in the simulations, and drug concentrations

compared to the corresponding data sets.  Note that no fitting parameters were utilized 
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for model validation, as all PBPK parameters were obtained by procedures described 

above. 

7.2.5 Determining Absorption Rate Constants by Fitting to non-Intravenous D

IV data afforded PBPK model and human data comparisons in the absence of 

fitting parameters.  TCA’s are, however, almost exclusively prescribed and overdosed 

on orally.  To account for oral administration, an additional compartment was added to 

the PBPK model which fed into the venous blood compartment to simulate drug 

absorpti

ata 

on from the gut [169,187].  The mass of drug remaining in this additional 

-13) 

where D is the drug dose.  The rate of drug absorption from this additional compartment 

into the IV compartment was calculated as kaFX, where F is the bioavailability and ka is 

the first-order absorption rate constant.  To obtain values for ka, least squares fits were 

done for several oral data sets for AMI [149,188-191] and IMI [109,173].  IMI oral data 

sets were used solely for model validation, since IMI overdose simulations were not 

conducted.  The avera

 

f F was assumed to be 1 for all BUP models, since first 

compartment X(t) is given by 

tk aDet)(X  ,          (7

ge of the ka values obtained from the AMI fits was used for the 

AMI overdose simulations. 

Unlike TCA’s, BUP is typically given through non-oral, non-IV routes that include 

injections or infusions into the dural, intraperitoneal, or intercostal spaces, among others

[192-198].  In many cases, short infusions are administered that can be modeled as 

bolus doses into an additional compartment that feeds into the venous blood, as 

described by Equation 7-13.  This was done for several cases to obtain ka values for 

BUP [192-196].  The value o
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ce was 

to 

 elimination is largely circumvented with non-oral dosage procedures.  More 

lengthy or complex infusion procedures [197,198] were also simulated for least squares 

fits using a single absorption rate constant, ka, where an additional compartment was

again added that released drug into the venous blood.  The following mass balan

integrated from time zero (to) to the end of the first infusion (t1) for an infusion rate I1 in

a non-IV compartment containing mass X at time t, 

XkI
dX


,           (7-14) 

to yield Equation 7-15, the amount of drug remaining in the compartment between to an

t1: 

dt a1

d 

)e(1
k
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a .          (7-15) 

For the ith additional infusion rate given after I1, the mass balance was solved to 

produce 
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for ti-1 to ti, where ti-1 and ti represent the time points at which the previous and ith 

infusions stop, respectiv

.          (7-17) 

The above equations were solved to obtain X(t), and the rate of drug absorption into the 

IV compartment was again calculated as kaX.  Although many BUP data sets were used 

for least squares fits to demonstrate the model’s ability to predict non-oral, non-IV data 

with a single absorption rate constant (ka), the dosage methods varied widely 

ely.  Finally, the amount of drug in this compartment after the 

final ith infusion was obtained from Equation 7-17 for ti to t∞: 

X(t) t)(tk
i

iae)X(t 
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throughout the non-oral data sets used, making an overall average ka value 

meaningless.  Consequently, ka values obtained from fits to three studies with dural 

space dosages [192,194,197] were averaged to simulate BUP overdose treatment. 

7.2.6 Drug Overdose Treatment Simulations 

AMI [7,110,111,115] and BUP [192-196] doses for simulating overdoses were 

based on values reported in literature for overdoses and/or adverse reactions.  AMI 

overdose was modeled as an oral dose and BUP administration was modeled as a 

bolus injection into the dural space.  Liposome doses were based on in vitro data of 

drug binding to liposomes (Chapters 2-6) and were modeled as bolus IV doses.  Bolus 

administration is a reasonable approximation because the lipid concentrations in 

liposome formulations [199] can be as high as 50 mg/mL, allowing rapid delivery of the 

required amount of lipids in small fluid volumes [12,14,15,40].  The total liposome doses 

simulated were deemed clinically

 

As explained earlier, the value of K  depends linearly on the liposome 

concentration in the blood (Table 7-3).  It is thus necessary to determine the liposome 

 safe based on reported studies [25,200,201].  The 

amount of time expiring between drug ingestion or administration and liposome dosing 

(tlag) was based on the time required for TCA patients to reach the hospital [7,110-

112,202] after ingestion for AMI, and the time required to administer lipid emulsion 

therapy during adverse reactions for BUP [12-15].  Drug doses, liposome doses, and tlag

values are given in Table 7-6.  The cardiac output and organ volumes for overdose 

simulations were based on a patient weight of 70 kg.  Note that several tlag values and 

drug doses were simulated for AMI due to the large variability in lag times and drug 

ingested during TCA overdoses. 

7.2.7 Liposome and Drug Clearance 

2
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concentration in the blood, which decreases with time due to clearance.  Several 

important assumptions were made about the liposome fate in the body.  First, the size 

and pegylated nature of the liposomes studied in previous chapters and simulated h

make them stable and unlikely to traverse capillaries [26,90].  Therefore, the liposomes

are assumed to remain well-mixed in the venous and arterial blood compartments un

elimination.  Finally, the eliminatio

ere 

 

til 

n of the liposomes has been assumed to be similar to 

somes observed in rabbits [30].  The following 

equa ments as a 

 

.     (7-18) 

The time dependent value of K2 was calculated by multiplying the percent of liposomes 

remaining at time t from Equation 7-18 by the initial liposome concentration in the blood 

stream from Table 7-6 and plugging the corresponding liposome concentration into the 

equation for K2 shown in Table 7-3.  Note that prior to the liposome administration, i.e., 

for t < tlag, the value of K2 is zero and increases suddenly upon liposome administration 

at t = tlag.  Rather than assuming a step increase in K2, we have assumed a linear 

increase in K2 over 1 minute from zero at t = tlag to the value corresponding to the 

equation shown in Table 7-3 for K2.  Practically speaking, this assumes that the 

liposomes become well-mixed and reach equilibrium d

 

the elimination of pegylated, anionic lipo

tion specifying the percent of liposomes remaining in the blood compart

function of time (in hours) over a 22 hour period was fit from data by Awasthi et al. [30],

100 +7.8865t  - 0.2354t  RemainingLiposomes % 2

rug binding within the blood 

compartments after 1 minute.  The 1 minute duration is sufficient to achieve equilibrium 

between liposome and free drug based on in vitro studies [71]. 

Liposomes cause the drug concentrations in the venous and arterial blood 

compartments to increase, which causes hepatic extraction of the drug to increase.  The
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presence of liposomes in the blood could potentially alter the hepatic extraction ratio, 

but since no data is available for this effect, we assumed that the hepatic extraction

is unaltered by the liposome addition.  Effectively, hepatic extraction in the model i

based on the total drug concentration in the blood including drug bound to liposo

as opposed to the free drug concentration.  This assumption could potentially 

overestimate the hepatic drug clearance.  On the other hand, estimating the clearance 

of the liposomes as described above (Equation 7-18) implicitly a

 ratio 

s 

mes, 

ssumes that the 

liposo  them 

sociated 

hepatic 

on of 

rding 

many others varies from individual to individual [178,185,203,204].  Furthermore, many 

mes simply disappear from the blood stream and release the drug bound to

over time.  A large portion of the liposomes actually end up in the liver [30], thereby 

potentially accelerating drug metabolism due to metabolism of the bound drug.  

Neglecting this increased metabolism leads to an underestimation of the drug 

clearance, which partially offsets the overestimation caused due to the neglect of 

changes in hepatic extraction ratio upon liposome addition.  Although no quantitative 

analysis to prove the effects roughly offset one another is possible, the error as

with neglecting such competing effects is at least reduced.  While including these 

effects in the PBPK model is theoretically possible, it would require details about 

metabolism of drug bound to liposomes, which is not available in literature. 

7.2.8 Metabolites 

Both AMI and BUP are converted to active metabolites in the body.  Inclusi

metabolites in the model is in principal straightforward, but requires details rega

transformation and clearance rates, tissue partition coefficients, and protein and 

liposome binding, which are not available.  Additionally, the extent to which AMI 

[150,182,188] or BUP [178,185,203] is converted to one particular metabolite versus 
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metabolites, such hydroxymetabolites for AMI [150,182,188] and pipecolyxylidine (

for BUP [185], are much less lipophilic than their parent drugs, making their effects on 

the body, their organ partitioning and elimination, and their liposome binding

PPX) 

 

t from the parent molecules.  Due to the reasons listed above, 

meta

, 

lso, 

d into 

ug 

e 

se. 

 

r 

is was 

d 

n 

overdosed patients.  While this issue could introduce some errors into the model, it is 

significantly differen

bolism is not included in the model.  Neglecting metabolism may not be critical 

because metabolism is the body’s natural way of preparing drugs for renal elimination

making metabolites almost exclusively less dangerous than their parent drugs.  A

the large volume of distribution for AMI dictates that most of the drug is partitione

tissues over the first 5 to 10 hours of overdose, which makes metabolite tracking less 

important during the most critical moments for treatment.  Additionally, the protein and 

liposome binding of AMI and BUP in the PBPK model are drug and liposome 

concentration independent, which makes the model valid even as metabolites are 

present.  Finally, BUP adverse reactions are treated within 5-15 minutes of dr

administration.  The short time lapse between drug and liposome dosing reduces th

amount of time available for metabolite formation, making it less significant in this ca

7.2.9 Drug Dose in Overdose Simulations 

The doses simulated varied from 100 mg to 2500 mg.  2500 mg is clearly outside

of the therapeutic dose range for AMI.  The parameters obtained from clinical studies fo

AMI, such as clearance and bioavailability, are perhaps less accurate at drastically 

increased AMI concentrations.  Ideally, data taken from patients undergoing AMI or TCA 

overdoses would be compared to model predictions to refute this position.  Th

practically impossible due to the inexact nature of reported drug doses ingested an

time lapses occurring between ingestion and drug concentration measurements i
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likely not critical for the following reasons.  First, Venkatakrishnan et al. [204] have 

reported in vitro data supporting linear AMI metabolism below AMI concentrations of 

around 200 µM or 55 µg/mL, well below all concentrations reached in the AMI overdose 

simu

ne 

.  

lations.  Next, reduced F values owing to self-inhibited AMI absorption, gastric 

lavage, or charcoal administration would not reduce the efficacy of the treatment, as 

evidenced by the effectiveness of the treatment at both high and low drug 

concentrations (see below).  Finally, the effect of changing parameters like ka, F, and 

others has been directly addressed in Section 7.2.11. 

7.2.10 Validation of the Numerical Calculations 

As a check for numerical accuracy, a conservation of mass calculation was do

for the overdose simulations.  The drug concentrations in each organ at a final time 

point were multiplied by organ volumes to obtain the drug retained within the organs

The total drug metabolized was calculated as shown below, 

 






f
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Keff
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,      (7

with Ci representing the drug concentrations in the gut (g), pancreas (p), and spleen 

(sp).  Renal elimination was obtained from Equation 7-20: 

  iabhah dtQCQEdMetabolizeDrug

-19) 

dt
Keff

Cf

o

t

t k
r ClnEliminatioRenal k .        (7-20) 

rbed from the stomach or the dural 

spac

AMI lost to first pass metabolism and drug not abso

e by the final time point was also included in the mass balance.  The total mass in 

the system was at least 99.99% of the original mass at all times in all simulations, 

proving the numerical accuracy of the calculations. 
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7.2.11 Sensitivity Analysis 

The model predictions for the effect of liposom

 

ra and inter-subject variation 

in humans.  While a detailed population PK model is beyond the scope of this work, the 

effect of parameter variations on treatment efficacy was explored by varying the chosen 

d 

erage ka value calculated from best 

88-191] and non-IV BUP data [192,194,197].  Liposome-

drug  

s 

e 

the sensitivity analysis for hepatic extraction, absorption, liposome-drug binding, and 

es during an overdose obviously 

depend on the various model parameters, which are uncertain due to variability in the

studies from which they were obtained and the inherent int

parameter in a range and exploring its effect on the results of the simulations.  Hepatic 

extraction variation was based on maximum [149,178] and minimum [176,179] average 

values observed from single studies.  Maximum and minimum ka values for AMI an

BUP were based on the standard deviation of the av

fits from oral AMI data [149,1

binding was reduced by reducing K2 values.  K2 values were not increased since

this would only increase the efficacy of the treatment.  Standard deviations for K2 value

from data reported in previous chapters were low and would not have afforded a 

meaningful sensitivity analysis.  Therefore, K2 values at each liposome concentration 

were reduced by 20% and new curves for K2 as a function of liposome concentration 

were generated.  The percent of liposomes remaining in the blood stream reported by 

Awasthi et al. [30] for pegylated, anionic liposomes in rabbits was reduced by 30% at 

each time point and a new curve generated.  Once more, the standard deviations 

reported in their study were much lower than 30%, but a higher value was used to allow 

for a meaningful examination of how enhanced liposome elimination would affect 

overdose treatment with liposomes.  Slower liposome elimination was not studied, sinc

it would only improve the treatment.  A detailed list of the values and equations used for 
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liposome elimination is presented in Table 7-7.  Finally, the sensitivity of the mode

Keff was examined by varying B:P [150,151] and fu [85,158,159] within clinically feasib

ranges and computing Kpu and Keff with the modified values.  To be consistent, the 

modified values of B:P and fu were also utilized to compute K1 and K3.  Refer to Table 7

2 for the exact B:P, fu, and Kpu values used for the analysis. 

7.3 Results 

7.3.1 Tricyclic Antidepressant Model Validation and Fits for Absorption 

Model predictions and human data sets for IV TCA administration are compared in 

predictions.  The PBPK models predicted the drug concentrations accurately.  Error 

unavailable in many cases.  Figures 7-4a through 7-4k show TCA oral data sets and 

PBPK best fits using k  as a fitting parameter.  Some predictions such as Figures 4c 

The k  value obtained for AMI overdose simulations from Figures 7-4d through 7-4k was 

-1

l to 

le 

-

Coefficients 

Figures 7-3a through 7-3j.  No model parameters were allowed to vary to match the 

bars are shown for all studies for which they were originally reported but were 

a

and 4d did not match the data well, but overall the model fitted the data successfully.  

a

0.0930 ± 0.0394 h  (mean ± standard deviation). 

7.3.2 Bupivacaine Model Validation and 

Figur

 

 

d 

 

Fits for Absorption Coefficients 

Model predictions and human data sets for IV BUP administration are compared in 

es 7-3k through 7-3o.  No model parameters were allowed to vary to match the 

predictions.  The PBPK models predicted the BUP concentrations very well except at

high BUP concentrations in Figures 7-3k and 7-3o.  This discrepancy likely arose from

reduced protein-BUP binding at high BUP concentrations, as has been observe

(Chapter 5, [158]).  Over-predictions at high BUP concentrations during BUP infusions
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have also been observed elsewhere [179].  Figures 7-4l through 7-4s show BUP non-

non-oral data sets and PBPK best fits using ka as a fitting parameter.  The fits were 

reasonably good.  The average ka value obtained for BUP from Figures 7-4l, 7-4r, and 

7-4s (dural spaces) was 0.1794 ± 0.0790 h-1 (mea

IV, 

n ± standard deviation).  This value 

7.3.3

 

e 

as 

 

 heart, and the brain were 

and insignificant for tlag > 2 

hours

n 

se 

g of 

was used in the overdose simulations reported below. 

 Tricyclic Antidepressant Overdose Simulations 

AMI overdoses were simulated according to the conditions specified in Table 7-6

and an average ka value of 0.0930 h-1.  Note that all four liposome loadings and all thre

lag times were simulated for the 2500 mg drug dose, whereas only one liposome dose 

and lag time was simulated for the other two drug doses.  Table 7-8 shows the are

under the concentration versus time curves (AUC) and peak drug concentrations for 

AMI for several key organs under a variety of different conditions.  The percent 

reductions were calculated relative to overdose simulations without liposomes at the

same drug doses.  AMI AUC reductions in free venous blood, the heart, and the brain 

varied from 63.3% to 20.9%, 64.0% to 21.2%, and 64.0% to 21.2%, respectively.  AMI 

peak concentration reductions in free venous blood, the

15.6%, 20.1% , and 20.0%, respectively, for tlag = 2 hours 

 since AMI peaks had basically been reached prior to liposome dosing.  The 

reductions of AUC and peak concentration in the brain and heart were similar because 

both of these tissues are in equilibrium with the venous blood because of the high 

perfusion rates.  Figure 7-5 shows AUC or peak AMI concentration values as a functio

of liposome dose or tlag.  Note that the liposome efficacy saturates as the liposome do

increases.  Figure 7-5d displays the effect of tlag on AUC at a set liposome dosin

1.44 g/L. 
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Figure 7-6 shows AMI concentrations versus time for several key organs at a 

liposome dose of 1.44 g/L.  In Figure 7-6, the control curve should be followed until the 

desired tlag is reached.  The first alternate curve should then be followed for tlag = 2 

hours, the second for tlag = 4 hours, and so on.  Note that peak Cvb values increased 

due to liposome administration by three to four fold for all time lags.  The muscle is

included in Figure 7-6e to illustrate the effect of sink organs.  Sink organs require such 

long periods of time to reach their peak drug concentrations that liposome doses w

about 4 hours actually cause their drug concentrations to momentarily increase above 

the control value before enhanced elimination reduces the blood and therefore the 

organ concentration as well.  Although this effect is clear in Figure 7-6e, its magnitude

suggests i

 

ithin 

 

t to be fairly insignificant compared to the amount of AMI held in the blood 

comp

7-6 

ug 

he 

 

h lower than those for AMI, but could still be clinically 

artment by the liposomes. 

7.3.4 Bupivacaine Overdose Simulations 

BUP overdoses were simulated according to the conditions specified in Table 

and an average ka value of 0.1794 h-1.  Table 7-9 shows the AUC values and peak dr

concentrations for BUP.  BUP AUC reductions in free venous blood, the heart, and t

brain varied from 15.5% to 8.5%, 15.4% to 8.5% , and 15.3% to 8.3%, respectively.  

BUP peak concentration reductions in free venous blood, the heart, and the brain were 

17.3% for the maximum liposome dose of 2.88 g/L. 

Figure 7-7 shows BUP concentrations versus time for several key organs at a 

liposome dose of 2.88 g/L.  Owing to the much shorter tlag value of 15 minutes for BUP,

the plots appear much different from those in Figure 7-6.  Cvb increases and organ 

concentration decreases are muc
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significant.  The muscle (Figure 7-7e) is again relatively unaffected by the liposomes 

within

 7-3 

f 

rect evidence to both the 

 by Rodgers et al. [106] and the significant 

oppo  Best 

n with Liposomes 

Simulated liposome treatments MI concentrations.  Table 7-8 and 

ases of up to four fold, immediate concentration drops upon 

liposo

 

e 

 the first few hours due to the long equilibration times. 

7.3.5 Sensitivity Analysis Results 

Tables 7-10 and 7-11 show the percent AUC and peak drug concentration 

reductions as a function of altered sensitivity analysis parameters for AMI and BUP, 

respectively.  The values from simulations with the original parameters are also shown 

for comparison at the top of the tables. 

7.4 Discussion 

7.4.1 Model Validation 

The close correlations between IV data and PBPK model predictions in Figure

demonstrate the validity of the model parameters.  Experiments for obtaining partition 

coefficients are often very difficult, expensive, and require sacrificing large numbers o

animals to ensure accuracy.  Figures 7-1 and 7-3 stand as di

reliability of the equations developed

rtunities for using PBPK modeling in the drug development process [73-76]. 

fits to non-IV data in Figure 7-4 confirm that using a single first-order absorption rate 

constant for non-IV dosing was an acceptable approach for the cases considered here. 

7.4.2 Evidence for Drug Redistributio

 greatly altered A

Figure 7-6 show Cvb incre

me dosing in Cvbf and critical organs, and enhanced elimination resulting in 

reduced drug concentrations over the entire 24 hour period.  The prolonged 

concentration reductions led to much lower AUC values, as Figure 7-5 suggests.  Peak

reductions were lower for tlag = 2 hours and nonexistent otherwise.  Peak reductions ar
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not the primary concern for TCA’s since most patients spend several hours rece

treatment in the hospital, with the mean time spent reported as 8.5 hours in one study 

[3].  Patients often face complications after prolonged drug exposure, making the AUC

reductions and the reduced time spent at elevated concentrations most important.   

iving 

 

[4] where patients suffering 

mode

at using 

since

s, the 

is of 

r 

heart, 

lts 

n 

 An interesting clinical study was done by Heard et al. 

rate but not severe TCA overdoses were treated with Fab fragments.  Fab 

fragments are isolated, concentrated protein fragments that preferentially bind to a 

targeted drug, and are thus similar in principle to liposomes.  This is an attractive 

strategy since TCA’s are naturally highly protein bound.  The study showed th

redistribution methods such as the liposome treatment examined herein is a safe 

practice, and that elevated serum TCA concentrations pose no obvious, additional 

dangers.  The patients were treated with protein fragments three times after hospital 

admittance.  Final serum concentrations increased an average of six fold compared to 

the initial serum concentrations.  The study mentioned that all patients fully recovered 

but the researchers were unable to fully attribute patient recoveries to the treatment 

 overdoses were less than severe. 

Although drug binding to Fab fragments is different than binding to liposome

PBPK modeling results for Cvb are validated qualitatively by the fact that drug 

concentrations increased as much or more in their study, supporting the hypothes

drug redistribution through liposomes.  Heard et al. were unable to comment on whethe

or not their protein fragments had any direct effect on specific organs such as the 

brain, etc.  Since Cvb values are remarkably similar for both studies, our model resu

could be used to gauge the effectiveness of the Fab fragments on tissue concentratio

182 



 

reductions.  Figure 7-6 suggests that the Cvb reductions observed by Heard et al. [4] ar

strong evidence for significant TCA concentration reductions in the heart, brain, and 

Cvbf.  This is an excellent example of how

e 

 PBPK modeling and clinical studies can work 

in tan

 less 

n system through slowed 

actio

 

nd 

 

depleted Ca2+ levels in the SR, which in turn reduces 

bindi

 

dem to provide clarity and improved understanding. 

 In contrast to AMI, BUP results shown in Figure 7-7 and Table 7-9 show

drastic drug redistribution upon liposome dosing, even with a four fold increase in the 

lipid loading.  Obviously, treating TCA overdose with liposomes is more likely to be 

successful than treating an adverse reaction to BUP, due to stronger TCA-liposome 

binding.  However, with AUC and BUP peak reductions in key organs of roughly 15% 

and 17%, respectively, liposome administration, with single or multiple doses, could still 

reduce adverse effects and speed recovery times for patients with BUP overdose. 

7.4.3 Pharmacodynamics 

Both AMI and BUP can bind to fast Na+ channels [9,16] and lethally impair cardiac 

function.  Na+ channel binding alters the cardiac conductio

n potential propagation, often leading to elongated QRS intervals [2,17].  

Hypotension resulting from reduced cardiac contractility is a major cause of death [2]. 

Compromised cardiac myocyte contractility arises from both Na+ channel blockage a

other effects.  AMI has been shown to directly interfere with the calcium-induced-

calcium-release mechanism of myocyte contraction [141].  The open probability of 

ryanodine receptor (RyR) channels connecting the myocyte plasma membrane to the 

sarcoplasmic reticulum (SR) increases in the presence of AMI in a dose dependent

fashion [141].  This leads to 

ng between actin and myosin filaments.  AMI also inhibits SR Ca2+ ATPase pumps 

(SERCA) from pumping Ca2+ back into the SR [141].  Effectively, the cardiac system
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works by constantly creating ion gradients that drive energy intensive processe

AMI disturbs this cycle. 

BUP also impairs contractility, possibly through direct Ca2+ related effects or 

interference with mitochondrial activity, which starves ATPase pumps of ATP mol

needed to create ion gradients [17].  Both AMI and BUP can disrupt the central nerv

system (CNS) and cause seizures, delirium, and disorientation [2,17].  This is more of 

primary concern for BUP. 

Many ex-vivo studies involving isolated hearts have attempted to observe dru

induced cardiac toxicity.  The PBPK models developed herein predict the drug 

concentration in human heart tissue as a function of time.  Many factors determine the

state of the heart at any given moment.  Indicators such as the QRS interval, beats per

minute, and blood press

s, and 

ecules 

ous 

a 

g-

 

 

ure show changes resulting from local drug-induced effects 

ment a 

 have on the cardiac system. 

ing 

 

ioned above and the sympathetic and parasympathetic nervous systems.  As 

result, it is impractical to attempt to predict heart function on the macro-scale as a 

function of time.  However, published studies directly linking localized or molecular level 

cardiac function with drug concentrations do offer opportunities to approximate the local 

effects that liposomes may

Accordingly, in vitro published data relating localized cardiac function to drug 

concentrations was utilized to project local cardiac function improvements follow

liposome administration.  Several investigators have measured and reported various 

cardiac parameters as a function of drug concentration.  Correlation curves were fit to 

those data points over the concentration ranges encountered in the PBPK models.  

Drug concentration predictions as a function of time from the PBPK models were then
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inserted into the correlation equations, resulting in time dependent predictions of lo

cardiac changes during drug overdose.  Human cardiac cell (Hh1) Na+ channel function 

in the presence of AMI and BUP was studied by Nau et al. [9,16].  Changes in baseline 

contractility of human atrial tissue versus AMI concentrat

cal 

ion were reported by Heard et 

al. [1 g 

t 

 

l as 

0].  AMI effects on RyR channels were published by Zima et al. [141].  The dru

concentrations measured in the in vitro experiments in these three cases would mos

accurately correspond to the unbound drug concentration in the extracellular water in 

the heart, Cu,EW,ht, which is equivalent to the unbound drug concentration in the plasma

in the heart, Cu,p,ht [106].  This concentration was calculated using Cht from our mode

follows: 

)KKK(1H)(1Keff

C
CC

321ht

ht




.     (7-21) 

AMI effects on calcium movement by SERCA were also published by Zima et al. [141].  

Because the SERCA are located within the myocyte plasma membranes on the surface

of the SR, they are exposed to the unbound drug in the intracellular water in the heart

Cu,IW,ht.  Intracellular and extracellular water concentrations can be related via their pH

values and drug pKa values by the following equation [106], 

htEW,u,htp,u,

 

, 

 


















EW

IWpHpKa

101

101
CC

.       (7-22) 

Equation

 pHpKahtEW,u,htIW,u,

 7-22 was utilized to predict Cu,IW,ht and thus predict SERCA function versus 

time during an AMI overdose.  Figures 7-8a through 7-8d show that Na+ channels, 

baseline contractility, SERCA velocity, and RyR channels rapidly recover from an AMI 

overdose with liposomes.  Figure 7-8e shows that Na+ channel current more closely 
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resembles normal levels for BUP reaction when liposomes are administered.  The 

necessary data for predicting additional BUP effects was unavailable. 

Figure 7-8 provides evidence for cardiac toxicity reversal from liposome therapy 

after AMI or BUP overdose.  The data suggests that the effect on contractility is as 

important as the effect on conduction di

  

 

e other hand, the 

mode 5] 

ner 

ected.  

gh 

sturbances.  This is evident for AMI, where 

percent baseline contractility and Na+ channel recovery are both significant and rapid.

The dual nature of the recovery is of special significance when comparing liposome 

therapy to the administration of sodium bicarbonate or lipid emulsions.  Sodium 

bicarbonate has traditionally been used to treat TCA overdose as a means of 

counteracting conduction disturbances [2].  This does not treat reduced contractility

from direct drug-cell interaction, the main cause of hypotension.  On th

 of action of lipid emulsion therapy used to treat local anesthetic overdoses [12-1

has been hypothesized as counteracting the inhibition of fatty acid transport at the in

mitochondrial membrane [44,205].  This method represents a direct effect on 

contractility, but in vitro BUP binding data [19] with lipid emulsions composed of mostly 

soy bean oil suggests that redistribution is unlikely to be accomplished.  Thus, 

conduction disturbances caused by Na+ channel blockage would be largely unaff

Based on this reasoning, a combination of liposomes designed to sequester hi

amounts of TCA’s and sodium bicarbonate would optimally treat conduction 

disturbances and contractility reductions during TCA overdoses.  In the case of BUP, 

the conduction disturbance improvements induced with liposomes would have to be 

more thoroughly compared with the contractility recovery caused by lipid emulsions. 
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7.4.4 Sensitivity Analysis 

The sensitivity of the PBPK model to key parameters was probed by varyi

parameters as stipulated in Table 7-7.  This analysis is valuable for identifying future 

pitfalls for treatment development.  Although increasing Eh resulted in slightly high

AUC reductions due to faster clearance, neither AMI nor BUP simulations we

especially sensitive to clinically relevant changes in Eh.  Increased organ to blood 

partition coefficients (Keff), B:P, and fu had the biggest effect on liposome efficacy.  T

tissues were more able to compete with the liposomes for drug binding, causing the 

ng the 

er 

re 

he 

ess effective at reducing the AUC for BUP.  AUC reductions 

of slig

 

s still 

 

r 

 the 

treatment to be about 50% l

htly less than 50% were still achieved for AMI due to the extremely high binding 

affinity between AMI and liposomes.  20% K2 reductions representing less effective 

liposome-drug binding caused AUC and peak reductions to drop by a few percentage

points in both cases.  This was less noteworthy for AMI as the overall change wa

very large.  The change for BUP represented a much larger portion of the AUC and

peak reductions and may be important.  A reduction in ka increases tmax, i.e., the time at 

which the peak is reached.  Accordingly, for a fixed tlag (=2 hours), a reduction in ka 

results in a reduction in the blood concentration at the time of liposome administration, 

leading to a larger reduction in the peak concentration.  No effect of changing ka was 

seen for BUP since liposome dosing occurs shortly after drug dosing.  More rapid 

liposome clearance altered AMI AUC reductions by about 9% compared to 30% for 

BUP, again illustrating the reduced room for error for BUP. 

 Overall, the model results were not particularly sensitive to any one paramete

and the liposomes would probably redistribute a considerable amount of AMI and a 

smaller but potentially significant amount of BUP in most patients.  Kpu values have
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potential to modify the results the most.  The reduced liposome affinity for BUP makes 

the parameter changes more significant for the anesthetic compared to AMI.  A more 

thorough analysis of threshold drug concentration changes needed for effective tox

reversal is required for drawing more concrete conclusions. 

7.4.5 Liposome Dose Optimization 

icity 

s 

e 

e as liposome dose 

he liposome dose increases.  Figure 7-5c 

demo

I become 

arge 

.  

f 

doses 

Dose optimization is a difficult challenge when developing new therapies.  Beside

ensuring a low level of toxicity, it is practically very difficult to predict what 

concentrations are optimal for therapeutic effectiveness while also avoiding 

unnecessary patient risk and material waste.  Even arriving at the correct doses for 

animal experiments can be time consuming and expensive.  PBPK models can improv

dose optimization by identifying effective dose ranges early [74].  In Figures 7-5a and 7-

5b, heart, brain, and Cvbf AUC values for AMI rapidly decreas

increases, but this effect subsides as t

nstrates that AMI peak reductions level off prior to reaching 0.72 g/L.  The benefit 

to dose ratio for AMI decreases as major changes in the distribution of AM

harder to achieve at higher Cvb concentrations.  This is a direct result of the l

proportion of AMI being extracted from the tissues at liposome doses of 0.72 g lipid/L

Essentially, loading much more than 0.72 g lipid/L into the body to further increase Cvb 

and decrease Cht and Cbr may not be worth the potential side effects of increased lipid 

dosing.  Conversely, liposome-BUP binding is much lower and a large proportion o

BUP still remains inside tissues at 2.88 g lipid/L.  As displayed in Table 7-9, lipid 

for BUP treatment should be as large as possible, limited solely by the maximum safe 

dose of phospholipids. 
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7.4.6 Time Lapse Between Drug Administration and Liposome Treatment 

AMI overdose treatment and BUP adverse reaction treatment represent two very 

different scenarios in terms of the amount of time elapsing between drug and liposome 

dosing.  This difference is quantitatively evident in the PBPK model results.  The 

therapeutic effect for AMI patients diminishes as the time between ingestion and 

treatment increases (Figure 7-5d).  Regardless, the model points to large AUC 

reductions even with tlag = 8 hours.  Therapeutic benefits even for large tlag are possible 

id 

conc

here 

rage 

meters 

dded 

to the modeling results.  Equations used to estimate hepatic 

extra

in which 

because of high affinity binding between AMI and the liposomes, resulting in rap

entration reductions upon dosing.  The absorption rate constant is also a factor for 

AMI since rapid absorption coupled with large tlag values increases the patient’s 

exposure to the drug.  These effects are altogether avoided in the case of BUP, w

patients are already at a medical facility and available for immediate treatment. 

7.4.7 Limitations 

The central goal of the PBPK model developed here is to serve as a tool for 

evaluating the potential of liposome based therapy for overdose treatment in an ave

patient, and to aid the design of animal and human studies.  While the model 

predictions are encouraging, several issues related to the assumptions and para

utilized in the model must be considered.  Uncertainties in Kpu calculations, drug and 

liposome specific input parameters, and the data used for validation and fitting a

inherent variability 

ction and non-IV absorption ignored possible non-linearities at elevated drug 

concentrations.  Drug metabolites, which could independently contribute to toxicity, 

were not accounted for.  Finally, differences between the in vitro environment 

liposome-drug binding and protein-drug binding were measured and the physiological 
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environment (i.e. shear forces on liposomes, presence of enzymes and other trace 

molecular entities, immune system response) could alter the ultimate effect of the 

therapy.  These issues represent opportunities for further investigation in the futu

7.5 Conclusions 

A physiologically based pharmacokinetic (PBPK) model consisting of 15 

compartments was developed by employing published [106] equations for tissue to 

blood partition coefficients and parameters pooled from numerous clinical studies.  IV 

data affirmed the ability of the models to predict drug concentrations in the blood 

compartments with reasonable accuracy.  Least squares fits of model results to no

data were utilized to obtain first-order absorption rate constants. 

re. 

n-IV 

Drug overdose simulations for AMI revealed that liposomes are capable of 

reduc s by 

ses 

 

ound 

ome therapy, 

espe /L as 

y 

ing brain and heart AUC values by over 60% and peak AMI concentration

20% if treatments are provided within 2 hours of ingestion.  AMI concentration increa

in venous blood for the PBPK simulations and clinical overdose treatments with protein

fragments were similar [4].  BUP AUC and peak reductions were much lower at ar

15-17%.  First approximations of localized cardiac pharmacodynamics suggested 

improved ion channel function and myocyte contractility with lipos

cially for AMI.  Although the models suggested between 0.72 and 1.44 g lipid

an optimal starting dose for treating AMI overdoses, the maximum safe dose of 

liposomes should be given for adverse reactions to BUP.  The modeling results were 

relatively insensitive to reasonable variations in model parameters.  The modeling 

predictions agree, at least qualitatively, with reports on overdose treatments by Fab 

fragments, which like liposome administration, is an approach based on high affinit

binding between fragments and the drug. 
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In conclusion, the PBPK models developed in this chapter suggests that 

liposomes are capable of redistributing both AMI and BUP into the blood compar

to significant degrees and may be effective at treating AMI overdoses and adverse 

reactions to BUP.  Liposomes will, in general, be more effective at treating overdos

drugs with high volumes of distribution and slow elimination characteristics, such as 

TCA’s. 

tments 

es of 

191 



 

 

Figure 7-1.  Organ to blood partition coefficients (Keff) calculated using Equation 7-4  
( ) or determined experimentally ( ) for a) AMI [161-163] or b) BUP [164-
167]. 
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Figure 7-2.  PBPK model structure used for AMI and BUP overdose simulations. 
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Figure 7-3.  Drug concentrations versus time predicted using PBPK models (—) or 
measured ( ) after IV dosage for a) IMI [173] in venous plasma, b-c) IMI [174] 
in venous plasma, d) AMI [175] in venous plasma, e-h) AMI [176] in venous 
plasma, i-j) AMI [149] in venous whole blood, k) BUP [179] in arterial plasma, 
l) BUP [151] in arterial plasma, m) BUP [178] in venous whole blood, n) BUP 
[177] in venous plasma, and o) BUP [186] in arterial plasma.  Error bars are 
shown for experimental results when reported. 
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Figure 7-4.  Drug concentrations versus time for PBPK models (—) where ka was 
allowed to vary to obtain best fits to measured non-IV dosage data ( ) for a-
b) IMI [173], c) IMI [109], d) AMI [191], e) AMI [190], f-h) AMI [188], i) AMI 
[189], j-k) AMI [149], l) BUP [197] into the epidural space, m) BUP [195] into 
the intercostal space, n-o) BUP [196] into the leg, p) BUP [198] into the 
intercostal space, q) BUP [193] into the intraperitoneal space, r) BUP [192] 
into the epidural space, and s) BUP [194] into the epidural space.  TCA 
dosages (a-k) were all oral.  Error bars are shown for experimental results 
when reported. 
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Figure 7-5.  Summary of AMI overdose (2500 mg) simulation results.  AMI AUC values 
versus liposome dose for a) venous blood and key organs with tlag = 2 hours; 
b) free AMI in venous blood (Cvbf) with tlag = 2 hours; c) peak AMI 
concentrations versus liposome dose with tlag = 2 hours; d) AMI AUC values 
versus tlag, the time between drug ingestion and liposome treatment, with Clip 
= 1.44 g/L. 
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Figure 7-6.  AMI concentrations versus time for simulated overdose cases (2500 mg) 
without liposomes and with liposomes at 1.44 g/L for tlag = 2, 4, 6, and 8 hours 
for a) venous whole blood, b) free AMI in venous blood, c) heart, d) brain, and 
e) muscle. 

197 



 

 

Figure 7-7.  BUP concentrations versus time for simulated adverse reactions (100 mg) 
without liposomes and with liposomes at 1.44 or 2.88 g/L for tlag = 0.25 hours 
for a) venous whole blood, b) free BUP in venous blood, c) heart, d) brain, 
and e) muscle. 
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Figure 7-8.  Pharmacodynamics in the heart as a function of time.  Correlations from 
drug concentrations in the heart predicted by our PBPK models to local 
pharmacodynamic effects were estimated through the use of published data.  
Controls were simulated overdoses with no liposomes; lipid loadings are 
specified for simulated overdoses with liposomes.  The plots show a) 
normalized current through cardiac (hH1) Na+ channels [9] for AMI overdose, 
b) % baseline contractility of atrial tissue [10] for AMI overdose, c) the open 
probability of type 2 ryanodine receptors (RyR) [141] for AMI overdose, d) 
maximum Ca2+ uptake by sarcoplasmic reticulum (SR) Ca2+ ATPase pumps 
(SERCA) [141] for AMI overdose, e) normalized current through cardiac (hH1) 
Na+ channels [16] for BUP adverse reaction.  Tlag was 2 hours for AMI and 
0.25 hours for BUP; AMI and BUP doses were 2500 mg and 100 mg, 
respectively. 
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Table 7-1.  Drug specific parameters for Kpu calculations 
 Imipramine Amitriptyline Bupivacaine 
 Value Refs. Value Refs. Value Refs. 
pKa 9.5 [106] 9.4 [146] 8.1 [123] 
B:P 1.1 [147,148] 0.86 a [149,150] 0.64 a [151,152] 
fu 0.18 b Ch. 4 0.08 c Ch. 3 0.10 d Ch. 5 
LogPvo:w 4 [106] 4.1 e [153] 2.4 e [153] 
LogPoc:w 4.8 [106] 4.92 [154] 3.4 [155] 
KpuBC 6.8 f [106] 8.6 f  [106] 2.0 f [106] 
KaBC 6.13 g [106] 7.45 g [106] 0.10 g [106] 

Key: pKa - acid dissociation constant; B:P - blood to plasma concentration ratio; fu - 
fraction of drug unbound in plasma; LogPvo:w - log of the vegetable oil to water partition 
coefficient; LogPoc:w - log of the octanol to water partition coefficient; KpuBC - affinity for 
blood cells [106]; KaBC - association constant of drugs to blood cells [106].  aWeighted 
average from two studies.  bOur value originated from experimental data at 
physiological IMI concentrations (Chapter 4) and 0.1 [108,156], 0.12 [157], and 0.11 
[107] have been reported in literature.  An fu of 0.24 was used for Kpu calculations by 
Rodgers et al. [106].  cOur value originated from experimental data at physiological AMI 
concentrations (Chapter 3) and 0.08 [157], 0.05 [108], and 0.06 [156] have been 
reported in literature.  dOur value originated from experimental data at physiological 
BUP concentrations (Chapter 5) and 0.10 [121], 0.06 [119], and 0.05 [158] have been 
reported in literature.  eLogPvo:w values were calculated from published methods [153] 
from reported LogPoc:w values.  fKpuBC values were calculated [106] using fu and B:P 
values with H = 0.45.  gKaBC values were calculated using drug specific parameters 
reported here and published equations [106]. 
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Table 7-2.  Calculated drug to tissue partition coefficient (Kpu) values 
Organ IMI AMI AMI a BUP BUP b 
Adipose (ad) 73.5 114.0 131.5 38.2 46.1 
Bone (bo) 19.9 27.8 57.1 8.3 21.7 
Brain (br) 27.4 41.6 59.1 18.1 26.1 
Gut (g) 59.0 80.5 185.8 19.3 67.3 
Heart (ht) 44.4 57.4 155.8 9.1 53.9 
Kidney (k) 87.9 110.6 330.4 10.5 110.7 
Liver (h) 81.8 103.6 302.9 11.3 102.1 
Lung (l) 74.0 95.2 266.1 13.0 90.8 
Muscle (m) 31.1 40.1 106.9 7.0 37.4 
Pancreas (p) 49.1 68.8 141.8 20.3 53.5 
Skin (sk) 51.8 76.1 133.8 26.9 53.2 
Spleen (sp) 55.7 69.7 208.7 6.8 70.2 
Thymus (th) 46.7 60.6 161.1 10.3 56.1 

aThese Kpu values were used for the AMI sensitivity analysis.  To estimate the upper 
Kpu bounds for AMI, an fu of 0.05 [85,159] and a B:P ratio of 1.04 [150], the weighted 
B:P average from 1 of 2 studies used for the overall AMI B:P average, were used.  
bThese Kpu values were used for the BUP sensitivity analysis.  To estimate the upper 
Kpu bounds for BUP, an fu of 0.05 [158] and a B:P ratio of 0.73 [151], the weighted B:P 
average from 1 of 2 studies used for the overall BUP B:P average, were used. 
 
Table 7-3.  Partition coefficients for drug binding to proteins, liposomes, and red blood 

cells 
 K1

a K2
b K3

c 
IMI 4.8 ± 1.1 - 5.803 
AMI 9.8 ± 1.3 64.15Clip 6.106 
BUP 9.0 ± 0.75 1.39Clip 1.64 

Key: K1 - Concentration ratio for drug bound to proteins to free drug; K2 - concentration 
ratio for drug bound to liposomes to free drug; K3 - concentration ratio for drug bound to 
RBC’s to free drug; Cf - free drug concentration in ng/mL; Clip - liposome concentration 
in venous blood in g/L.  aBased on measured fractions bound to serum proteins of 0.83 
(IMI - Chapter 4) and 0.91 (AMI - Chapters 2,3) at drug concentrations from 1 to 10 µM 
(mean ± standard deviation) and BUP protein binding at low BUP concentrations 
extrapolated from our data (Chapter 5).  bIMI overdose simulations were not done.  AMI 
and BUP equations are based on measured, concentration dependent drug binding to 
liposomes (Chapters 2,3,5).  The equations are valid from Clip = 0 to 1.44 mg/mL for 
AMI and 0 to 2.88 mg/mL for BUP.  cK3 values for IMI, AMI, and BUP were based on 
B:P ratios of 1.1, 0.86, and 0.64, respectively, and solved for as shown in the text. 
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Table 7-4.  Organ blood flow and volume fractions for humans 
Organ Fraction of 

Cardiac 
Output a 

Fraction 
of Body 
Volume b 

Adipose (ad) 0.0342 0.1196 
Bone (bo) 0.1665 0.0856 
Brain (br) 0.1001 0.0200 
Gut (g) 0.1368 0.0171 
Heart (ht) 0.0316 0.0047 
Kidney (k) 0.1632 0.0044 
Liver (h) 0.2080 0.0260 
Lung (l) 1.0000 0.0076 
Muscle (m) 0.0395 0.4000 
Pancreas (p) 0.0313 0.0014 
Skin (sk) 0.2567 0.0371 
Spleen (sp) 0.0351 0.0026 
Thymus (th) 0.0014 0.0004 

aTotal cardiac output in L/min was calculated from the allometric (CO = 0.235Weight0.71) 
with weight in kg [170].  Blood flow was scaled to match the reported weights of patients 
in studies when reported (70 kg otherwise).  Fractions of cardiac output were calculated 
from values reported by Igari et al. [78] for a 70 kg man for all organs except the thymus 
and bone.  The proportion of liver blood supply coming from the pancreas, spleen, gut, 
and arterial blood were calculated from data reported by Benowitz et al. [171] for rhesus 
monkeys.  Thymus and bone blood supplies were scaled by organ weight from blood 
supplies to rat thymus and bone reported by Meno-Tetang et al. [79].  The fractions of 
cardiac output were scaled so they added to exactly 1 after all were combined.  
bFractions of total body volume were taken from Poulin et al. [144] except for the 
pancreas and thymus.  Pancreas and thymus volumes were estimated from weights of 
100 g and 25 g, respectively [172].  Total body volume was estimated from body weight 
at a density of 1 L/kg.  Body volumes were scaled to match reported weights or average 
weights of patients studied when reported (70 kg otherwise).  Venous and arterial blood 
volumes were taken as 3.6 and 1.8 L [78], respectively, for a 70 kg subject and scaled 
linearly with weight. 
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Table 7-5.  Input parameters for PBPK model 
 Imipramine Amitriptyline Bupivacaine 
 Value Refs. Value Refs. Value Refs. 
Cl h     709.4 a [173,174] 579.6 a [149,150,175,176] 498.4 b [177-180] 
Cl r 12.3 c [173,174] 10.0 c [149,150,175,176] 10.7 d [177-180] 
H 0.45 [181] 0.45 [181] 0.45 [181] 
F 0.42 e [148,173,174] 0.45 e [149,150,182,183] 1 f - 

Key: Clh - hepatic clearance in mL/(h*kg); Clr - renal clearance in mL/(h*kg); H - 
hematocrit; F - bioavailability.  aWeighted average from cited studies used to calculate 
Eh as shown in the text [73,108,169] assuming 98.3% of elimination is hepatic for TCA's 
[184].  bWeighted average from cited studies used to calculate Eh as shown in the text 
[73,108,169] assuming 97.9% of elimination is hepatic for BUP [178,185].  cWeighted 
average from cited studies assuming 1.7% of elimination is renal for TCA's [184].  
dWeighted average from cited studies assuming 2.1% of elimination is renal for BUP 
[178,185].  eWeighted average from cited studies.  fBioavailability was assumed to be 1 
for BUP since non-oral routes of administration were used. 
 
Table 7-6.  Drug specific inputs for overdose simulations 
 Amitriptyline Bupivacaine 
 Value Refs. Value Refs. 
Ddrug 100, 500, 2500 a [7,110,111,115] 100 b [192-196] 
D lip 0.36, 0.72, 1.44 c Ch. 2,3 1.44, 2.88 c Ch. 5 
t lag 2, 4, 6, 8 d [7,110-112,202] 0.25 e [12-15] 

Key: Ddrug - drug dose(s) simulated with PBPK models in mg; Dlip - liposome doses 
simulated with PBPK models in g lipid/L blood; tlag - elapsed time between drug 
administration or ingestion and liposome treatment in hours.  aDoses of 300 mg [7], 1-2 
g [110], and 3.7-9.2 g [111] were clinically observed in AMI overdose cases and 1.4-2.8 
g has been suggested as common for AMI overdoses [115].  bBUP Doses of 150 mg 
[192,196], 100 mg [193,194], and 140 mg [195] have been clinically administered.  
cCorresponds to 27.8-111 mg/kg or 1.9-7.8 g of total phospholipids for AMI and 111-222 
mg/kg or 7.8-15.6 g of total phospholipids for BUP.  Liposome doses were modeled as 
bolus doses based on maximum possible lipid concentrations of about 50 mg/mL in 
liposome formulations [199] and fluid volumes given as bolus doses or rapid infusions in 
clinical studies [12,14,15,40].  Dhanikula et al. [25] suggest that at least 10 g of 
liposomes could be administered safely; up to 250 g of lipids (phospholipids and oil) 
have been suggested as safe for anesthetic overdose treatment 
(http://lipidrescue.squarespace.com/), and 100 g has been used in a clinical overdose 
case [200].  Up to 190 mg/kg of liposomes have been given to mice in animal studies 
[201].  dTime lags between overdose and treatment have been observed clinically from 
2-8 hours for TCA's.  eTime between drug administration and lipid emulsion treatment 
have been observed clinically from 0.1-0.25 hours for anesthetics. 
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Table 7-7.  Sensitivity analysis setup 
 Amitriptyline Bupivacaine 
 Simulation Sensitivity Simulation Sensitivity 
Eh 0.41 0.33, 0.45 a 0.37 0.33, 0.45 a 
k a 0.093 0.054, 0.132 b 0.179 0.100, 0.258 c 
K2 63.0 - 84.0 d 50.4 - 67.2 d 1.64 - 4.19 d 1.31 - 3.35 d 
Cl lip 0.24t2 - 7.89t + 

100 e 
-9.1ln(t +0.01) + 
59.4 

0.24t2 - 7.89t + 
100 e 

-9.1ln(t + 0.01) 
+ 59.4 

Key: Eh - hepatic extraction factor (Equation 7-8); ka - first-order absorption rate 
constant in h-1, K2 - concentration ratio for drug bound to liposomes to free drug; Cllip - 
equation defining the percent of the initial liposome dose remaining in the blood stream 
as a function of time, used to simulate liposome clearance.  aUpper [149,178] and lower 
[176,179] bounds were taken from maximum and minimum average values observed in 
single studies that were part of the studies used to obtain hepatic drug clearance (see 
Table 7-5).  bUpper and lower bounds were calculated using the standard deviations of 
the averaged ka value which was averaged from best fits to data from oral AMI studies 
[149,188-191].  cUpper and lower bounds were calculated using the standard deviations 
of the averaged ka value which was averaged from best fits to data from non-IV BUP 
studies [192,194,197].  dRange of liposome concentration dependent K2 values used to 
calculate the equation for K2 as a function of Clip.  The values were reduced by 20%, 
although this was larger than the observed standard deviations, to investigate 
significantly reduced binding.  The equations became (51.32Clip) for AMI and (1.11Clip) 
for BUP.  See Table 7-3 for comparison.  eA new liposome elimination curve as a 
function of time was generated by reducing the percent of liposomes left at each time 
point by 30%.  This was much larger than the error bars shown for the data [30] but was 
done to investigate large variation in elimination.  Extended liposome circulation times 
were not investigated as they only increase the efficacy of the treatment.  Note that 0.01 
was added to t to avoid values greater than 100% when logarithms were used. 
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Table 7-8.  AMI overdose simulation results 
AMI Dlip tlag AUCvb Peakvb AUCht Peakht AUCbr Peakbr AUCvbf Peakvbf 

2500 0.00 0 28985 1652 177560 10175 128650 7372 1711 97.5 

2500 0.36 2 32325 2665 118390 8131 85792 5900 1146 82.3 

2500 0.72 2 34344 3721 91187 8131 66086 5900 887 82.3 

2500 1.44 2 36483 5445 63874 8131 46302 5900 628 82.2 

2500 0.36 4 32389 3229 124790 10039 90430 7275 1210 96.9 

2500 0.72 4 34427 4574 100460 10040 72814 7275 980 97.0 

2500 1.44 4 36546 6782 75998 10038 55093 7274 747 97.0 

2500 0.36 6 32448 3239 132360 10175 95920 7372 1283 97.5 

2500 0.72 6 34519 4616 111300 10175 80668 7372 1084 97.5 

2500 1.44 6 36649 6886 89930 10175 65187 7372 881 97.5 

2500 0.36 8 32486 3071 139860 10175 101350 7372 1354 97.5 

2500 0.72 8 34594 4393 122060 10175 88458 7372 1186 97.5 

2500 1.44 8 36761 6584 103750 10175 75194 7372 1012 97.5 

500a 0.00 0 5797 330.3 35512 2035 25731 1474 342 19.5 

500 1.44 2 7297 1089 12775 1626 9260 1180 125.5 16.4 

100 a 0.00 0 1159 66.1 7102 407 5146 294.9 68.4 3.9 

100 1.44 2 1459 217.8 2555 325.3 1852 236 25.1 3.3 

Key: Dlip - liposome doses simulated with PBPK models in g lipid/L blood; tlag - elapsed 
time between drug administration or ingestion and liposome treatment in hours; AUC - 
area under the AMI concentration versus time curve in (ng*h)/mL; Peak - maximum AMI 
concentration reached in the specified organ in ng/mL; vb - venous blood; ht - heart; br - 
brain; vbf - free AMI in venous blood.  aDrug doses of 500 and 100 mg are only shown 
for the most effective liposome dose of 1.44 mg/mL. 
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Table 7-8 Continued.  AMI overdose simulation results 
AMI Dlip tlag % AUCvbf % Peakvbf % AUCht % Peakht % AUCbr % Peakbr 

2500 0.00 0 - - - - - - 

2500 0.36 2 33.0 a 15.6 33.3 20.1 33.3 20.0 

2500 0.72 2 48.1 15.6 48.6 20.1 48.6 20.0 

2500 1.44 2 63.3 15.6 64.0 20.1 64.0 20.0 

2500 0.36 4 29.3 0.6 29.7 1.3 29.7 1.3 

2500 0.72 4 42.8 0.5 43.4 1.3 43.4 1.3 

2500 1.44 4 56.3 0.5 57.2 1.3 57.2 1.3 

2500 0.36 6 25.0 0.0 25.5 0.0 25.4 0.0 

2500 0.72 6 36.7 0.0 37.3 0.0 37.3 0.0 

2500 1.44 6 48.5 0.0 49.4 0.0 49.3 0.0 

2500 0.36 8 20.9 0.0 21.2 0.0 21.2 0.0 

2500 0.72 8 30.7 0.0 31.3 0.0 31.2 0.0 

2500 1.44 8 40.8 0.0 41.6 0.0 41.6 0.0 

500 0.00 0 - - - - - - 

500 1.44 2 63.3 a 15.7 64.0 20.1 64.0 20.0 

100 0.00 0 - - - - - - 

100 1.44 2 63.3 a  15.7 64.0 20.1 64.0 19.9 

Key: Dlip - liposome doses simulated with PBPK models in g lipid/L blood; tlag - elapsed 
time between drug administration or ingestion and liposome treatment in hours; AUC - 
area under the AMI concentration versus time curve in (ng*h)/mL; Peak - maximum AMI 
concentration reached in the specified organ in ng/mL; % AUC - percent reduction in 
AUC compared to case without liposomes; % Peak - percent reduction in drug 
concentration peak compared to case without liposomes; vb - venous blood; ht - heart; 
br - brain; vbf - free AMI in venous blood.  aBlanks are cases with no liposomes and % 
AUC and peak changes with liposomes are calculated based on the no liposome cases 
at equivalent AMI doses. 
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Table 7-9.  BUP overdose simulation results 
Dlip

a AUCvb Peakvb AUCht Peakht AUCbr Peakbr AUCvbf Peakvbf 
0 2399 323 3391 458 6695 911 206.1 27.7 
1.44 2465 334 3105 414 6134 824 188.6 25.1 
2.88 2526 344 2868 379 5669 754 174.2 22.9 

 
Table 7-9 Continued.  BUP overdose simulation results 
Dlip

a % AUCvbf % Peakvbf % AUCht % Peakht % AUCbr % Peakbr 
0 - - - - - - 
1.44 8.5 b 9.6 8.5 9.6 8.4 9.6 
2.88 15.5 17.3 15.4 17.3 15.3 17.3 

Key: Dlip - liposome doses simulated with PBPK models in g lipid/L blood; AUC - area 
under the BUP concentration versus time curve in (ng*h)/mL; Peak - maximum BUP 
concentration reached in the specified organ in ng/mL; % AUC - percent reduction in 
AUC compared to case without liposomes; % Peak - percent reduction in drug 
concentration peak compared to case without liposomes; vb - venous blood; ht - heart; 
br - brain; vbf - free BUP in venous blood.  aThe BUP dose was 100 mg and tlag = 0.25 
hours.  bBlanks are cases with no liposomes and % AUC and peak changes with 
liposomes are calculated based on the no liposome cases at equivalent BUP doses. 
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Table 7-10.  AMI sensitivity analysis results 
Change in 
Model 

AMI Dlip tlag % 
AUCvbf 

% 
Peakvbf

% 
AUCht 

% 
Peakht 

% 
AUCbr 

% 
Peakbr

None 2500 1.44 2 63.3 a 15.6 64.0 20.1 64.0 20.0 
Eh (0.45) b 2500 1.44 2 63.8 13.9 64.6 18.2 64.5 18.1 
Eh (0.33) 2500 1.44 2 61.9 19.6 62.5 24.2 62.5 24.1 
Kpu c 2500 1.44 2 46.6 16.5 47.1 21.9 46.9 19.2 
K2 

d 2500 1.44 2 58.6 15.6 59.3 20.1 59.2 20.0 
ka (0.132) e 2500 1.44 2 63.6 10.6 64.5 14.7 64.5 14.6 
ka (0.054) 2500 1.44 2 62.7 23.4 63.2 27.8 63.1 27.7 
Cl lip 

f 2500 1.44 2 57.7 15.6 58.4 20.1 58.4 20.0 
Key: Eh - hepatic extraction factor (Equation 7-8); Kpu - organ to plasma partition 
coefficient with respect to the free drug concentration in plasma; K2 - concentration ratio 
for drug bound to liposomes to free drug; ka - first-order absorption rate constant in h-1; 
Cllip - equation defining the percent of the initial liposome dose remaining in the blood 
stream as a function of time, used to simulate liposome clearance; AMI - AMI dose in 
mg; Dlip - liposome doses simulated with PBPK models in g lipid/L blood; tlag - elapsed 
time between drug administration or ingestion and liposome treatment in hours; % AUC 
- percent reduction in AUC compared to case without liposomes; % Peak - percent 
reduction in drug concentration peak compared to case without liposomes; ht - heart; br 
- brain; vbf - free AMI in venous blood.  aAll % changes were calculated from the case of 
no liposomes with the same sensitivity analysis parameter altered as specified for that 
particular row.  bThe value of Eh used for the overdose simulations was 0.41.  cAn fu 
value of 0.05 and a B:P ratio of 1.04 was used to estimate the increased Kpu values; 
see Table 7-2 for values and details.  dValues were decreased by 20% at each liposome 
concentration; see Table 7-7 for details.  eThe absorption constant used for the AMI 
overdose simulations was 0.093.  fLiposome clearance was increased by 30% at each 
time point to generate a new elimination function; see Table 7-7 for details. 
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Table 7-11.  BUP sensitivity analysis results 
Change in 
Model 

BUP Dlip tlag % 
AUCvbf 

% 
Peakvbf

% 
AUCht 

% 
Peakht 

% 
AUCbr 

% 
Peakbr

None 100 2.88 0.25 15.5 a 17.3 15.4 17.3 15.3 17.3 
Eh (0.45) b 100 2.88 0.25 16.2 18.2 16.2 18.1 16.1 18.1 
Eh (0.33) 100 2.88 0.25 15.0 16.8 15.0 16.8 14.9 16.7 
Kpu c 100 2.88 0.25 8.2 8.9 8.0 8.9 8.1 8.9 
K2 

d 100 2.88 0.25 12.8 14.4 12.8 14.4 12.7 14.4 
ka (0.258) e 100 2.88 0.25 15.8 17.4 15.8 17.4 15.7 17.3 
ka (0.100) 100 2.88 0.25 15.1 15.9 15.0 15.9 14.9 15.9 
Cl lip 

f 100 2.88 0.25 10.9 11.7 10.9 11.7 10.8 11.7 
Key: Eh - hepatic extraction factor (Equation 7-8); K2 - concentration ratio for drug bound 
to liposomes to free drug; ka - first-order absorption rate constant; Cllip - equation 
defining the percent of the initial liposome dose remaining in the blood stream as a 
function of time, used to simulate liposome clearance; BUP - BUP dose in mg; Dlip - 
liposome doses simulated with PBPK models in g lipid/L blood; tlag - elapsed time 
between drug administration or ingestion and liposome treatment in hours; % AUC - 
percent reduction in AUC compared to case without liposomes; % Peak - percent 
reduction in drug concentration peak compared to case without liposomes; ht - heart; br 
- brain; vbf - free BUP in venous blood.  aAll % changes were calculated from the case 
of no liposomes with the same sensitivity analysis parameter altered as specified for 
that particular row.  bThe value of Eh used for the overdose simulations was 0.37.  cAn fu 
value of 0.05 and a B:P ratio of 0.73 was used to estimate the increased Kpu values; 
see Table 7-2 for values and details.  dValues were decreased by 20% at each liposome 
concentration; see Table 7-7 for details.  eThe absorption constant used for the BUP 
overdose simulations was 0.1794.  fLiposome clearance was increased by 30% at each 
time point to generate a new elimination function; see Table 7-7 for details. 
 
 



 

CHAPTER 8 
CONCLUSIONS 

Treatments capable of reversing toxicity resulting from prescription drug overdose 

or adverse reaction are needed.  While several therapies are in development 

elsewhere, including protein fragments, lipid emulsions, polymeric particles, and 

microemulsions, no widely effective treatment has been introduced into the market.  

This work was aimed at developing a drug overdose treatment using liposomes.  The 

primary drugs targeted for treatment included TCA’s, such as AMI, IMI, and DOS, as 

well as the local anesthetic BUP. 

In Chapter 2, we demonstrated that DOPG liposomes and 50:50 DMPC:DOPG 

liposomes sequestered at least 99% of AMI at low drug concentrations.  In the presence 

of albumin, pure DOPG liposomes were shown to be greatly inhibited by the proteins.  

In the presence of 7% proteins (w/w) composed of 4% albumin, 2% fibrinogen, and 1% 

globulins, the 50:50 DMPC:DOPG liposomes at a lipid loading of 0.72 mg lipid/mL 

sequestered 95-96% of the free drug, as opposed to a predicted 99%.  The free AMI 

concentration was still reduced by 50-60%, however.  In human serum, the 50:50 

DMPC:DOPG liposomes took up about 94-98% of the drug and reduced the free drug 

concentration by 35-70%.  Liposome-protein interactions were likely responsible for the 

reduced effectiveness of 50:50 DMPC:DOPG liposomes at sequestering AMI in serum 

versus PBS.  We also proved that AMI binding to liposomes in the presence of proteins 

is quick and reversible.  Uptake studies conducted with nortriptyline suggested that 

systems developed for AMI overdose treatment may also be useful for reducing the free 

concentration of nortriptyline. 
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Chapter 3 revealed that AMI uptake by 50:50 DMPC:DOPG liposomes was not 

enhanced by increased lipid loading in the presence of serum proteins.  Drug binding 

was also shown to be independent of liposome size.  Predominantly anionic lipids with a 

small amount of PEG-modified lipids were shown to sequester AMI from human serum 

most effectively.  The optimal amount of PEG-modified lipid to be incorporated into 

liposomes to effectively shield proteins while also allowing diffusion and binding of the 

drug to the charged lipid membrane appeared to be 5%.  Increasing the lipid loading of 

the polymer shielded liposomes by a factor of 2 resulted in a reduced free AMI 

concentration in human serum by nearly 90% across a wide range of initial drug 

concentrations.  Liposomes were effective at drug binding after storage for about one 

month. 

The primary goal of Chapter 4 was to extend the use of pegylated, anionic 

liposomes from AMI binding to other TCA’s and opipramol.  In PBS, the liposomes 

proved capable of sequestering about 98% or more of IMI and DOS and 92.5-95.5% of 

opipramol.  Additionally, the liposomes reduced the free drug concentrations in human 

plasma by 88-93% in the case of the weak bases IMI and DOS, and 76% for the diprotic 

drug opipramol (1.44 mg lipid/mL loading).  The data supports liposome therapy as 

effective for a variety of TCA’s.  The length of the PEG chain did not make any 

detectable difference in uptake.  Calculations suggested that liposomes are 

approximately 20 times more effective at binding antidepressants than acidic 

phospholipids already present in the body.  Estimates of the times required for tissues 

to reach equilibrium also demonstrated that liposomes could significantly alter the drug 

concentrations in vital organs after a drug overdose. 
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While Chapters 2-4 focused on optimizing pegylated, anionic liposomes for TCA 

binding, BUP binding was the subject of Chapter 5.  Local anesthetics such as BUP are 

extremely useful clinically, but some patients suffer unexpected adverse reactions.  

Pegylated, anionic liposomes were shown to be highly effective at sequestering BUP 

from in vitro solutions, with a removal efficiency of about 80% in buffer and a free-drug 

reduction of about 50% in human serum.  Comparisons to published data for lipid 

emulsions and microemulsions suggested that liposomes are better binding agents than 

either of the two.  The results of Chapter 5 are especially encouraging, since a drug 

overdose therapy capable of successfully treating patients for a variety of drug classes 

would be more clinically acceptable and easier to administer. 

Chapter 6 was intended to explore the detailed interactions between drug 

molecules and liposomes.  Binding of TCA’s such as AMI, IMI, and DOS was compared 

to binding of the local amide anesthetic BUP.  The experiments and modeling indicated 

that the amount of drug molecules in the electrical double layer is negligible but the 

electrostatic effects play a major role in binding.  The electrostatic interactions are 

responsible for the initial association between antidepressants and liposomes, 

whereupon the drug enters the bilayer with its charged region closely associated with 

the charged lipid head groups and its lipophilic region closely associated with the lipid 

bilayers.  BUP, which is predominantly in the protonated state at pH 7.4 and 25°C as 

well (86%), is also preferentially attracted to the charged vesicle [123].  Once bound, it 

appears to be located within the bilayer to a greater extent than the antidepressants 

with minimal interactions with the charged surface.  The structure of BUP makes it less 

able to access the bulk aqueous phase surrounding or encompassed by the lipid 
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bilayers.  The conclusions regarding the differences in conformations between 

antidepressants and the anesthetic bupivacaine were supported by the fact that 

bupivacaine binding leads to a much lower increase in liposome permeability compared 

to antidepressant binding.   

Assuming all other variables were held constant, multilamellar liposomes bound 

more drug molecules than unilamellar liposomes.  The difference vanished at high ionic 

strengths.  We attributed the increased binding for multilamellar liposomes without PEG 

to enhanced electrostatic interactions between adjacent charged layers.  For pegylated 

liposomes, the reduced dielectric constant in the aqueous-PEG layer between adjacent 

bilayers results in a lower energy barrier for cationic drug transport across the aliphatic 

tail region [130,132-134].  Overall, Chapter 6 afforded a better understanding of the 

molecular level interactions responsible for the high affinity binding between the 

liposomes and the drugs. 

While in vitro experiments allow for deeper understanding and the control of 

extraneous variables, estimates of in vivo efficacy are also extremely important during 

the early development phase.  In Chapter 7, PBPK models were developed for this 

purpose.  IV data affirmed the ability of the models to predict drug concentrations in the 

blood compartments with reasonable accuracy.  Least squares fits of model results to 

non-IV data were utilized to obtain first-order absorption rate constants. 

Drug overdose simulations for AMI revealed that liposomes are capable of 

reducing brain and heart AUC values by over 60% and peak AMI concentrations by 

20% if treatments are provided within 2 hours of ingestion.  AMI concentration increases 

in venous blood for the PBPK simulations and clinical overdose treatments with protein 
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fragments were similar [4].  BUP AUC and peak reductions were much lower at around 

15-17%.  First approximations of localized cardiac pharmacodynamics suggested 

improved ion channel function and myocyte contractility with liposome therapy, 

especially for AMI.  The PBPK models developed suggested that liposomes are capable 

of redistributing both AMI and BUP into the blood compartments to significant degrees 

and may be effective at treating AMI overdoses and adverse reactions to BUP.  The 

models also suggested that liposomes will, in general, be more effective at treating 

overdoses of drugs with high volumes of distribution and slow elimination 

characteristics, such as TCA’s. 

The work comprised herein shows that pegylated, anionic liposomes composed of 

DOPG and PEG-modified phospholipids exhibit high affinity binding to TCA’s and BUP.  

The time scales for binding, feasible liposome doses, and typical drug doses all point to 

a very strong likelihood of treatment efficacy in critical care situations.  However, several 

additional concerns should be addressed in future work.  Liposome-drug binding should 

be measured in whole blood to ensure that RBC’s and other whole blood components 

do not negatively impact liposome-drug affinity.  A detailed understanding of the fate of 

liposome-drug complexes in the liver and spleen should also be explored.  This could 

be done with in vitro and in vivo experiments, along with a detailed hepatic model 

including the distinctive nature of liver tissue, genetic factors, and disease states.  

Results from the hepatic model would hopefully allow for a better estimate of the 

clearance characteristics of the exact liposomes used.  Of course, in vivo experiments 

examining liposome clearance, liposome toxicity, and treatment effectiveness in animal 

models would also be tremendously informative. 
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Related but broader work in this area could also be done.  Molecular dynamics 

simulations could be performed to study the drug-bilayer interactions in even greater 

detail.  Liposome-drug binding could be measured for non-prescription drugs or 

molecules, such as drugs of abuse or toxic compounds encountered in military 

applications.  Liposomes could be loaded with antidotes or specific neutralizers, so that 

a combination of specific and non-specific treatment could be achieved.  Finally, 

liposome surfaces could be designed to direct the liposome-drug complexes to one 

tissue over another to achieve the slowest and safest elimination route possible.  Each 

of the above mentioned research topics represents an excellent opportunity to utilize 

liposomes in the context of drug overdose treatment to improve treatment options or 

uncover stirring scientific findings. 
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