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Abstract 

Development of Poly(ethylene glycol)-Coated Vesicles as Cardiovascular Imaging 

Agents for Nuclear Medicine 

The development and use of poly(ethylene glycol) (PEG)-coated vesicles as 

nuclear medicine blood pool imaging agents is described from the initial synthesis of 

chelator, through labeling of vesicles with technetium-99m (99mTc), to the final testing in a 

human subject. Using hexamethyl-propyleneamine oxime (HM-PAO) as the chelate 

molecule, a novel pH gradient method was developed for the rapid, robust and 

reproducible labeling of pre-formed vesicles with labeling efficiencies greater than 90%. In 

vivo (pyrogen and hemodynamic studies in rabbits) and in vitro (CH50 hemolytic assay) 

studies were conducted to determine the safety and tolerability of PEG-coated vesicles. 

Results showed that there was no significant alterations in hemodynamic parameters or 

activation of the complement system. Also, vesicles and the vesicle preparation 

procedure were found to be non-pyrogenic. In vivo studies in rabbits revealed that 

vesicles with 4.5 mol% PEG, exhibited both lipid dose-dependent and -independent 

circulation half-lives contrary to published data. A circulation half-life of ~ 15 hours was 

achieved at lipid dose greater than ~1.0 |omol of total lipid/kg of body weight. 

Based on these in vitro studies and in vivo rabbit results, a vesicle based kit was 

developed and tested in a human subject. The left ventricular ejection fraction (LVEF) 

was calculated using labeled vesicles and was compared to the LVEF calculated with the 

current standard of radiolabeled autologous red blood cells (RBCs). The values were 

found to be similar (69% for RBCs and 73% for vesicles) indicating that PEG-coated 

vesicles labeled with 9 9 m Tc are a suitable alternative to RBCs for cardiovascular imaging. 

Deepank R. Utkhede 
University of British Columbia 

Supervisors: 
Drs. Colin Tilcock/Dana Devine 
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Chapter 1 : 

Introduction 

1.1 Objective 

The purpose of this project was to develop an alternative radiopharmaceutical to 

radiolabeled autologous red blood cells (RBCs) that obviates drug interferences and 

handling issues of RBCs. In order to minimize scheduling difficulties and improve 

coordination between the radiopharmaceutical lab and the imaging floor, this alternative 

should be an off-the-shelf radiopharmaceutical which can be prepared and radiolabeled in 

vitro either before or immediately upon arrival of the patients in the nuclear medicine 

department. To eliminate the possibility of transmission of blood borne diseases it should 

not contain or be based upon any blood products or derivatives. To maximize patient 

comfort and minimize distress, this alternative should require only one venipuncture. To 

place this research in perspective and to provide a rationale for both the project as a 

whole, as well as the specific experimental approaches that were used, it is important to 

provide some background in the following areas: 

• what radionuclide should be used to label this alternative imaging agent 

• the problems and limitations with existing blood pool imaging agents 

• the use of polymer-coated lipid vesicles as a blood pool marker and 

• how to efficiently and reproducibly label vesicles. 

1.2 Choice of Radionuclide 

Technetium-99m (99mTc) is by far the most commonly used radioisotope in 

nuclear medicine because it is a pure gamma (y) emitter with a short decay half-life (-6.0 

hours) and decays to a long lived p-emitting daughter isotope (2.15 X 105 years) - both of 
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these factors decrease the radiation burden to the patient [1,2]. Although, the 

biodistribution of either orally or intravenously administered 9 9 m Tc is useful in the 

diagnosis of only a few pathophysiological states, such as imaging of Meckel's 

diverticulum, thyroid function and first pass studies of cardiac function, 9 9 m Tc can be 

complexed to a variety of pharmaceuticals in order to alter the biodistribution to image 

other pathophysiological disease states [2-4]. In addition, 9 9 m Tc is readily commercially 

available using 9 9 Mo/" m Tc generators and, by comparison to other radionuclides, is 

relatively inexpensive. 

1.3 Blood Pool Imaging - Radiolabeled Red blood Cells (RBCs) 

An imaging agent commonly used in nuclear medicine to visualize the blood pool 

are the patients' own red blood cells (RBCs) radiolabeled with 9 9 m Tc. Radiolabeled 

autologous RBCs are commonly used in a number of cardiac and vascular imaging 

procedures such as left ventricular ejection fraction determinations (LVEF), detection of 

left-right shunts, vascular malformation, regurgitant fractions in valvular disease and 

detection of gastrointestinal bleed sites [5]. LVEF represents the average amount of blood 

ejected from the left ventricle during each heart beat and is an important prognostic factor 

in the accurate global assessment of heart function. For this procedure, the patients RBCs 

are labeled and the camera is positioned in the left anterior oblique (LAO) position which 

provides the best separation between the right and left ventricles. The patient is 

connected to an electrocardiographic monitor (ECG) which is used to divide the cycle of 

cardiac contractions into a number of discreet divisions. To provide increased sensitivity 

and accuracy, a number of cardiac cycles are acquired and the counts in each division are 

added together to provide a composite image of the left ventricle during each stage of the 

heart beat. The LVEF is then calculated by comparing the counts associated with the left 

ventricle at end diastole (when left ventricle contains the greatest amount of blood) and 

end systole (when left ventricle contains the least amount of blood). The percentage of 
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counts ejected from the left ventricle represents the LVEF. The normal LVEF for a 

patient is typically 60 ± 10%; patients suffering from cardiac dysfunction have values 

typically <40% [6,7]. 

Another area in which radiolabeled RBCs have proved to be an invaluable imaging 

tool is in the detection of gastrointestinal (GI) bleed sites. Other procedures available for 

the localization of GI bleeds include endoscopy and arteriography, however, these 

procedures suffer from significant disadvantages [8]. First, they are only able to detect GI 

bleeds if they are actively bleeding at the time of the procedure, and it has been well 

documented that GI bleeding, even massive hemorrhaging, can be intermittent and can 

stop and start in a matter of minutes [9]. Thus, endoscopy and angiography can lead to 

false negative results. Endoscopy is also restricted to the lower and upper regions of the 

GI tract. Second, both procedures are invasive and cause a considerable amount of patient 

discomfort. Third, in some cases radiographic contrast media commonly used in 

arteriography exhibit significant toxicities ranging from flushing and nausea to 

anaphylactic shock and death [10,11]. Imaging using radiolabeled RBCs does not suffer 

from the limitations of endoscopy and arteriography and provides a safe, minimally-

invasive procedure to locate bleed sites throughout the entire GI tract [12-18]. 

The three methods (in vivo, modified in vivo and in vitro) used to label RBCs vary 

in terms of labeling efficiency, time to perform and number of steps involved. However, 

the principle of labeling for all three methods is similar. They all require stannous ions to 

reduce 9 9 m Tc which then binds to RBC components. The first step is the addition of 

stannous ions. These are transported via a specific membrane cation transport system to 

the interior of the RBCs [19]. After a brief waiting period, sodium pertechnetate 

(Na9 9 mTc04) is added to the pre-tinned RBCs. The added pertechnetate is thought to be 

transported to the interior of the RBCs via the band-3 anion transport system which is 

normally involved in chloride-bicarbonate exchange [20]. Once inside, the pertechnetate 
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ions are reduced by entrapped stannous ions. The reduced form of 9 9 m Tc strongly binds 

to the p chain of hemoglobin, thereby labeling the RBCs [21,22]. 

The in vivo method is by far the easiest and most straightforward of the three. 

This labeling method was discovered from the observation that, after performing a bone 

scan using stannous pyrophosphate and pertechnetate, subsequent pertechnetate 

injections resulted in the labeling of RBCs [23]. This led to the in vivo method of labeling 

first described by Pavel et al. [24]. The patient is injected with a pre-determined quantity 

of stannous pyrophosphate. After a brief waiting period of 10-15 minutes to allow 

stannous ions to be transported to the interior of RBCs and excess ions excreted, the 

patient is injected with 20 mCi (740 MBq) of pertechnetate. The in vivo procedure 

typically results poorer tagging efficiencies than the modified in vivo and in vitro labeling 

methods [5]. In vivo labeling is sufficient for most cardiac imaging studies but is generally 

not used for GI bleed detection, because the free unbound pertechnetate accumulates in 

the stomach and the GI tract, producing false-positive results [25]. 

The modified in vivo method is essentially the same as the in vivo method with a 

minor modification [26]. After administration of stannous pyrophosphate and the brief 

waiting period, a sample of blood is removed from the patient into a tube containing a 

pre-measured amount of pertechnetate. The tube is mixed and incubated at room 

temperature for 5 minutes before re-injection into the patient. This method leads to higher 

tagging percentages compared to the in vivo procedure, because labeling occurs in the tube 

and so the pertechnetate cannot equilibrate into the extravascular space. Thus, producing 

images with lower background activity than the in vivo method. 

The in vitro method is the most time consuming and requires the greatest number 

of manipulations, but results in the highest tagging percentages. This method is generally 

reserved for patients undergoing GI bleed detection because of the presence of very little 
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free pertechnetate. The first reliable labeling procedure which did not require extensive 

RBC washing was described by Smith and Richards [27]. Briefly, blood is withdrawn into 

a tube containing heparin, stannous citrate, sodium citrate and dextrose. The contents are 

mixed and incubated for 5 minutes after which sterile saline is added and spun for 5 

minutes. Packed RBCs are removed and added to a tube containing a pre-measured 

amount of pertechnetate and mixed. After 5 minutes, the RBC are re-injected into the 

patient. There are commercial kits now available which omit the centrifugation step and 

use chemical means to remove extracellular stannous ions (UltraTag RBC™ by 

Mallinckrodt Medical). 

1.4 Advantages of Radiolabeled RBCs 

There are a number of advantages to the use of RBCs as a cardiac and vascular 

imaging agent. They have a long circulation half-life, typically approximately 60 days 

when undamaged [28]. There is no issue of compatibility because the patient's own 

RBCs are used. As described previously, RBCs can be labeled with 9 9 m Tc using a variety 

of methods which are relatively simple and straightforward. Although radiolabeled RBCs 

have been extensively used and validated, their use is not without limitations. 

1.5 Disadvantages of Radiolabeled RBCs 

There are number of factors which complicate the use of radiolabeled RBCs. The 

most prevalent issue is the interference of various drugs on labeling. Certain drugs are 

known to interfere with the in vivo labeling process causing low tagging efficiencies as 

well as high background, which decreases image quality and, in the case of GI bleed 

detection, may lead to false-positives. Drugs which interfere with labeling include digitalis 

glycosides (digoxin), nitroglycerin, isosorbide dinitrate, nitroprusside, propranolol, 

amrinone, methyldopa, quinidine, adriamycin (doxorubicin), heparin, hydralazine, 
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dextrose, radiographic contrast media, prazosin, and penicillin [29-34]. Other instances in 

which low labeling has been observed include patients who have auto-antibodies to RBCs 

and patients suffering from sickle cell anemia [35,36]. These interferences often result in 

unusable images and often necessitate the use of the lengthier in vitro labeling procedures, 

increasing inconvenience and stress to both patients and staff alike. 

To further complicate the problem, the group of patients imaged using 

radiolabeled RBCs dovetails the same group of patients on medications that interfere with 

the labeling process. An example of this conflict is seen with the use of the anti-cancer 

chemotherapeutic doxorubicin. Doxorubicin is commonly used to treat a wide variety of 

cancers but has known cardiotoxicities. The cardiotoxic side effects are dose dependent 

and is often the limiting factor in treatment. Radionuclide angiography is used to follow 

the cardiotoxic effects of doxorubicin on cardiac function [37-39]. However, doxorubicin 

interferes with the in vivo labeling method producing unusable images [40]. The exact 

mechanism of this interaction is unknown but is thought to be caused by the decrease in 

hemocrit resulting from doxorubicin therapy. The in vitro or modified in vivo labeling 

procedures have to be used in order to overcome the labeling difficulties [40]. 

Another disadvantages of RBCs is the pragmatic issue of scheduling difficulties 

which may arise during the course of a normal working day. Unlike other imaging 

modalities where images are acquired by the simple push of a button, nuclear medicine 

requires careful coordination between the front desk, radiopharmaceutical preparation lab 

and the imaging floor. Due to the short decay half-life of 9 9 m Tc, radiopharmaceuticals are 

generally prepared just before, or after the arrival of the patient in the department. In 

some cases the radiopharmaceutical is prepared at the beginning of the day. After 

preparation and before administration, the radiopharmaceutical undergoes quality control 

testing to ensure absence of contaminants and formation of the proper complex. 

Complications can arise from the late arrival of the patient. Also, the RBC labeling 
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procedure cannot begin until after the patient arrives in the nuclear medicine department 

thus, the late arrival of patients not only causes delays in their imaging study, but also 

any study subsequently scheduled on the same camera. These delays can be compounded 

by unforeseen drug interferences. 

Another issue regarding the use of radiolabeled RBCs is the handling of blood 

products - this is undesirable with the current concerns of blood borne diseases such as 

HIV and hepatitis. Finally, there are the concerns over patient discomfort due to multiple 

injections. The in vivo and in vitro labeling procedures generally require two separate 

injections. 

1.6 Polymer Coated Vesicles as Blood Pool Imaging Agents 

Prior to investigations into the effects of surface modifications with hydrophilic 

polymers such as poly(ethylene glycol), the clinical use of vesicles had been severely 

restricted due to their short circulation half-life and accumulation in the liver and spleen. 

Once injected into the circulation, vesicles behave like other foreign particulates and are 

quickly removed from the circulation by the reticuloendothelial system (RES). The major 

organs that comprise the RES are principally the liver and spleen and to a lesser extent 

lung and bone marrow. Early studies using vesicles as drug delivery system or imaging 

agents were restricted to delivery or imaging of RES organs [41-43]. The rate of clearance 

and biodistribution of vesicles in biological systems is a complex function of lipid dose, 

charge, size and composition [reviewed in 44,45]. In general, small unilamellar vesicles 

composed of neutral lipids have the longest circulation times when administered at high 

lipid doses. The circulation times can be further increased by the including gangliosides, 

such as GM1, or sphingomyelin into the vesicle composition [46,47]. 
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Abuchowski and colleagues discovered that covalently coupling poly(ethylene 

glycol) to various proteins not only increased the circulating time of the modified 

proteins, but also decreased their toxicity and immunogenicity [48-53]: Similarly, Ilium 

and Davis observed that PEG dramatically altered the biodistribution of polystyrene 

microspheres [54]. In the absence of the polymer, the microspheres were rapidly taken 

up into the liver and spleen. However, coating the microspheres with PEG resulted in 

greatly reduced activity in the liver and spleen and higher activity associated with the 

blood, heart, lung and carcass. Covalent modification of vesicles with PEG has produced 

similar results - increased circulation time and decreased RES uptake [55,56]. PEG is not 

unique in this regard and other polymers exhibit similar effects [57,58]. 

i i 

The circulation half-life of unmodified vesicles increases with increasing lipid dose 

- this is thought to occur as a result of RES blockade or saturation [44,45]. For PEG-

modified vesicles, various studies have shown that the circulation half-life is: a) 

independent of lipid dose above -3.0 umol of total lipid/kg of body weight, and b) is > 15 

hours [59-64]. Similar lipid dose-independent clearance has been observed in mice down 

to lipid doses of 0.5 umol/kg [62]. However, these studies are not directly applicable to 

rats and rabbits, and ultimately humans, because recognition and removal of liposomes in 

mice is different from that of rats and rabbits [65]. The circulation half-life of unmodified 

vesicles is critically dependent on the lipid composition of the bilayer. PEG-modification 

abolishes or minimizes this dependence and the circulation half-life is independent of 

cholesterol content, degree of lipid saturation or the inclusion of charged lipids [64]. 

Another possible alternative of interest to radiolabeled RBCs, is radiolabeled 

albumin. Until recently, the use of radiolabeled albumin has been severely restricted 

because the weak binding of reduced 9 9 m Tc to albumin results in the rapid equilibration of 

activity with the extravascular space, leading to high background and short circulation 

half-lives [66,67]. A number of investigators have produced derivatized albumins in order 
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to increase the binding strength [68-70]. Although such derivatized albumins show 

reduced equilibration with the extravascular space and have improved circulation kinetics, 

it suffers from the principle disadvantage that it still uses human serum albumin. Also, 

there are problems with long term storage due to oxidation of the sulphydryl groups of 

albumin. Thus, PEG-coated vesicles were selected for further investigation as alternative 

blood pool imaging agent. 

1.7 Labeling of Vesicles with 99mTc 

Several labeling techniques have been developed which can be classified into two 

broad groups, passive and active labeling. Passive labeling describes techniques by which 

vesicles are non-specifically labeled during their formation. Active labeling involves the 

use of carrier molecules and chelators to label pre-formed vesicles. 

With passive labeling there are three different techniques that have been 

developed. The first, and by far the easiest, involves the inclusion of the radioisotope in 

the rehydration buffer added to the lipid film [71-76]. The spontaneous formation of 

multilamellar vesicles (MLVs) and entrapment of the added aqueous milieu produces 

labeled vesicles. The second method is termed surface labeling and relies on the non­

specific electrostatic attraction between reduced 9 9 m Tc and negatively charged moieties on 

the vesicle surface [76-81]. The third method involves the inclusion of radiolabeled lipids 

into the lipid compositions of vesicles. For example, lipids have been labeled by replacing 

hydrogens and carbons with their radioactive counterparts, 3 H or 1 4 C [82-85]. 

There are three principle methods of active labeling. The first is similar to surface 

labeling described above, but in this case, instead of non-specific electrostatic interactions, 

a suitable chelator is covalently coupled to a lipid anchor [86-89]. This results in pre­

formed vesicles with the chelator at the surface, able to bind reduced 9 9 m Tc. The second 
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method employs a pH gradient and the differential permeability of the lipid bilayer to 

charged and neutral molecules. The hydrophobic lipid bilayer of a vesicle is relatively 

impermeable to charged molecules, while uncharged or neutral molecules can readily, cross 

the bilayer. This property of the bilayer and the fact that the charged state of many 

molecules is dependent on the pH is exploited in this labeling method [75,90-93]. The 

required pH of the interior and exterior aqueous media is determined by the pKa of the 

molecule of interest. The exterior pH is equal to the pH in which the molecule is neutral, 

while the interior pH should equal the pH in which the molecule is charged. After the 

addition of the molecule to the vesicles, the neutral form of the molecule can cross the 

bilayer. After traversing the lipid bilayer, the molecule comes in contact with the acidic 

interior and becomes charged. The charged molecule can no longer readily cross the bilayer 

and is trapped inside. This method is termed 'remote loading' and labeling efficiencies as 

high as 90% have been reported [93]. 

Although all these methods can be used to produced 99mTc-labeled vesicles, the 

vesicles so produced are not ideally suited for nuclear medicine imaging. Encapsulation by 

inclusion of label in the initial hydration buffer produces low labeling efficiencies and 

requires the removal of untrapped label [75,76]. This would prove impractical in a clinical 

setting because 9 9 m Tc has a short decay half-life (~6 hours), and would necessitate the 

production of vesicles immediately before use. The surface labeling methods, both non­

specific and chelator-based, result in relatively short circulation half-lives because the 

label is easily exchanged from the vesicle surface [81]. The use of p-emitting radiolabeled 

lipids is unworkable because it is not possible to produce high quality images on the basis 

of bremsstrahlung radiation. Also, [3 emitters would result in a high radiation burden to the 

patient. The use of radiolabeled vesicles using a y-emitter such as Iodine-123-labeled 

lipids, remains an interesting alternative that has not been studied. The pH gradient 

method would not work due to complications with non-specific binding of 9 9 m Tc to 

vesicle surface. 
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The remaining method of labeling involves the use of a specific carrier molecules to 

transport the label across the vesicle bilayer to the interior. The use of carrier molecules to 

label vesicles are generally more technically complex and labor intensive, but have a 

number of key advantages. Firstly, these methods are robust and produce high labeling 

efficiencies, eliminating the need for subsequent chromatography to remove untrapped 

label. Secondly, because the label in trapped within the vesicles as opposed to bound at 

the surface, the label is not free to exchange with circulating serum components, resulting 

in a longer circulation half-life. 

Different carrier molecules have been used with different radioisotopes with 

varying results [73,94,95]. The method used in this thesis is based on the carrier molecule 

HM-PAO (hexamethyl-propyleneamine oxime). HM-PAO was originally designed and 

synthesized for use as a regional cerebral blood flow imaging agent because it could 

transport 9 9 m Tc across the lipophilic blood brain barrier (BBB) [96-100]. Initially after 

rehydration with pertechnetate (Na9 9 mTc04) and stannous ions in saline, HM-PAO forms 

a lipophilic complex with reduced 9 9 m Tc. The lipophilic complex can cross the BBB 

where it interacts with cellular components and is converted to a hydrophilic form which 

can no longer cross the BBB, trapping 9 9 m Tc within the brain. Although the structure of 

the initial lipophilic complex has been elucidated, the isolation and identity of the 

secondary hydrophilic complex remains unknown [101]. It was originally thought that 

HM-PAO interacted with intracellular glutathione which reduced HM-PAO from the 

lipophilic form to the hydrophilic form [102,103]. This was also the basis for the labeling 

procedure described by Phillips et al. [104,105] (discussed later). However, studies have 

shown that other reducing agents, such as dithiothrietol, are also effective at converting 

HM-PAO [106]. 

HM-PAO is available commercially as a cerebral blood flow imaging agent known 

as Ceretec™ (Amersham International) which contain 7.6 fig of SnCl2.2H20, 4.5 mg of 
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NaCl, and 0.5 mg of d,l-HM-PAO [107]. Phillips et al. designed a method to label vesicles 

using the Ceretec™ kits [104,105]. Vesicles were prepared by rehydration of the lipid 

film with 30 mM glutathione in saline followed by extrusion. The lipid dispersion was 

washed 2-3 times with saline by centrifugation to give a dispersion with only 

encapsulated glutathione. An HM-PAO kit was reconstituted with 5 ml of saline and 5 

mCi of 9 9 m Tc. After a 5 minute incubation period, 0.83 ml of the solution was added to 

the vesicles and incubated for a further 15 minutes. The resulting labeling efficiencies were 

reported to be consistently greater than > 90% thus, developing a simple and effective 

means for the reproducible labeling of vesicles with 9 9 m Tc. A schematic diagram of the 

labeling of vesicles is given in Figure 1.1. 

1.8 Synopsis of Experimental Approach 

Based on the preceding considerations, pre-formed PEG-coated lipid vesicles 

labeled with 9 9 m Tc using HM-PAO were developed and examined as a possible alternative 

pharmaceutical to radiolabeled RBCs for blood pool imaging. This research project was 

divided into five stages: 

• development of a method to internally label vesicles efficiently with 9 9 m T c 

• biodistribution and kinetic behavior of labeled vesicles in vivo in rabbits to 

establish appropriate lipid doses for eventual human testing 

• subsequent optimization of the vesicle preparation and labeling procedure 

based on animal studies 

• examination of in vitro and in vivo toxicity of vesicles and 

• preliminary testing of radiolabeled vesicles in a human volunteer to compare 

radiolabeled RBCs to vesicles to determine LVEF. 
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NaTc04 

(pertechnetate) 

Figure 1.1. Diagram outlining the labeling of vesicles using HM-PAO to transport 9 9 m Tc 
across the lipid bilayer. Initially after rehydration, HM-PAO forms a 
lipophilic complex with reduced 9 9 m Tc which can cross the lipid bilayer. After 
crossing the bilayer, HM-PAO comes into contact with encapsulated 
glutathione which converts HM-PAO to a hydrophilic form. The hydrophilic 
form of HM-PAO can not cross the bilayer thus, trapping 9 9 m Tc within the 
vesicles. The question mark denotes the unknown structure of the converted 
hydrophilic form of HM-PAO. 
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Chapter 2 : 

Labeling Vesicles 
Using 

Hexamethyl-propylene amine oxime (HM-PAO) 

Introduction 

This chapter examines various aspects of vesicle labeling using HM-PAO. The 

first step was the synthesis of HM-PAO because commercially available Ceretec™ kits 

contain pre-determined amounts of HM-PAO, SnCl2.2H20 and NaCl. It was not possible 

to systematically examine the effect of variation of these components using the existing 

kits. Although the synthesis of HM-PAO is not novel, it is reported because the 

synthesis was found to be sensitive to the purity of the starting materials and that NMR 

may not always be the best method for assessing purity. Also described is a new method 

for the purification of the starting material 2,3-butanedione monoxime. 

The synthesized HM-PAO was used to prepare kits similar to Ceretec™ kits to 

observe the effects of reducing the rehydration volume, lipid composition and the 

chromatography of vesicles on labeling. The volume of saline (5.0 ml) normally used to 

reconstitute the kits had to be reduced in order to label vesicles with a sufficient quantity 

of 9 9 m Tc for imaging, while minimizing the dilution of vesicles [107-111]. Although this 

may seem a relatively minor modification, there were a number of confounding issues 

which required the reformulation of the kit with a new preparation protocol. Also, an 

alternative method to the centrifugation of vesicles to remove external glutathione 

described by Phillips et al. was developed [104-105]. 
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Materials 

2,3-butanedione monoxime and 2,2-dimethyl-l,3-propanediamine were purchased 

from Aldrich Chemical Company (Milwaukee, WI). Dipalmitoylphosphatidylcholine 

(DPPC), palmitoyloleoylphosphatidylcholine (POPC), distearoylphosphatidylcholine 

(DSPC), dimyristoylphosphatidylglycerol (DMPG), and dipalmitoylphosphatidyl-

ethanolamine-poly(ethylene glycol) 5000 (PE-PEG 5000) were obtained from Avanti 

Polar Lipids (Brimingham, AL). Acetic acid, benzene, acetonitrile, ethanol, sodium 

borohydride (NaBFL,), SnCl2.2H20 and ethyl acetate were purchased from Fisher 

Scientific (Nepean, ON). Cholesterol (Choi), oc-tocopherol (Vit. E), glutathione and 

Sephadex G50 were purchased from Sigma Chemical Company (St. Louis, MO). [3H]-

labeled glutathione was obtained from Dupont NEN Inc. (Mississauga, ON). All solvents 

were HPLC grade and used without further purification. 

Methods 

Sublimation of 2,3-butanedione monoxime 

The purification of 2,3-butanedione monoxime was performed using a sublimation 

apparatus. A sample of 2,3-butanedione monoxime was placed in the apparatus under 

vacuum using a water aspirator. The apparatus was placed in a water bath to the level of 

the 2,3-butanedione monoxime and heated to ~40°C and the sublimation finger was filled 

with ice water. Sublimed 2,3-butanedione monoxime was collected until ~5.8 g was 

isolated which was used immediately in an HM-PAO synthesis reaction. A sample was 

removed for NMR and melting point analysis. 
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Synthesis of HM-PAO 

The synthesis of HM-PAO was based on the procedure outlined in Canadian 

patent 1 243 329 [112]. The general synthesis procedure is given in Figure 2.1. A noted 

alteration in the synthesis protocol occurred after the synthesis of the intermediate. 

According to the patent, after cooling the reaction to room temperature, the intermediate 

should precipitate out of solution. However, the precipitate that formed after cooling the 

reaction was not the intermediate. Drying the mother liquor under a stream of nitrogen left 

a dry white solid which was washed with cold acetonitrile (-10°C) and suction filtered. 

The resulting solid was determined to be the intermediate bisimine by NMR. 

Separation and purification of meso-HM-PAO was performed by double 

recrystallization from acetonitrile. Briefly, 0.50 g (1.9 mmol) of the crude mixture of 

HM-PAO was slurried in 30 ml of acetonitrile and heated to reflux. The solution was 

filtered through a preheated filter apparatus and allowed to cool to room temperature. The 

resulting white solid was removed by suction filtration and washed with cold acetonitrile 

(-15°C), dried and the procedure repeated. The solid was analyzed by NMR. 

OH 

'N 
in benzene 

at 90°C N N' 
Cl-b 

OH OH OH OH 

Figure 2.1. General reaction scheme for the synthesis of HM-PAO. 
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NMR analysis 

All NMR analysis were acquired using a Bruker Model WP200, 200 Mhz 

instrument in either CDC13 or CD 3OD. 

Preparation of Vesicles 

Lipids were combined from known stock solutions in chloroform in the final molar 

composition of DSPC/Chol/DMPG/Vit.E/PE-PEG 5000 (45.5:40:9:1:4.5), DPPC:Chol: 

PE-PEG 5000 (47.75:47.75:4.5), POPC (100) and DPPC (100). Excess solvent was 

removed under a stream of nitrogen to form a thin lipid film. Residual solvent was 

removed by storage under vacuum (< 0.25 mm Hg). The lipid film was rehydrated with 

30 mM glutathione in 0.9% (w/v) NaCl to a final lipid concentration of 200 mM. A batch 

of DPPC:Chol:PE-PEG 5000 vesicles were rehydrated with 30 mM glutathione spiked 

with [3H]-labeled glutathione. Multilamellar vesicles were formed by mild heating and 

vortexing, followed by extrusion through polycarbonate filters using a thermobarrel 

extrusion device (Lipex Biomembranes, Vancouver, B.C.) to form unilamellar vesicles. 

The lipid dispersion was extruded 5x through one 0.400 um, 5x through one 0.200 ̂ m and 

then lOx through two stacked 0.200 \im filters to ensure uniformity. The vesicles were 

sized using a Nicomp Model 370 particle sizer (Goleta, CA) and stored at 4°C until 

needed. 

Preparation of HM-PAO Kits 

HM-PAO kits were prepared containing the same amount of each compound as 

the commercially available Ceretec™ kits (Amersham International). Studies on the 

chromatographic removal of external glutathione and the effect of vesicle composition, 

used kits prepared with the crude mixture of meso and d,l HM-PAO. Kits with the 
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purified meso HM-PAO isomer were used for all other studies. Stock solutions of HM-

PAO (in 95% ethanol), SnCl2.2H20 (in 0.04 N HC1) and NaCl (in distilled water) were 

prepared. Kits were prepared in 5 ml cryotubes and stock solutions added to give 0.5 mg 

of HM-PAO, 7.6 ĝ of SnCl2.2H20 and 4.5 mg of NaCl per tube. The sample were 

frozen in liquid nitrogen and stored under reduced pressure for 4 hours. The tubes were 

then capped and stored at -10°C until needed. 

Determination of tagging efficiency 

The percentage of added 9 9 m Tc chelated by HM-PAO to form the lipophilic 

complex was determined using the partition assay described by Ballinger et al. [113]. The 

HM-PAO kits were hydrated with 0.5 ml of saline and mixed to dissolve contents for 10 

seconds. Then ~10 mCi of pertechnetate was added to the kit and allowed to incubate at 

room temperature for 15 minutes. After incubation, 50 ul of the 9 9 mTc/HM-PAO solution 

was added to a test tube containing 2.0 ml of ethyl acetate and 2.0 ml of saline. The tube 

was mixed vigorously for 1 minute, then allowed to stand for 1 minute to allow phases to 

separate. A 0.5 ml aliquot was sampled from the ethyl acetate phase (top) and the saline 

phase (bottom). The radioactivity in each phase was counted using a RadCal Model 4502 

dose calibrator (Monrovia, CA). To calculate the percentage of 9 9 m Tc activity in the 

lipophilic form, the ethyl acetate phase activity was divided by the sum of activity in 

both phases. 

Labeling Procedure 

The prepared HM-PAO kits were reconstituted with 5.0 or 0.5 ml of 0.9 % NaCl 

followed by the addition of a premeasured amount of pertechnetate. The contents were 

mixed and incubated at room temperature for 10 minutes. After incubation, 0.8 ml of the 
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solution was added to vesicle dispersion, mixed and incubated for another 10 minutes. 

Labeling efficiency was determined by chromatography on Sephadex G50. 

Results 

Synthesis of HM-PAO 

The NMR of the starting compounds, 2,3-butanedione monoxime and 2,2-

dimethyl-l,3-propanediamine, are presented in Figure 2.2 (A and B, respectively). The 

NMR of the isolated intermediate in CDC13 is presented in Figure 2.2 C. The NMR 

shows the presence of peaks corresponding to that reported in the patent, indicating the 

formation of the intermediate. Compared to the NMR profiles of the starting materials, 

the most important peak in the NMR profile indicative of the formation of the 

intermediate corresponds to the peak at -3.3 ppm representing the methyls at position 2. 

The NMR of both starting compounds show peaks very similar to those observed in the 

NMR profile of the intermediate. However, they do not have peak at 3.3 ppm, the 

corresponding peak in the 2,2-dimethyl-l,3-propanediamine profile is positioned at -1.0 

ppm. This large downfield shift is caused by the deshielding effects of the newly formed 

adjacent N=C bond. 

The reduction of the intermediate with sodium borohydride results in the 

production of a mixture of both d,l- and meso-HM-PAO. The NMR profile of the 

resulting mixture in CD 3OD is presented in Figure 2.3. The presence of a mixture of the 

two isomers is evident from the multiplet centered at -2.3 ppm [114]. Closer inspection 

of the multiplet reveals that it appears to be two overlapping quartets with different 

coupling constants (Figure 2.4 A). Inspection of the NMR profile of the purified meso-

HM-PAO shows a clean quartet centered at -2.3 ppm (Figure 2.4 B). From the 
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Figure 2.2. NMR of starting materials and intermediate bisimine. 
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B 

Figure 2.4. Isolated NMR profiles of quartets centered at -2.3 ppm for unpurified (A), 
meso- enriched (B) and d,l- enriched (C) HM-PAO. 
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quartet of the unpurified (crude) mixture, there is an excess of the meso isomer compared 

to the d,l isomer present in the sample. After recrystallization and separation of meso-

HM-PAO from acetonitrile, the resulting acetonitrile should contain a d,l-HM-PAO 

enriched mixture of HM-PAO. The NMR profile show that indeed there is a reversal in 

the intensity of the peaks of the overlapping quartets with a greater fraction of d,l present 

than was present in the crude unpurified mixture (Figure 2.4 C). 

Removal of External Glutathione using Gel Exclusion Chromatography 

Gel exclusion chromatography was examined as an alternative method for the 

removal of external glutathione. Vesicles (DPPC:Chol:PE-PEG 5000) were prepared using 

30 mM glutathione spiked with [3H]-labeled glutathione to follow the separation of 

internal and external glutathione. A load volume of 0.50 ml of vesicles was 

chromatographed on Sephadex G50 (1.5 x 18 cm column) using 0.9% NaCl as the eluant 

and collecting 25 drop fractions. The typical column profile is present in Figure 2.5. 

Vesicles eluted in the void volume of column represented by the first peak. These 

fractions contained vesicles with entrapped glutathione, where as free glutathione eluted 

in later fractions as evident from the large second peak. There was clear baseline 

separation between entrapped and free glutathione. 

To ensure that chromatography efficiently removed external glutathione, vesicles 

were prepared and chromatographed. Early lipid fractions were pooled and labeled with 
9 9 m Tc using the HM-PAO kits. The labeling percentages were consistently greater than 

90% (93.4 ± 1.0, mean ± SD, n=8). Thus, gel exclusion chromatography is a valid 

alternative to centrifugation for the removal of external glutathione. 
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Figure 2.5. Gel exclusion separation of glutathione encapsulated within vesicles from free 
external glutathione. Sephadex G50 was used as the gel exclusion 
chromatography matrix with 0.9% NaCl as the eluant. The column was 1.5 x 
18 cm with a load volume of 0.50 ml and a flow rate of 2.5-3.0 ml/min. 
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Effect of Lipid Composition on Labeling 

Vesicles of varying lipid composition were labeled to determine the effect of lipid 

composition of the ability of HM-PAO to transport 9 9 m Tc across the bilayer. Also tested 

was the effect of temperature on labeling. The results are presented in Table 2.1. From 

these results, it was observed that efficient labeling of vesicles with 9 9 m Tc using HM-

PAO is independent of lipid composition and, since DPPC is gel-state at 22°C but still 

gave excellent labeling, the physical state of the bilayer. 

Table 2.1. Effect of lipid composition and temperature on labeling. 

Lipid Composition 
(molar percentage) 

Temperature Labeling % 
(mean ± SD) 

DSPC:PE-PEG:Chol:Vit. E (45.5:4.5:40:9:1) 22°C 96.6±1.3 (n=3) 
DPPC:Chol:PE-PEG (47.65:47.65:4.5) 22°C 92.7±0.5 (n=3) 

DPPC (100) 22°C 93.7, 87.8 
DPPC (100) 50°C 92.5,91.3 
POPC (100) 22°C 91.2±0.8 (n=3) 

Effect of Reducing the Rehydration Volume 

Kits were prepared containing the same amount of each component as found in 

the commercially available Ceretec™ kits except that meso-HM-PAO was used instead 

of d,l-HM-PAO (0.5 mg meso-HM-PAO, 4.5 mg NaCl and 7.6 ug SnCl2.2H20). The kits 

were rehydrated with either 5.0 ml or 0.5 ml of saline before the addition of 20 mCi of 

pertechnetate and followed for 30 minutes. The resulting tagging efficiencies are presented 

in Figure 2.6. For the kits rehydrated with 5.0 ml, there was a gradual increase in the 

tagging efficiency over time and reach a maximum at -12-15 minutes after rehydration. 

For the kits rehydrated with only 0.5 ml of saline, the resulting tagging efficiency was 

much lower and reached a maximum value of-60%. 
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Figure 2.6. Effect of decreasing the rehydration volume from 5.0 ml (•) to 0.5 ml (O) of 
saline on the tagging efficiency of kits composed of meso-HM-PAO. Data 
represents mean ± SD (n=3). 
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Two Ceretec kits were also rehydrated with 0.5 ml of saline in order to 

eliminate the possibility that the decrease in tagging efficiency is due to use of meso-

HM-PAO rather than d,l-HM-PAO. The .Ceretec™ kits were rehydrated with 0.5 ml of 

saline followed by the addition of 20 mCi of pertechnetate. The kits were incubated at 

room temperature for 10 minutes. The resulting tagging efficiencies were 33.3 and 63.1%. 

Thus, the decreased tagging efficiency was not a isomer effect but was due to the 

decreased rehydration volume. 

Effect of Varying Amount of SnCl2 with 0.5 ml Rehydration Volume 

Following the observed decrease in labeling efficiency due to the reduction of the 

rehydration volume, the amount of SnCl2.2H20 in each kit was varied to try to increase 

the tagging efficiency. Kits were prepared with decreasing amount of SnCl2.2H20 (2.85, 

1.9 and 0.95 ug) and rehydrated with 0.5 ml of saline followed by the addition of 20 mCi 

of pertechnetate. The resulting tagging efficiencies are presented in Figure 2.7. 

For kits containing 2.85 and 1.9 ug of SnCl2.2H20, the observed tagging efficiency 

was similar to that observed for kits with 7.6 ug of SnCl2.2H20 rehydrated with 5.0 ml of 

saline. However, the association and degradation kinetics were radically different. Tagging 

efficiency was maximal after 2 minutes of incubation at room temperature and did not 

change significantly over the time course of the experiment. Further decreasing the 

SnCl2.2H20 amount to 0.95 ug resulted in a dramatic decrease in tagging efficiency 

indicating that there was not enough tin to reduce technetium. Kits composed of 1.9 ug of 

SnCl2.2H20 were chosen as optimal over kits with 2.85 ug of SnCl2.2H20 due to the 

slightly higher tagging efficiency. 
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Figure 2.7. Effect of reducing the amount of SnCl2.2H20 in each kit with a rehydration 
volume of 0.5 ml. Kits were prepared containing 0.95 (•), 1.9 (O) and 2.85 
(•) ug of SnCl2.2H20. Data represents mean ± SD (n=3). 
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Effect of Order of Rehydration 

The package insert for Ceretec kits advise the rehydration of the kit with 5.0 ml 

of saline containing 20-30 mCi of pertechnetate, i.e. the simultaneous addition of saline 

and pertechnetate [107]. To determine if the order in which pertechnetate and 0.5 ml of 

saline is added to the newly formulated kits with 1.9 |ig of SnCl2.2H20 has any bearing on 

the tagging efficiency, kits were either rehydrated with 0.5 ml of saline containing 

pertechnetate (simultaneous) or first rehydrated with 0.5 ml of saline followed by the 

addition of pertechnetate (separate). The results are presented in Table 2.2. These results 

indicate that decreasing the rehydration volume to 0.5 ml requires the kits to be 

rehydrated with saline before the addition of pertechnetate. 

Table 2.2. Effect of rehydration order on tagging efficiency 

Order Tagging Efficiency 
Simultaneous 53.3, 60.7 % 

Separate 90.9 ± 4.2 (mean±SD,n=5) 

Effect of Generator Eluant Age 

The new kits which contained 1.9 ug of SnCl2.2H20 and a rehydration volume of 

0.5 ml were used to test the effect of generator eluant age on tagging efficiency. Kits were 

reconstituted with 0.5 ml of saline and 20 mCi of pertechnetate that was eluted from the 

generator after 1 or 4 hours. The results are presented in Figure 2.8. 

The new formulation showed a strong dependence on the age of generator eluant. 

Not only was the tagging efficiency higher for the eluant that was 1 hour old but the 

kinetics of degradation of the lipophilic complex were also different. For kits 

reconstituted with eluant that was 1 hour old, tagging efficiency achieved maximal values 
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Figure 2.8. Effect on generator eluant age on the tagging efficiency. Kits containing 1.9 ug 
of SnCl2.2H20, 4.5 mg NaCl and 0.5 mg of meso-HM-PAO were 
reconstituted with 0.5 ml of saline followed by the addition of eluant that 
was either 1 (•) or 4 (O) hours old. Data represents mean ± SD, n=3. 
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approximately 4-8 minutes after reconstitution. For the kits reconstituted with 4 hour old 

eluant, the maximal value was achieved approximately 12 minutes after reconstitution. 

However, the kits reconstituted with 1 hour old eluant degraded much faster than kits 

reconstituted with the older eluant. The tagging efficiency began to decrease after 8 

minutes for the 1 hour old eluant. For kits with 4 hour old eluant, the tagging efficiency 

remained essentially constant after reaching maximum tagging efficiency for the time 

course of the experiment. Although, using the 4 hour old eluant resulted in a more stable 

lipophilic complex, using 1 hour eluant resulted in higher tagging efficiencies. 

Discussion 

Although the synthesis procedure for HM-PAO appears simple and 

straightforward, initial attempts met with failure to produce the intermediate bisimine 

(Figure 2.1). The addition of the propanediamine to the keto oxime resulted in the 

formation of a brown benzene-insoluble oil instead of a white powder. The protocol was 

strictly followed according to weights to be used, solvent volumes and temperature. 

Further precautions were taken to weigh the propanediamine in a nitrogen filled glove 

bags to avoid absorption of atmospheric C0 2 without success. After repeated attempts, 

the purity of the starting materials was examined. 

NMR profiles of both starting compounds were as expected with no obvious 

impurities (Figure 2.3 A and B). However, further analysis using melting point revealed 

that there were substantial impurities present in the 2,3-butanedione monoxime. The 

normal melting range of pure 2,3-butanedione monoxime is 75-78°C. The melting range of 

the Aldrich 2,3-butanedione monoxime started at 69°C and continued past 180°C at which 

point there was still some material which did not melt. These results not only indicated 

that there were impurities in the sample, but also that the impurities did not have any 

hydrogens because NMR shown no presence of contaminating substances. A literature 
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search found a paper describing the purification of 2,3-butanedione monoxime by 

recrystallization from dH 20 [115]. This method was employed to purify the 2,3-

butanedione monoxime however, during the course of one recrystallization, too much 

water was added. In order to retrieve the keto oxime, the sample was frozen in liquid N 2 

and placed on a lyophilizer. Upon retrieval of the sample the flask was empty, inspection 

of the cooling coil showed the formation of a coat of fine powder. This observation 

suggested that sublimation may be an alternative method for the purification of keto 

oxime. 

There was no difference in the NMR profiles of the unpurified, water and 

sublimation purified keto oxime. However, melting point analysis showed that only the 

sublimed keto oxime was pure. The water purified keto oxime had a melting range similar 

to that of unpurified keto oxime (75-180°C). The sublimed oxime had a melting range of 

74-76°C which is what was reported by the Merck index. Synthesis using the sublimed 

keto oxime resulted in the formation of the intermediate which was further reacted to form 

HM-PAO. 

Using the synthesized HM-PAO, studies were undertaken to characterize and 

improve various aspects of labeling. Studies showed that labeling was independent of 

lipid composition and bilayer fluidity (Table 2.1). These observations eliminated the need 

for special labeling conditions, i.e. heating of dispersion, during the labeling process 

increasing the simplicity and ease of labeling. 

Complications arose because the Ceretec™ kit rehydration protocol was modified 

by reducing the rehydration volume from 5.0 to 0.5 ml of saline. This modification 

resulted in a number of changes to the HM-PAO kit formulation and rehydration 

procedure. These changes may stem from the complex reaction between 9 9 m Tc and 

stannous ions. Technetium is eluted from the 9 9 Mo/ 9 9 m Tc generator in the VII oxidation 
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state and must reduced to V in order to chelate to HM-PAO [101]. The most common 

agent used for this reduction are stannous ions (Sn2+). However, the reduction of 

technetium with tin is not as simple as adding Sn 2 + to technetium in the presence of HM-

PAO. The dissolution of stannous compounds in aqueous media results in the formation 

of stannous hydroxides which forms a colloid and precipitate out of solution as a white, 

cloudy gel-like substance [116]. The colloidal tin can not reduce technetium and 

significantly decreases the percentage of added 9 9 m Tc which is reduced and can form the 
9 9 mTc/HM-PAO lipophilic complex (i.e. tagging efficiency). 

There is a fine line determining the amount of stannous ions required for the 

complete reduction of 9 9 m Tc and while minimizing colloid formation [117-119]. The 

addition of too much tin results in colloid which can trap 9 9 m Tc within the colloid matrix, 

dramatically lowering the tagging efficiency. Not enough tin results in the incomplete 

reduction of technetium which decreases the amount of 9 9 m Tc (V) available to bind to 

HM-PAO. The key factor in determining the optimal amount of stannous ions, oddly 

enough, is determined by the ratio of chelator-to-tin and not by technetium-to-tin. This 

ratio is unique and different for each chelating compound and subtle variations in this 

ratio, by as little as a factor 2, can result is poor tagging efficiencies [89]. 

The previous studies have focused only on the absolute molar chelate-to-tin ratio 

[89,117-119]. These studies demonstrate that the chelate-to-tin ratio is also dependent on 

the absolute concentration of ligand and tin in solution. Keeping the amount of HM-PAO 

constant in each kit, the results showed that reducing the rehydration volume to 0.5 ml 

reduced that amount of SnCl2.2H20 required per kit from 7.6 ug to 1.9 ug. Another 

interesting observation was the effect of rehydration order on the tagging efficiency. Poor 

tagging efficiencies resulted if the pertechnetate was included in the initial 0.5 ml volume 

used to reconstitute the kits. High tagging efficiencies could only be achieved if the kit 

was first rehydrated with 0.5 ml of saline followed by the addition of pertechnetate. The 
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results also showed that freshly eluted pertechnetate must be used to reconstitute meso-

HM-PAO kits, similar to the requirement for Ceretec™ kits, to achieve high tagging 

efficiencies [107]. Although this requirement may seem trivial, it imposes some 

limitations to the potential use of PEG-vesicles as imaging agents in the clinical setting. 

At major hospital sites the acquisitions of fresh pertechnetate is of little concern 

because the nuclear medicine department will have its own 9 9 Mo/" m Tc generator and the 

acquisition of fresh pertechnetate simply requires the elution of the generator. However, 

difficulties arise at smaller hospitals, for example University Hospital at UBC. Due to 

funding cut back and staffing issues, University Hospital's nuclear medicine department 

no longer has it's own 9 9 Mo/" m Tc generator. The department receives a daily allotment of 

pertechnetate shipped from Vancouver General Hospital (VGH) every morning. The 

pertechnetate arrives at University hospital approximately 1 hour after it has been eluted 

from the generator at VGH. Thus, vesicles must be labeled immediately after it arrives to 

achieve the greatest labeling percentages. This would normally not pose a problem in 

everyday running of the nuclear medicine department. It would require those imaging 

procedures using radiolabeled vesicles to be scheduled in the morning, so that the vesicles 

can be labeled and administered to the patient. Another way around this problem is that 

knowing the number of procedures for the day, a large batch of vesicles can be labeled in 

the morning. Then during the course of the day, labeled vesicles can be drawn from the 

initial batch to be administered to the patients. Problems arise when unscheduled 

emergency cases which arrive during the day or during non-scheduled hours when nuclear 

medicine technicians are on call. At VGH, this would not be a problem, because 

pertechnetate can be freshly eluted if needed. However, at University Hospital labeling 

could be a problem because of the lack of freshly eluted pertechnetate. Although this 

requirement will place restrictions on the use of vesicles in some locations, this should not 

however, detract from the general utility of vesicles as imaging agents. 
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Chapter 3: 

Circulation Kinetics of PEG-Coated Vesicles 
Labeled with 9 9 m Tc 

Introduction 

The extended circulation half-life and decreased RES activity make PEG-coated 

vesicles ideal for blood pool imaging studies [see Chapter 1]. Recently, Goins et al. has 

demonstrated that radiolabled PEG-coated vesicles provide comparable results to 

radiolabeled RBCs in rabbits [120]. Thus, studies were undertaken to determine the ideal 

PEG concentration and lipid dose suited for the potential utility of PEG-vesicles as an 

imaging agent. 

Materials 

See Chapter 2 with the exception that PE-PEG 5000 was synthesized as described 

[87]. HM-PAO was used as the commercially available Ceretec™ kit from Amersham 

(Mississauga, Ont). 

Methods 

Preparation of lipid vesicles 

Lipids were combined from stock solutions of known lipid concentration in 

chloroform to give a final mole ratio composition of DSPC/PE-PEG 5000/Chol/DMPG/ 

Vit. E (43:4.5:40:9:1). Preparation procedure as described in Chapter 2. 
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Labeling of vesicles 

The labeling procedure used was a modification of Phillips et al. [104] as follows. 

Vesicles were chromatographed as described in Chapter 2. Early vesicles fractions were 

pooled to give 2 ml of lipid dispersion from which samples were removed for phosphorus 

assay. The lipid concentration was subsequently adjusted to 2 - 10 mM by addition of 

saline. A Certec™ kit was reconstituted with 70 mCi of pertechnetate in 5 ml 0.9% NaCl 

and incubated for 10 minutes at room temperature. Then 0.8 ml of the 9 9 mTc/Ceretec™ 

solution was added to chromatographed vesicles. The mixture was incubated for 10 

minutes at room temperature before use. 

Biodistribution Studies 

All animal studies were conducted in accordance with the principles contained in 

the Care of Experimental Animals - published by the Canadian Council on Animal Care 

(institutional animal care certificate #A93-1386). New Zealand white rabbits (2-3 kg) 

were injected via the ear vein with vesicles at a total lipid dose of ~ 0.2, 0.5, 1.3 and 2.1 

umol/kg. The vesicle dispersion was diluted with saline so that the injection volume at 

each lipid dose was the same. Planar radionuclide scans were obtained using Siemens 

mobile digital camera equipped with an appropriate collimator. Anterior images were 

acquired using a 128 x 128 matrix for a total of 350,000 counts at 1 minute, 1, 2,4, 6, and 

8 hours post injection. Regions of interest centered upon heart, liver, kidney, and bladder 

were identified and both counts and pixel number from those regions determined using 

commercial software. Counts in the region bounded by the heart were taken as a measure 

of counts in the circulation. Normalized counts were calculated by taking the counts 

associated with the heart immediately after administration to be 100%. The counts 

associated with the heart at subsequent time points were calculated as a percentage of 

original activity. 
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Results 

Effect of PEG Concentration 

Vesicles containing varying amount of PEG (0, 3.0 and 4.5 mol%) were prepared 

and injected into rabbits at a lipid dose of approximately 2.1 umol/kg. The dependence of 

PEG content on the circulation clearance behavior of vesicles is presented in Figure 3.1. 

As expected, unmodified vesicles were quickly cleared from the circulation resulting in a 

circulation half-life of approximately 30 minutes. The inclusion of PEG dramatically 

altered the circulation behavior of vesicles. The resulting circulation half-life at PEG 

concentrations of 3.0 and 4.5 mol % was approximately 5 and 20 hours. To a good first 

approximation, the clearance of activity from the circulation was monoexponential. There 

were also significant changes in the biodistribution of activity (Figure 3.2). Immediately 

after injection of labeled vesicles with or without polymer, the heart and liver showed as 

area of primary activity (Figure 3.2 A). The vena cava and other principle structure of the 

vascular tree were also well visualized. After 8 hours, the biodistribution was radically 

different for the vesicles containing 4.5 mol % (Figure 3.2 C) compared to unmodified 

vesicles (Figure 3.2 B). For unmodified vesicles, the majority of the activity was 

associated with the liver and bladder, indicating RES uptake and removal of vesicles and 

activity from the circulation. In striking contrast, vesicles with 4.5 mol % PEG exhibited 

high activity still associated with the heart as well as the liver after 8 hours. The major 

structure of the vascular tree were also well visualized indicating that there is still a large 

amount of activity left in circulation. 
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Figure 3.1. Effect of varying the amount of PEG in vesicle composition on circulation 
clearance kinetics. Vesicles were prepared with 0 (•), 3.0 (O) and 4.5 (•) 
mol% PEG and administered to rabbits at a lipid dose of ~2.1 umol/kg. Data 
points represent mean ± SD, n=4. 
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Figure 3.2. Typical gamma images of rabbits immediately (A) after injection of vesicles 
and 8 hours after injection for vesicles without (B) and with (C) 4.5 mol% 
PEG. The lipid dose was -2.1 umol/kg. 
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Effect of Lipid Dose 

Figure 3.3 shows typical images for images for rabbits acquired immediately (A) 

and 8 hour post-injection at lipid doses of 0.2 (B), 0.5 (C), 1.3 (D), and 2.1 (E) umol/kg. 

As before, immediately after injection the majority of the activity was associated with 

regions bounded by the heart and liver with the kidneys and major elements of the 

vascular tree also well visualized (Figure 3.3 A). For the highest lipid dose (2.1 umol/kg) 

at 8 hour post administration the heart and liver still showed as areas of highest activity 

with the kidneys and vena cava still well visualized. At a lipid dose of 1.3 umol/kg 

(Figure 3.3 D) there was a slight decrease in the activity associated with the heart and a 

slight increase in the activity associated with the liver and kidneys suggesting an increase 

in the rate of RES clearance. At a lipid dose of 0.5 umol/kg (Figure 3.3 C), the majority of 

the activity was found in the liver; however, the region bounded by the heart remained 

well visualized . Finally at a lipid dose of 0.2 umol/kg the corresponding 8 hour image 

shows effectively zero activity in the heart and the majority of activity in the liver, spleen 

and bladder. 

Figure 3.4 graphs the biodistribution of PEG-modified lipid vesicles at the four 

lipid doses of 2.1 (A), 1.3 (B), 0.5 (C) and 0.2 (D) umol/kg respectively. To a good first 

approximation (Pearson's r > 0.98), the clearance of liposomes from circulation was 

monoexponential for all lipid doses. As the lipid dose decreased there was a slight increase 

in the activity (counts/pixel) associated with the liver and greatly increased renal 

elimination with pooling in the bladder. The clearance of activity from the circulation at 

the four lipid doses, expressed as a percentage of the activity associated with the heart 

immediately after injection, is presented in Figure 3.5. The calculated circulation half-lives 

for lipid doses of 2.1, 1.3, 0.5, and 0.2 unKnVkg were 20.6 ± 4.5 (n=6), 16.5 ± 9.3 (n=5), 

4.3 ± 1.8 (n=5), and 2.6 ± 1.6 (n=7) hours (mean ± SD), respectively. 
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3.3. Typical gamma images of rabbits immediately (A) after injection of vesicles 
and 8 hours after injection at lipid doses of 0.2 (B), 0.5 (C), 1.3 (D) and 2.1 
(E) umol/kg. 
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Figure 3.4. Effect of Lipid Dose on Biodistribution of PEG-Coated Vesicles. The 
distribution of radioactivity at lipid doses of 2.1 (A), 1.3 (B), 0.5 (C) and 0.2 
(D) umol/kg in the heart (•), liver (•), kidney (O) and bladder (+). Data 
points represent mean ± SD for 8 rabbits. 
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Figure 3.5. Clearance of PEG-coated vesicles from circulation at lipid doses of 2.1 (•), 
1.3 (O), 0.5 (•) and 0.2 (A) umol/kg. Counts in the area bounded by the 
heart were taken a measure of counts in the circulation. Normalized counts 
were calculated by assuming counts in the area bounded by the heart 
immediately after injection to be 100. Counts associated with the heart at 
later time points were compared to the initial value to get a percentage of 
activity remaining in the circulation. Data points represent mean ± SD for 8 
rabbits. 
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Along with a long circulation half-life, a suitable substitute to radiolabeled RBCs 

must not accumulate in area which may obscure the organ of interest. In terms of cardiac 

imaging, excessive liver accumulation may interfere with cardiac images. The heart-to-liver 

ratios over time for the four lipid doses are given in Table 3.1. Immediately after injection, 

the heart to liver ratios for the three higher lipid doses were > 1.0, indicating a greater 

intensity of activity associated with heart compared to the liver. For the lowest lipid dose 

the ratio was < 1.0 immediately after injection indicating rapid uptake into the liver. At a 

lipid dose of 0.5 umol/kg, the activity associated with the liver was greater than the heart 

after 1 hour. The two highest lipid doses, 1.3 and 2.1 umol/kg, the ratios were similar and 

were > 1 through the entire time course of the experiment. 

Table 3.1. Heart-to-Liver ratios at each lipid dose as a function of time. 
Time Post-

Injection (hr) 
Lipid Dose (umol/kg)* Time Post-

Injection (hr) 0.2 0.5 1.3 2.1 
0 0.9 ±0.6 2.0 ± 0.2 1.8 ±0.3 1.8 ±0.1 
1 0.4 ± 0.3 1.1 ±0.3 1.5 ±0 .2 1.5 ±0 .3 
2 0.4 ± 0.3 0.9 ±0.3 1.4 ±0.1 1.4 ±0 .2 
4 0.2 ±0.1 0.9 ±0.3 1.3 ±0.1 1.3 ±0 .3 
6 0.3 ±0 .2 0.8 ±0.3 1.2 ± 0.1 1.3 ±0 .2 
8 0.3 ±0.3 0.7 ±0 .2 1.1 ±0.1 1.1 ±0 .2 

* data represents mean + SD for 8 animals 

Discussion 

The results presented herein describe the biodistribution and blood pool clearance 

kinetics of PEG-modified lipid vesicles with 4.5 mole percent PEG at lipid doses of 2.1, 

1.3, 0.5 and 0.2 umol of total lipid/kg of body weight. At these lipid dose, the observed 

circulation half-lives were -20.6,16.4, 4.3 and 2.6 hours, respectively. 

The biodistribution of activity was similar for lipid doses of 2.1 and 1.3 umol/kg 

(Figure 3.4 A and B). The activity associated with the heart remained greater than the 

activity associated with the liver during the time course of the experiment. This was also 
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reflected in the heart-to-liver ratio which were greater than 1 at all time points (Table 3.1). 

A change in the biodistribution was observed when the lipid dose was decreased to 0.5 

umol/kg (Figure 3.4 C). After 1 hour, the activity associated with the liver was greater 

than that of the heart. Also, the liver activity increased from 0-2 hours after which it 

remained constant. At 0.2 umol/kg, the activity associated with the liver was greater than 

that of the heart at all time points (Table 3.1). The activity associated with the liver 

increased over the first 2 hours indicating active uptake and removal of vesicles from the 

circulation with a concomitant decrease in activity in the blood pool. There was a greater 

increase in liver activity at 2 hours for 0.2 umol/kg (21.6%) than for 0.5 umol/kg (18.8%). 

This increase in liver activity between 0-2 hours was not observed for the two higher 

lipid doses. 

At first glance, these results appears to contradict the current body of literature, 

which reports that the circulation half-life of PEG-modified vesicles are essentially 

independent of lipid dose [59-64]. However, these studies were limited to the dose range 

of 3 - 400 umol/kg. This work is the first to describe the circulation behavior of PEG-

modified vesicles below a lipid dose of 3.0 umol/kg. At doses of 2.1 and 1.3 umol/kg, 

these results are consistent with the literature and, within experimental error, there was no 

significant difference in the resulting circulation half-life (Kruskal-Wallis ANOVA, 

p>0.05). Thus, the dose-independent range of PEG-modified vesicles can be extended 

from 3.0 to 1.3 umol/kg. However, at lipid doses of 0.5 and 0.2 umol/kg, there was an 

observed dose-dependent circulation half-life (Kruskal-Wallis ANOVA, p<0.05). 

The exact mechanism of recognition and removal of vesicles and other particulates 

from the circulation by the RES is still poorly understood. Also, poorly understood is the 

mechanism by which polymers, such as PEG, extend the circulation half-life of 

particulates modified with these polymers [57,58]. It has been suggested that PEG creates 

a steric barrier on the surface of vesicles preventing either the activation and binding of 
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serum opsonins or preventing the recognition of bound opsonins [121-123]. Potential 

serum opsonins include IgG, complement component C3 and fibronectin. Much of the 

data on the identity and role of serum opsonins in RES uptake of vesicles has been 

acquired using the single pass liver perfusion system [65,124-127]. These studies showed 

that liver uptake is greatest when vesicles are preincubated with serum and that liver 

uptake could be abolished by addition of anti-C3 antibodies or heating the serum, both of 

which inactivate the complement system. The exact role of immunoglobins is still unclear, 

but may play a small role in recognition and opsonization [128]. These results are 

complicated by the observation that the extent of serum mediated liver uptake is species 

dependent [65,127]. Mice exhibit serum-independent uptake while rats show serum-

dependent uptake. 

It was believed that long circulation half-lives observed at high lipid doses resulted 

from saturation of the RES. However, recent studies have shown that there was no 

saturation of lipid uptake by the RES, but that the limiting factor was the pool of serum 

components involved in recognition and uptake [129,130]. At low lipid doses, there was a 

greater amount of protein bound per vesicles than at high lipid doses. Thus, increasing the 

lipid dose increases the number of vesicles that a fixed amount of blood protein must 

bind. Although decreasing the amount of bound protein per vesicle increases the 

circulation half-life, the lipid composition, most importantly the incorporation of charged 

lipids, also plays a role [126,128,131]. Different lipid compositions bind differing 

amounts of protein but even when the amount of protein for two different lipid 

compositions is the same, the circulation half-life may be radically different. Oja et.al. 

observed that PC/CHOL/DOPA (35:45:20) vesicles at 1000 mg/kg bound the same 

amount of protein as DSPC/CHOL (55:45) vesicles at 200 mg/kg but that the DOPA 

vesicles had a half-life of 75 min while the DSPC vesicles had a 450 min half-life [129]. 

These results indicate that specific proteins are responsible for binding to specific lipid 
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compositions which are involved in the removal of vesicles from circulation. However, the 

amount of protein per vesicles does not necessarily correlate to the circualtion half-life. 

In all these studies, the most consistent finding is that small, unmodified vesicles 

composed of neutral lipids minimally activate the complement system and have the 

greatest in vivo longevity. However, the lipid doses required to achieve circulation time 

similar to those observed for PEG-modified vesicles are orders of magnitude greater. For 

example, the highest lipid doses tested in this paper, converting from umol/kg, 

corresponds to -3.0 mg/kg and the circulation half-life was calculated to be approximately 

1200 min. Thus, based on the previous observation that there is a limited protein pool 

responsible for binding and recognizing specific lipid compositions, the long circulation 

half-lives of PEG-modified vesicles at very low lipid doses, compared to unmodifed 

vesicles, may be due to presence of an even smaller 'apparent' protein pool responsible 

for recognition compared to small, neutral liposomes. Apparent is used to describe this 

protein pool due to the possibility of three different mechanisms that may be at play; 1) 

the protein pool may be similar to that of neutral liposomes, but that PEG may interfere 

with the recognition of bound opsonins, 2) PEG may prevent the binding and activation 

of opsonins, or 3) a combination of the first two. Thus, a direct parallel between 

unmodified and modified vesicles can be extrapolated. In both cases a dose dependent 

circulation half-life is observed until a 'saturation' point is observed, after which further 

increases in lipid dose does not result in increased circulation half-life. 

In terms of nuclear medicine blood pool imaging agent, the observed dose-

dependent circulation half-life of PEG-modified vesicles would provide a means of 

determining the lipid dose required for a given procedure, assuming that the results 

observed in rabbits are directly transferable to humans. For example, for equilibrium gated 

radionuclide studies such as wall-motion analysis, ejection fractions, ventricle size and 

rate of contraction and relaxation, a circulation half-life of approximately 2-3 hours would 
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be sufficient. For procedures such as gastrointestinal bleeding detection, a long circulation 

half-life, i.e. >20 hours, is required due to the intermittent nature of some GI bleeding (see 

Chapter 1). Thus, a lipid dose of ~0.5 umol/kg (0.70 mg/kg) would be required for most 

cardiac assessments, while a lipid dose of > 1.3 umol/kg (1.40 mg/kg) would be required 

for GI bleed detection. 

In summary, the results presented better define the lipid doses required for future 

human testing of PEG-modified vesicles for nuclear medicine imaging procedures. A lipid 

dose of -0.5 umol/kg would be adequate for most cardiac studies, while higher lipid doses 

of the order of -2.0 umol/kg would be needed for GI bleed detection. These results may 

also help in the elucidation of the mechanism of PEG-modified vesicles longevity in vivo 

by drawing a parallel to the observed circulation kinetics of neutral unmodified vesicles 

and charged vesicles. 
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Chapter 4: 

Methods to Increase the Lipid Concentration 

Introduction 

Based on the results presented in Chapter 3 and assuming that the circulation 

behavior observed in rabbits is directly applicable to humans, a lipid dose of-1.0 umol/kg 

would be adequate for most nuclear medicine imaging procedures [5]. Thus, an average 

volunteer weighing -80 kg would require the administration of 80 umol of total lipid. 

Chromatography to remove external glutathione invariably leads to the dilution of the 

lipid dispersion. Although the dilution factor is dependent on the flow rate, load volume 

and column dimensions, chromatography typically results in a 15 fold dilution in the lipid 

concentration. Thus, starting with an initial lipid concentration of -160 mM, the lipid 

concentration after chromatography would be -10-15 mM. At this lipid concentration, 

the average patient requiring -80 umol of lipid would require a volume of 5-8 ml plus the 

volume of the 9 9 mTc/HM-PAO solution (-0.5 ml). For normal equilibrium blood pool 

studies this large a volume would not be an issue. However, this volume is too large for 

first pass studies of cardiac function which require that the radioactivity be injected in a 

total volume of -1.0 ml [5]. Thus, a method to increase the lipid concentration or an 

alternative method for the production of vesicles was required. Two separate methods 

were developed and examined to increase the lipid concentration. The first method 

involves the use of centrifuge filters to remove excess untrapped saline from the vesicle 

dispersion after chromatography. The second method involved the use of a pH gradient to 

inactivate untrapped glutathione rather than removal by chromatography. 

Ultrafiltration using commercially available centrifugal filter units provides a 

simple and rapid method for the separation of mixtures based on size. The molecule or 

aggregate of interest can be selected for by choosing the appropriate molecular weight 
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cutoff filter such that the molecule is either trapped by the filter or allowed to pass 

through the filter [132-134]. The ability to separate molecules and aggregates based on 

size was exploited as a possible means to increase the lipid concentration of vesicle 

dispersions. After chromatography, the resulting pooled lipid dispersion underwent 

centrifugation using either 10,000 or 30,000 molecular weight cutoff filters at low g forces 

to remove excess untrapped saline. 

The use of a pH gradient was based on the hypothesis that glutathione may 

simply act as a reductant for HM-PAO and that the interfering effects of external 

glutathione could be decreased by altering the pH [107]. This would eliminate the need for 

chromatographic removal of external glutathione and the resulting dilution of the vesicle 

dispersion. However, the principle of using pH gradient in the following experiments 

differs from that described in remote loading [90,135-138]. In remote loading, the 

molecule of interest transverses the lipid bilayer without the assistance of a carrier 

molecule and is converted to an impermeable form. In 9 9 mTc/HM-PAO labeling, the pH 

gradient is used to modulate the interaction between glutathione and HM-PAO. 

Materials 

See Chapter 2. 10,000 and 30,000 nominal molecular weight limits (NMWL) 

Ultrafree MC filter units equipped with low-protein-binding regenerated cellulose filters 

were obtained from Millipore Ltd. (Nepean, ON). Citric acid, N-[2-hydroxyethyl] 

piperazine-N'-[2-ethanesulfonic acid] (HEPES) and sodium hydroxide was obtained from 

BDH Inc. (Toronto, ON). Meso-HM-PAO was synthesized as described in Chapter 2. 
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Methods 

Preparation of Vesicles 

Lipids were combined from stock solutions of known lipid concentrations in 

chloroform to give final molar concentrations of DPPC/Chol/PE-PEG5000 

(47.75:47.75:4.5) and DPPC/Chol/PE-PEG5000/POPE-flourescein (47.65:47.65:4.5:0.2). 

Preparation of vesicles same as described in Chapter 2 with the modification that a batch 

of vesicles was prepared using 30 mM glutathione in 0.9%(w/v) NaCl spiked with [3H]-

glutathione. 

Centrifugation of Vesicles 

Vesicles were chromatographed as described in Chapter 2. Initial studies to 

determine the appropriate molecular weight cutoff filter, recovery efficiency and 

centrifugation times were determined using 400 ul maximum sample volume 10,000 and 

30,000 NMWL Millipore Ultrafree MC filter units. Before addition of vesicles, the filters 

were prewashed with 400 ul of saline. Vesicles were centrifuged using an Eppendorf 

benchtop centrifuge at 1,600 x g for 15 minute periods for a total of 2 - 2.5 hours. After 

each 15 minute interval, the content of the sample reservoir were mixed and the filtrate 

volume measured. After determination of various parameters, the procedure was scaled 

up using Millipore Ultrafree MC filter units with a maximum volume of 20 ml. 

The ability of lipids to pass through the filters was qualitatively determined using 

vesicles labeled with fluorescein labeled lipid. After centrifugation, the filtrate and 

concentrated vesicles were analyzed under UV light for fluorescence activity. The 

stability of vesicles to the loss of internal glutathione during centrifugation was assayed 

using vesicles internally labeled with [3H]-glutathione. Vesicles were chromatographed to 
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remove untrapped glutathione and [3H]-glutathione. After centrifugation of vesicles, the 

resulting filtrate and concentrated vesicles were assayed for radioactivity using a Philips 

model PW4700 liquid scintillation counter (Holland). 

Preparation of HM-PAO Kits 

As described in Chapter 2. 

Determination of Tagging Efficiency 

As described in Chapter 2 

Labeling Procedure 

An HM-PAO kit was rehydrated with 0.50 ml of low oxygen saline (Technelite, 

Du Pont Radiopharmaceuticals, Billerica, MA). After complete dissolution of contents, 

~10 mCi of sodium pertechnetate was added and incubated for 15 minutes with 

intermittent mixing. After incubation, 50 or 100 ul of the resulting solution was added to 

prepared vesicles. The vesicles were incubated for 5 minutes, with mixing, before 

chromatography on BioGel minicolumns. 

BioGel Minicolumns 

To calculate the labeling efficiency, i.e. the percentage of added activity trapped 

within the vesicles, and the amount free in solution, the labeled vesicles were 

chromatographed on BioGel minicolumn as follows. Minicolumns were prepared by 

plugging the end of a 1 ml tuberculin syringe with a small wad of glass wool. The syringe 

was filled to the 1 ml mark with Bio-Gel A15M 100-200 mesh (Bio-Rad, Missassauga, 
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ON) and washed with 5 ml of saline. After washing, the column was transferred to a new 

13x100 mm glass test tube. Then 200 al of labeled vesicles were loaded onto the column 

and allowed to stand for 5 minutes. The column was transferred to a second test tube and 

200 ul of saline was added and the eluate collected for another 5 minute interval. This 

process was repeated until a total of 10 fractions were collected. The fractions and the 

column were then counted using a RadCal Model 4502 dose calibrator (Monrovia, CA). 

Activity associated with the vesicles eluted in the void volume of the column (fractions 2-

4) while free activity eluted in later fractions (fraction 5-7). 

Results 

Centrifugal Filters 

After chromatography, 400 ul of the resulting pooled vesicle dispersion was added 

to the sample reservoir of the centrifugal filter units and centrifuged at 1600 x g for 15 

minute periods for a total of 2 - 2.5 hours. The small sample volumes of these filter units 

did not allowed for the removal of samples for phosphorus assays to determine the lipid 

concentration after each 15 minute centrifugation interval thus, only the final lipid 

concentration could be determined. The resulting filtrate volume for the 10,000 and 

30,000 NMWL filter units are presented in Figure 4.1. From this figure, the flow rate 

through the 30,000 NMWL filters is greater than through the 10,000 NMWL filters. The 

increased flow rate resulted in decreased centrifugation times to achieve the same final 

lipid concentrations. The average starting lipid concentration was 9.7 ± 1.3 mM (mean ± 

SD, n=5). Using the 30,000 NMWL filters, after 2 hours of centrifugation the resulting 

lipid concentration was 61.3 ± 14.2 (mean ± SD, n=10). For the 10,000 NMWL filters, 

the lipid concentration after 2.5 hours of centrifugation was 53.7 ± 18.3 mM (mean ± SD, 

n=13). The lipid recovery for the 30,000 and 10,000 NMWL filters was 75.0 ± 8.2 % 

(mean ± SD, n=10) and 82.0 ± 8.1 % (mean ± SD, n=13), respectively. 
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Although the 30,000 NMWL filters resulted in shorter centrifugation times, the 

10,000 NMWL filters were preferred due to the higher lipid recovery. To produce an 

clinically useful volume of concentrated vesicles, the procedure was scaled up using a 

Millipore Ultrafree MC filter unit with a maximum capacity of 20 ml. The filter unit was 

loaded with 15.4 ml of a vesicle dispersion at an initial lipid concentration of 12.6 mM. 

The filter unit was spun at 1600 x g for 15 minute intervals for a total spin time of 2.25 

hours. After each 15 interval, 100 ul of concentrated vesicles was removed and assayed to 

follow the increase in lipid concentration over time. The results are presented in Figure 

4.2. The final volume and lipid concentration was 2.8 ml and 55.6 mM, respectively. 

To test whether lipids were able to pass through the filters, vesicles prepared with 

POPE-fluorescein were centrifuged using the 10,000 NMWL filters for 2.5 hours. After 

centrifugation the filtrate and the concentrated vesicles were examined under UV light for 

fluorescence activity. The concentrated vesicles fluoresced brightly while the filtrate 

showed no evidence of fluorescent activity. To determine if centrifugation affected 

the vesicles size and size distribution, two separate batches of vesicles were sized before 

and after 2.5 hours of centrifugation in 10,000 NMWL filters. The diameter of the 

vesicles before centrifugation was 173.6 ± 46 nm and 155.6 ± 39 nm. After centrifugation, 

the diameter of the vesicles was 168.8 ± 42 nm and 150.0 ± 40 nm. Thus, centrifugation 

had no significant effect on the size and size distribution of vesicles. 

The stability of vesicles to the loss of internal glutathione during centrifugation 

was determined using vesicles with entrapped [3H]-glutathione. After 2 hours of 

centrifugation, 95.5 ± 1.5 % (mean ± SD, n=4) of the recovered activity was associated 

with the vesicles. To determine if the minimal loss of internal glutathione would affect the 

subsequent labeling procedure, vesicles were centrifuged for 3 hours and labeled. The 

resulting labeling percentage was 92.2 ± 0.5 % (mean ± SD, n=3) indicating the loss of 

internal glutathione during centrifugation had no effect on the labeling procedure. 
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Figure 4.1. Comparison of flow rate through Millipore Ultrafree MC filter units.Total 
volume of filtrate filtered through 10,000 (•) (mean ± SD, n=14) and 30,000 
(O) (mean ± SD, n=9) NMWL filter units over time. 
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;ure 4.2. Increase in lipid concentration as a function of time. Millipore Ultrafree 
10,000 NMWL filter unit with a maximum capacity of 20 ml was used. The 
starting lipid concentration was 12.6 mM. The final lipid concentration was 
55.6 mM after 2.25 hours of centrifugation. 
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pH Gradient 

Effect of buffers on Stability of HM-PAO 

The stability of the lipophilic HM-PAO/"mTc complex in the presence of HEPES 

and citric acid buffers was determined. HEPES and citric acid buffers were selected 

because of their buffering ability in the desired pH ranges and their stability compared to 

a carbonate buffering system. A buffered solution of 100 mM HEPES, 100 mM citric acid 

in 0.9% (w/v) NaCl was prepared and adjusted to different pHs using sodium hydroxide. 

The tagging efficiency was determined using the partition assay described in Chapter 2 

with the modification that 2 ml of buffered saline at different pHs was used instead of 

saline. The results are shown in Figure 4.3. 

There was a slight decrease in the tagging efficiency for the buffered saline 

solutions compared to the control, saline/ethyl acetate. However, statistical analysis 

showed that there was no significant difference in the tagging efficiency between the 

control and the buffered saline solutions (Kruskal-Wallis one way analysis of variance on 

ranks, p>0.05), indicating that citric acid and HEPES buffers did not affect: 1) the 

stability of the lipophilic 9 9 mTc/HM-PAO complex or 2) the rate of conversion from the 

lipophilic complex to the hydrophilic complex. 

Effect of pH on the Ability of Glutathione to Convert HM-PAO 

The effect of pH on the ability of glutathione to convert the lipophilic 
9 9 mTc/HM-PAO complex to the hydrophilic form was investigated. Glutathione solutions 

were prepared at various pHs and were buffered with either citric acid, for the pH range 

of 2.5 - 6.15 or HEPES, for the pH range of 6.0 - 8.5. The ability of glutathione to convert 

HM-PAO was assayed by using the partition assay with 2 ml aliquots of each buffered 
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Figure 4.3. Effect of citric acid and HEPES buffers on the stability of HM-PAO. The 
stability of HM-PAO in the presence of citric acid and HEPES buffers 
showed no significant decrease in the tagging efficiency at different pHs. Bar 
represent mean ± SD, n=6. 
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glutathione solution into test tubes along with 2 ml of ethyl acetate. A HM-PAO kit was 

prepared with the modification that the initial rehydration volume of saline was 5.0 ml 

instead of 0.5 ml. After incubating at room temperature for 15 minutes, the tagging 

efficiency for each HM-PAO kit was determined by partition assay with unbuffered 

saline, and was determined to be 87.3 ± 4.4 % (mean ± SD, n=28). Then 200 ul of the 

HM-PAO/ 9 9 mTc solution was added to test tubes containing buffered glutathione 

solutions at different pHs and ethyl acetate. The tubes were mixed by vortexing for 1 

minute then allowed to stand for 1 minute to allow the phases to separate. Each phase 

was sampled, counted and the tagging efficiency was calculated (Figure 4.4). 

From figure 4.4, the ability of glutathione to convert HM-PAO was maximal at 

pH 2.5 with only 2.6 ±1 .4 % (mean ± SD, n=3) of activity in the ethyl acetate phase, 

indicating that the majority of the lipophilic 9 9 mTc/HM-PAO complex had been converted 

to the hydrophilic form. As the pH of the glutathione solutions increased from 2.5 to 7.5, 

there was also a steady increase in the tagging efficiency, i.e. increase in the percentage of 

activity in the lipophilic 9 9 mTc/HM-PAO complex. At pH 7.5, the percentage of activity 

in the ethyl acetate phase was 88.5 ±1.3 (mean ± SD, n=3). The tagging efficiency in 

glutathione solution at pH 7.5 was similar to the tagging efficiency observed in saline, 

indicating that glutathione was completely ineffective at converting the lipophilic 
9 9 mTc/HM-PAO complex to the hydrophilic form. As the pH was increased further to 

8.5, the activity in the ethyl acetate phase decreased slightly. 

These results indicate that the ability of glutathione to convert HM-PAO between 

the two forms is strongly dependent on pH. The conversion of the lipophilic complex to 

the hydrophilic form was maximal at low pHs, i.e. pH<3.0. At pH 7.5, ability of 

glutathione to convert HM-PAO was virtually eliminated and incubation of the lipophilic 
9 9 mTc/HM-PAO complex with glutathione at pH 7.5 did not result in its conversion to 

the hydrophilic form. 
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Figure 4.4. Effect of pH on glutathione. The effect of pH on glutathione ability to 
convert the lipophilic 9 9 mTc/HM-PAO complex to the hydrophilic form was 
examined using buffered 30 mM glutathione solutions at various pHs. 
Tagging efficiency represents the percentage of added activity in the 
lipophilic 9 9 mTc/HM-PAO complex. Each data point represents the mean ± 
SD, n=3. 
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Importance of Ethyl Acetate Phase 

The importance of the ethyl acetate phase in the stability of the lipophilic 
9 9 mTc/HM-PAO complex to conversion by glutathione was examined by allowing the 

lipophilic 9 9 mTc/HM-PAO complex to incubate for 10 seconds in the glutathione 

solutions at various pHs before the addition of ethyl acetate. The control consisted of 2.0 

ml of unbuffered saline without glutathione, while the standard consisted of both ethyl 

acetate and pH 7.5 buffered glutathione. The results are presented in Figure 4.5. 

From Figure 4.5, when the lipophilic 9 9 mTc/HM-PAO complex is added to either 

saline and allowed to incubate for 10 seconds before addition of ethyl acetate or a tube 

containing glutathione (pH 7.5) with ethyl acetate, the tagging efficiency is greater than 

-80%. Indicating that there is very little conversion of the lipophilic complex to the 

hydrophilic form. Dramatically different results were observed when the lipophilic 

complex is allowed to incubate with the buffered glutathione solutions before the addition 

ethyl acetate. In the pH range of 2.89 - 5.0, virtually all the lipophilic complex was 

converted to the hydrophilic complex resulting in low tagging efficiencies. The tagging 

efficiency increased over the pH range of 6.0 - 8.0, but never reaches the maximum 

observed when the buffered glutathione solutions were coincubated with ethyl acetate. 

These results indicate that the presence of the ethyl acetate phase, i.e. lipophilic phase, 

plays a key role in the stability of HM-PAO to glutathione at various pHs. In Figure 4.4, 

the tagging efficiency at pH 7.0 and 8.0 was > 80%, however, in Figure 4.5 the tagging 

efficiency dropped to -50%. 

Time course studies were conducted to characterize the reaction of glutathione 

with HM-PAO at pH 7.5 in the presence and absence of the ethyl acetate phase. The 

stability of the lipophilic complex to glutathione at pH 7.5 was examined under two 

different conditions. First, the lipophilic complex was added to a tube containing both 
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Figure 4.5. Effect of preincubation in the absence of ethyl acetate for 10 seconds. The 
lipophilic 9 9 mTc/HM-PAO complex was incubated with glutathione solutions 
for 10 seconds before the addition of the ethyl acetate phase. Standard 
represents coincubation with ethyl acetate and glutathione at pH 7.5. Control 
represents incubation with saline for 10 seconds before addition of ethyl 
acetate. Bars represents duplicate trails. 
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glutathione (pH 7.5) and ethyl acetate phases, mixed and samples removed and counted at 

various time points to determine the tagging efficiency. Second, the lipophilic complex 

was added the glutathione (pH 7.5) and allowed to incubate for various times before the 

addition of ethyl acetate. The results are presented in Figure 4.6. 

In the presence of the ethyl acetate phase, the lipophilic complex is stable to 

conversion by glutathione to the hydrophilic complex. After 10 minutes of incubation at 

room temperature, there was only a small decrease in the tagging efficiency. In the absence 

of the ethyl acetate phase, there was a time dependent decrease in the tagging efficiency 

indicating that at pH 7.5 the rate of reaction between glutathione and HM-PAO had not 

been eliminated but simply slowed. 

Labeling of Buffered Vesicles 

Based on the previous results, a vesicle dispersion was prepared using a 

rehydration buffer of 100 mM HEPES, 100 mM citric acid and 30 mM glutathione in 

0.9% (w/v) NaCl to assess whether the pH dependent inactivation of the exterior 

glutathione could be used to prepare vesicles for labeling with 9 9 m Tc using HM-PAO. The 

dry lipid film was rehydrated with the buffered glutathione solution at pH 2.71. After 

extrusion, the final pH of the vesicles was adjusted to 7.5 using NaOH producing vesicles 

with a pH gradient. As a standard, another batch of vesicles were prepared in unbuffered 

glutathione and chromatographed on Sephadex G50. Each vesicle dispersion was labeled 

and chromatographed on BioGel minicolumn to determine the labeling efficiency. The 

results are presented in Table 4.1. 

63 



> 
o 
z 
UJ 
o 
UJ 

O 
z 

o 
< 

4 6 8 

TIME (MIN) 

10 12 

Figure 4.6. Time dependent interaction of glutathione with HM-PAO at pH 7.5. The 
effect of coincubating glutathione pH 7.5 with ethyl acetate on tagging 
efficiency (O) and the effect of incubating HM-PAO for various times with 
glutathione pH 7.5 before the addition of ethyl acetate on tagging efficiency 
(•). Data points represent mean ± SD, n=3. 
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Table 4.1. Labeling efficiency of vesicles with and without a pH gradient compared to the 
standard method of removing external glutathione by chromatography. 

Vesicle Dispersion Labeling Efficiency (%) 

Control - no pH gradient 3.5,5.2 
Standard - post G50 89.0, 86.8 
pH gradient vesicles 84.8 ±3.7 (mean ± SD, n=8) 

The labeling efficiency of the pH gradient vesicles was similar to the labeling 

efficiency of chromatographed vesicles. Thus, increasing the external pH to 7.5 to 

inactivate unentrapped glutathione is a viable alternative to the chromatographic removal 

of external glutathione. The principle advantage of this procedure is that the dilution 

which results from chromatography is avoided. 

Titration of Glutathione 

The titration curve of glutathione was determined in order to calculate the amount 

of NaOH required in raise the pH to 7.5 of an unbuffered solution of glutathione. The 

titration curve is presented in Figure 4.7. The figure was generated by titrating 150 umol 

of glutathione with 100 mM solution of NaOH. Using this data, to achieve a pH of 7.5 

approximately 170 umol of NaOH must be added. This results in a NaOH-to-glutathione 

ratio of 1.13 (170/150=1.13). This ratio was then used to increase the external pH of an 

unbuffered vesicle dispersion to 7.5. 

A vesicle dispersion was prepared of molar composition DPPC/Chol/PE-PEG 

(47.75:47.75:4.5) in 30 mM glutathione at a total lipid concentration of 83.7 mM. 

Aliquots of 200 ul were removed and 27.1 ul of a 250 mM solution of NaOH was added, 

which corresponds to a final NaOH glutathione ratio of 1.13. The vesicles were labeled 

and chromatographed on BioGel minicolumns to determine the labeling efficiency. The 

labeling efficiencies before and after the addition of NaOH are reported in Table 4.2. 
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Figure 4.7. Titration curve of 150 umoles of glutathione with 10 mM NaOH solution. 
170 umoles of NaOH was required to titrate 150 umoles of glutathione to pH 
7.5. Data points represent mean ± SD, n=3. 
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Table 4.2. Labeling efficiency of unbuffered vesicles 

Vesicle Dispersion Labeling efficiency (%) 

no NaOH added 13.13, 16.55 
added NaOH 84.62 ± 0.24 (mean ± SD, n=4) 

The labeling of vesicles in the absence of the pH gradient resulted in poor labeling. 

In contrast, the labeling of pH gradient vesicles in the absence of buffers resulted in 

labeling efficiencies similar to those observed for buffered vesicles (see Table 4.1). Thus, 

these results suggest that vesicles can be prepared without buffers and the pH can be 

adjusted with the addition of a defined amount of NaOH immediately prior to labeling. 

This would eliminate the need for testing of various buffers while providing a convenient 

method for producing vesicles which exhibit high labeling efficiencies. 

Stability of Labeled Vesicles 

To determine whether the pH gradient affected the stability of vesicles to the loss 

of trapped 9 9 m Tc, labeled vesicles were incubated with normal human serum. Unbuffered 

vesicles were pH adjusted and labeled. After labeling, the vesicles were chromatographed 

on Sephadex G50 to remove free, untrapped 9 9 m Tc. The lipid fractions were pooled to 

give a vesicle dispersion with only entrapped 9 9 m Tc. 300 ul of the labeled vesicles was 

incubated with an equal volume of human serum and 200 ul samples were removed at 5 

and 60 minutes and chromatographed on BioGel minicolumns (Figure 4.8). The labeling 

efficiency at 5 and 60 minutes were calcuated to be 97.5 ± 2.0 % (mean ± S D , n=8) and 

96.3 ± 2.2 % (mean ± SD, n=8), respectively. Thus, the use of a pH gradient had no 

effect of the stability of vesicles to the loss of 9 9 m Tc. If the pH gradient had affected the 

stability of the vesicles, incubation with human serum would have resulted in the 

association of large fraction of the radioactivity with the protein fractions (fraction 5-7) 

and a dramatic decrease in the activity associated with the lipid fractions (fraction 2-4). 

67 



Figure 4.8. Stability of pH gradient vesicles. pH gradient vesicles were labeled and 
chromatographed on Sephadex G50. The lipid fractions were pooled and 
sample incubated with normal human serum for 5 and 60 minutes and then 
chromatographed on BioGel minicolumns. Overall stability measurements for 
5 and 60 minutes were calculated to be 97.5 ± 2.0 % (mean ± SD, n=8) and 
96.3 ± 2.2 % (mean ± SD, n=8), respectively. 
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Discussion 

Chromatography on Sephadex G50 to remove external glutahione results in the 

dilution of the vesicle dispersion and a method was required to increase the lipid 

concentration. For this reason, Millipore Ultrafree MC units with 10,000 or 30,000 

NMWL filters and the use of a pH gradient were tested as methods to increase the lipid 

concentration after chromatography. For the filter units, the assumption was that vesicles 

would be retained in the sample cup while centrifugation would force excess saline 

through the filter into the receiver tube thus, increasing the lipid concentration. After 

testing, both 10,000 and 30,000 NMWL filters were found to be effective in increasing 

the lipid concentration. Although the flow rate through the 30,000 NMWL filter was 

greater than 10,000 NMWL filter, which resulted in lower centrifugation times, the 

10,000 NMWL were preferred due to the higher lipid recovery. 

Increasing the lipid concentration by centrifugation filtration appears to cause no 

significant change in the vesicle properties. Centrifugation caused no significant change in 

the size or size distribution of the vesicle dispersion as determined by light scattering. 

Using fluorescently labeled lipids, there was no observable lipid in the filtrate and there 

was only minimal leakage of internally trapped glutathione after centrifugation. Finally, 

centrifugal concentration of vesicles dispersion has no significant effect on the subsequent 

labeling efficiencies with HM-PAO and 9 9 m Tc. Labeling efficiencies of the concentrated 

vesicle dispersion were greater than -90%. Thus, using Millipore Ultrafree MC 10,000 

NMWL filter was an effective means to increase the lipid concentration of a vesicle 

dispersion. 

However, the use of centrifugal filtration as a means of increasing the lipid 

concentration does have significant disadvantages. The greatest disadvantage is the long 

centrifugation times, typically 2.5 hours, required to increase the lipid concentration by a 
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factor of ~6. The long centrifugation times are complicated by the requirement for 

constant mixing of vesicle dispersion in sample cup to prevent clogging of the pores 

which decreases the flow rate. Also, centrifugation provides variable results as revealed 

by the relatively high standard deviations. In the clinical setting, this would necessitate 

the constant monitoring of lipid concentration throughout the centrifugation process. 

Another disadvantage is that centrifugation adds an additional step to the production of 

vesicles. This not only increases the preparation time but also increases the chances for 

the introduction of contaminants. Although centrifugal filtration was effective, another 

method had to be developed to increase the lipid concentration which preferably resulted 

in a fewer preparation steps and more reproducible results. In this light, a pH gradient 

was examined as a means of inactivating external glutathione rather than removal by 

chromatography. 

Before examining the results of pH on glutathione, the difference between tagging 

efficiency and labeling efficiency must be discussed in order to better understand the 

results. As discussed, HM-PAO is thought to exist in two forms: a lipophilic form and a 

hydrophilic form. Both forms are critical to labeling of vesicles. Initially after rehydration 

with 9 9 m Tc and saline, it forms the lipophilic 9 9 mTc/HM-PAO complex. The percentage of 

added 9 9 m Tc activity which is in the lipophilic 9 9 mTc/HM-PAO form is termed the tagging 

efficiency. The tagging efficiency is assessed using a partition assay comprised of equal 

volumes of saline and ethyl acetate [113]. The lipophilic 9 9 mTc/HM-PAO complex 

partitions into the ethyl acetate phase, while free 9 9 m Tc and the hydrophilic 9 9 m Tc/HM-

PAO complex partition into the saline phase. The percentage of the total activity in the 

ethyl acetate phase represents the percentage of activity in the lipophilic 9 9 m Tc/HM-PAO 

form which can cross the lipid bilayer. Thus, this percentage represent the maximum 

labeling efficiency that can be achieved. The labeling efficiency refers to the percentage of 

activity added to vesicles that is associated with the vesicles. The labeling efficiency is 
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determined using chromatography on BioGel minicolumns. Vesicles elute in the void 

volume of the column while free untrapped 9 9 m Tc elutes in later fractions [88]. 

The labeling efficiency is directly related to the tagging efficiency but the tagging 

efficiency is not dependent on the labeling efficiency. The labeling efficiency cannot 

exceed the tagging efficiency because the tagging efficiency represents the amount of 

activity in the lipophilic 9 9 mTc/HM-PAO form which can potentially cross the lipid 

bilayer. Low labeling efficiencies do not necessarily correspond to low tagging efficiencies 

but a mandatory requirement for high labeling efficiencies are high tagging efficiencies. 

The first step in the assessment of pH on glutathione was the selection of 

appropriate buffers. Previous studies have shown that presence of phosphate containing 

buffers significantly increase the rate of conversion of the lipophilic complex to the 

hydrophilic form while carbonate buffers had little effect [139]. Citric acid and HEPES 

were chosen as buffers for their ability to buffer solutions between 2.0- 8.5. These buffers 

had no effect on the either the stability of the lipophilic 9 9 mTc/HM-PAO complex or the 

conversion to the hydrophilic form (Figure 4.3). The observed low tagging efficiencies are 

related to the time delay between the elution of the generator and the time of the 

experiment (see Chapter 2). This series of experiments was conducted ~4 hours after the 

elution of the generator which resulted in the low tagging efficiencies. 

Using these buffers, 30 mM glutathione buffered solutions were prepared and 

tested to determine the ability of glutathione to converted the lipophilic complex to the 

hydrophilic form at various pHs. At low pH, i.e. pH < 3.0, glutathione rapidly and 

completely converted the lipophilic complex to the hydrophilic form as is evident from 

the very low tagging efficiency after incubation (Figure 4.4). As the pH was increased to 

pH 7.5, the tagging efficiency increased indicating that the ability of glutathione to convert 

HM-PAO decreased. Above pH 7.5, the tagging efficiency begins to decrease which may 
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be due HM-PAO instability at high pH [139]. At pH 7.5, glutathione was ineffective at 

converting HM-PAO which was evident from comparing the tagging efficiency after 

incubation with saline and glutathione at pH 7.5. With saline, the tagging efficiency was 

-87% while incubation with glutathione at pH 7.5 it was -88%. These results were then 

applied to a buffered vesicle system. 

Based on the partition assay results, vesicles were prepared in a buffered 

glutathione solution at pH 2.71. After extrusion of vesicles the pH of the dispersion was 

raised to pH 7.5 producing vesicles with a pH gradient. The vesicles were labeled and the 

results showed that the labeling efficiencies for the pH gradient vesicles were similar to 

the labeling efficiencies of the Sephadex G50 vesicles (Table 4.1). It was also calculated 

that a molar ratio of NaOH: glutathione of 1.13 increases the pH of an unbuffered 

glutathione solution to 7.5. This would not only eliminate the need for buffers but also 

increase the simplicity of the preparation of vesicles. Unbuffered vesicles can be prepared 

and a volume of NaOH solution equal to 1.13 times the moles of glutathione can simply 

be added prior to labeling (Table 4.2). The pH gradient also does not affect the stability of 

the labeled vesicles to the loss of label (Figure 4.8). 

An interesting effect was observed in absence of the ethyl acetate phase on tagging 

efficiency. In the presence of ethyl acetate, the tagging efficiency does not decrease over 

time when coincubated with glutathione at pH 7.5 (Figure 4.6, open circles). However, 

the tagging efficiency decreases exponentially when HM-PAO is allowed to incubate with 

glutathione at pH 7.5 before the addition of ethyl acetate (Figure 4.6 closed circles). The 

ethyl acetate phase seems to help stabilize HM-PAO, and in the absence of ethyl acetate, 

the ability of glutathione to convert HM-PAO is slowed but not completely inactivated. 

The pH dependence of the reaction may also shed light on the interaction between 

HM-PAO and glutathione. Glutathione has four protonatable groups: 2 carboxylic acid 
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moieties (pKa's 2.12 and 3.53), 1 amine (pKa 9.12) and 1 sulphydryl (pKa 8.66) [140]. 

The carboxylate and amine groups have been shown not to interact with HM-PAO from 

the stability studies using citric acid and HEPES at various pH and also by other 

investigators [Figure 4.3, 139]. Thus, the sulphydryl group of cysteine must be the 

principle group involved in the interaction of glutathione with HM-PAO. At pH < 3.0, 

the sulphydryl group is the protonated state. As the pH increases, protonation state 

changes and can be determined by using the Henderson-Hasselbach equation (Equation 1). 

pH = pKa + log Equation 1 

Where A" represents the unprotonated form (S") and AH represents the protonated form 

(SH). The degree of protontation as a function of pH is given in Table 4.2 along with the 

percentage of glutathione ability to convert HM-PAO. Based on these calculation the 

sulphydryl group must be in the full protonated state to be effective in converting HM-

PAO. A decrease of only 0.3% in the concentration of SH results in decrease of 7.3% in 

the ability of glutathione to convert HM-PAO. Glutathione's ability to convert HM-

PAO is completely suspended in the pH range of 7.0 - 8.0. This range can be expected to 

extend to include all pHs above 7.0 rather than stopping at pH 8.0 however, the 

instability of HM-PAO to strongly basic conditions becomes the limiting factor [139]. 

Thus, based on these results the protonation state of the SH of cysteine is the critical 

factor in regulating the interaction between glutathione and HM-PAO. 
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Table 4.3. Correlation between the protonation state of cysteine's sulphydryl group on 
the reactivity of glutathione to HM-PAO. 

pH Percentage of Sulphydryl 
group in the SH form 

Ability to Convert 
H M - P A O (%)* 

2.5 99.8 87.1 
3.3 99.5 79.8 
4.3 98.7 54.9 
5.2 97.0 35.1 
6 93.5 5.2 

6.5 89.7 1.7 
7.0 84.0 0 
7.5 76.1 0 
8.0 66.0 0 
8.5 54.0 0.9 

* - ability to convert HM-PAO represents the reactivity of glutathione to convert HM-PAO from the 
lipophilic complex to the hydrophilic form. Data represent the percentage of the initial lipophilic 
complex that is converted to the hydrophilic form. 
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Chapter 5: 

Toxicity studies on PEG-Coated Vesicles 

Introduction 

Before testing of PEG-coated vesicles as nuclear medicine blood pool imaging 

agents in human volunteers, the possibility of potential toxicities associated with vesicle 

administration must be assessed. Vesicles have been tested extensively over the years 

both in vitro and in vivo using various lipid compositions and lipid doses [126,128,129, 

131,141-159]. Toxicities observed in vitro using cultured cells range from decreased cell 

growth and viability to hemolysis of cells and cell death [141-146]. Other in vitro studies 

have examined the ability of vesicles to activate the complement cascade [126,128,129, 

131]. In vivo studies can be grouped into toxicities associated with acute and chronic 

administration of vesicles [146-149]. Acute toxicity refers to effects observed 

immediately following the administration of a single dose of vesicles while chronic 

toxicity generally refers to the administration of multiple doses of vesicles over a period 

of time. Reported toxicities due to acute administration of vesicles range from no 

observable effects, to impaired phagocytic function and seizures, depending the route of 

administration [146]. Chronic administration generally resulted in reversible splenomegaly 

and hepatomegaly and also the formation of granulomas [147]. 

The toxicites observed in the these studies were critically dependent on the lipid 

composition of the vesicles - specifically the inclusion of charged lipids 

[126,128,129,131,141-146]. Charged lipids which exhibited the greatest toxicities were 

stearylamine and cardiolipin followed by dicetylphosphate, phosphatidylserine and 

phosphatidylglycerol. Neutral vesicles composed of DPPC and Choi (1:1) were found to 

be the least toxic even at high lipid concentrations in vitro. Exposure of cultured cells to 

DPPC:Chol resulted in no alteration in cell growth or viability [141-146]. In vitro 
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complement activation testing also found that there was no activation of the cascade for 

DPPC:Chol vesicles over the concentration range of 0.001 to 100 mM [128,131]. 

Although neutral vesicles composed of DPPC:Chol were nontoxic, overall neutral vesicles 

composed of cardiolipin:phophatidylcholine:cholesterol:stearylamine were found to be 

just as toxic as charged stearylamine:phosphatidylcholine:cholesterol vesicles [143]. 

Thus, the toxicity of vesicles is determined by the individual lipids components, i.e. 

stearylamine, and not the overall net charge of the vesicles. 

In vitro toxicity testing using cell cultures does not accurately reflect effects in 

vivo. Unlike cultured cells which consist of a single cell types of related function, animal 

and human systems contain a variety of cell types and circulation systems which deliver 

vesicles to specific areas and organs which may result in localized toxicities. A number of 

investigations into the in vivo toxicities have been conducted using different lipid 

compositions, animal models and dosage regimes [146-149]. Organs which are generally 

affected to the greatest degree are those that comprise the reticuloendothelial system 

(RES), namely the liver and spleen. The most prominent systemic feature after a single 

administration of vesicles was the transient impairment of phagocytic activity. The 

phagocytic activity measure the ability of RES to remove foreign particulates from the 

circulation. Chronic administration of vesicles generally resulted in splenomegaly and in 

some cases hepatomegaly [146]. There was also the formation of granulomas in the liver 

during the course of injections, which disappeared shortly after the last vesicle 

administration [147]. 

No specific reports exist which solely examine the toxicities associated with 

administration of PEG-coated vesicles. However, there are a number of reports on the 

biodistribution and circulation kinetics of PEG-coated vesicles in various animal models 

and, based on these studies, one can draw some conclusions about the toxicities which 

may be associated with PEG [see Chapter 3]. Increased RES uptake of vesicles results in 
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short circulation half-lives. The increased uptake or localization of vesicles within the 

RES is also believed to cause the observed hepato- and splenomegaly as well as the 

formation of granulomas in the liver [147]. The activation of the complement system and 

deposition of activated complements on the surface of vesicles would increase RES 

clearance and result in short circulation half-lives. Thus, the observation that PEG-

modification not only increase the circulation half-life of vesicles, but also results in 

vesicles with circulation half-lives which are independent of lipid composition, suggests 

that modification with PEG is relatively non-toxic. PEG-coated vesicles, loaded with 

various drugs, have been tested in humans clinical trials and the reported toxicities were 

related to the encapsulated drug and not the PEG-coated vesicles themselves [150-159]. 

A remaining issue concerning potential toxicity associated with PEG-coated 

vesicles is the pyrogenicity of PEG and the vesicle preparation procedure. Pyrogens are 

materials or compounds which initiate the fever response when injected parenterally in 

humans or animals. The most common pyrogens are endotoxins from bacterial cell walls 

[160]. The presence of bacterial endotoxins are generally the result of contamination 

during the production process. Other materials initiate the pyrogenic response by direct 

release of cytokines, rather than bacterial contamination. The two principle testing 

procedures are in vivo, where the material is injected into rabbits, and in vitro (limulus 

amebocyte lysate (LAL) assay), where the gelation of lysate from blood cell isolated from 

the American horseshoe crab is followed in the presence of the material [160,161]. The in 

vivo rabbit testing has the advantage of identifying materials which are contaminated and 

also directly release cytokines. The in vitro test is only able to detect bacterial 

contamination. 

This chapter deals with the toxicity testing of PEG-coated vesicles. It was 

hypothesized that there would minimal toxicities associated with the intravenous 

administration of these vesicles based on a number of observations. First, the vesicles are 
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neutral and composed mainly of DPPC:Chol which has been shown to be the least toxic 

lipid composition [126,128,129,131,141-159]. Second, the aqueous solution used to 

prepare the vesicles was composed of normal physiological saline (0.9% NaCl) with 30 

mM glutathione. Glutathione is a naturally occurring cellular component involved in 

amino acid transport, activator of certain enzyme, electron donor, detoxification, and 

protection of lipids against autoxidation and thus, is readily used for metabolism by 

cellular pathways in the body [162]. Finally, there were minimal issues of toxicities for 

HM-PAO and 9 9 m Tc because both are approved for medical use and used on a routine 

basis in nuclear medicine. 

Materials 

As decribed in Chapter 2. Normal human serum (NHS) was isolated from a pool 

of ~30 healthy volunteers and stored at -70°C. 

Methods 

Preparations of Vesicles 

Lipids were combined from known stock solutions in chloroform in the final molar 

composition of DSPC/Chol/DMPG/Vit.E/PE-PEG (45.5:40:9:1:4.5) and DPPC:Chol:PE-

PEG (47.75:47.75:4.5). Vesicle preparation was the same as described in Chapter 2. 

Pyrogen Testing 

After chromatography on Sephadex G50, the lipid dispersion was filtered into a 

vacutainer through a Satorius Minisart NML 0.200 um filter unit (Toronto, ON). A 

sample were removed for phosphorus assay to determine the lipid concentration. 
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Pyrogen testing was conducted at Vancouver General Hospital using standard 

USP guidelines [161]. Rabbits were allowed access to water but not food for the duration 

of the test. The temperature was recorded using an approved remote rectal-temperature 

sensing probe. Temperature reading were recorded every 30 minutes. Before injection of 

vesicles, three rabbits were initially tested using sterile pyrogen free water to establish 

normal variation in body temperature of rabbits. The rabbits were followed for 1.5 hours, 

then injected with water and followed for a further 2.5 hours. The next day, the rabbits 

were followed for 1.5 hours to establish basal temperature and then injected with 1 ml of 

11.52 mM DSPC/Chol/DMPG/Vit.E/ PE-PEG 5000 (45.5:40:9:1:4.5) and monitored for 

another 2.5 hours. The injected lipid dose per rabbit was 3.9 - 4.2 umoles of lipid/kg of 

body weight. 

CH50 Hemolytic Assay 

The procedure used was that described by Devine et al. [131]. All dilutions, 

washings and incubations were performed in GVB 2 + buffer (1.8 mM sodium barbitol, 3.1 

mM barbitol, 145.4 mM NaCl, 0.15 mM CaCl2, 1.0 mM MgCl2, and 1 gram of gelatin in 

1 liter of distilled H20), unless otherwise specified. Antibody-sensitized sheep red blood 

cells were prepared by centrifuging 10 ml of sheep blood anticoagulated in Alsiera's 

solution at 500 x g for 10 min. The supernatant was removed and the resulting red cells 

washed 3 times in GVB 2 + buffer spinning at 500 x g for 10 min. After washing, the red 

cell concentration was adjusted to 0.5 x 1012 cells/L. Rabbit anti-sheep RBC antibodies 

(haemolysin) was then added to the diluted red cells to give a final dilution of 1:1000 and 

incubated at 37°C for 45 min. After incubating, the cells were pelleted and washed 3 times 

in G V B 2 + and adjusted to 0.5 x 1012 cells/L. 

Serial dilution of each lipid dispersion (DPPC/Chol/PE-PEG and DSPC/Chol/ 

DMPG/Vit.E/PE-PEG 5000) were prepared, in duplicate, using G V B 2 + buffer and placed 
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on ice. To 100 ul of each dilution was added 100 ul of a 4 x dilution of NHS. Absorbance 

blanks, to account for light scattering due to vesicles, consisted of vesicles incubated 

without normal human serum and were analyzed in parallel with the test samples. The 

blank control contained no lipid or normal human serum and the 100% control contained 

only normal human serum and GVB 2 + buffer. The samples were then incubated for 30 

minutes at 37°C. After incubation, 300 ul of GVB 2 + was added to each tube and mixed. 

During the incubation of vesicles with NHS, tubes were set up in duplicate 

containing 50 ul of the antibody-sensitized sheep red blood cells. After incubating vesicles 

with NHS, 50 ul of each dilution was added to the corresponding tubes containing 

antibody sensitized sheep red blood cells and incubated for 1 hour at 37°C. The reactions 

was stopped by addition of 1 ml of EDTA/GVB buffer (GVB 2 + buffer containing 20 mM 

EDTA and no CaCL_ or MgC^). The tubes were spun at 500 x g for 5 minutes to pellet 

intact red cells. The samples were then loaded onto ELISA plates and read at 414 nm 

using an ELISA plate reader. 

To calculate the percentage of complement activity remaining at each lipid 

concentration, the following equation was used (Equation 2) [128]: 

Sample A4i4nm - Absorbance Blank A 4 i 4 n m „ _ . . . . _ 

X100% = % Complement Activity Remaining 
100% A4i4nm - Absorbance Blank A4i4nm 

Hemodynamic Studies 

Rabbits were initially anesthetized with a Ketamine/Rompun mixture (35 mg/kg of 

Ketamine and 7 mg/kg of Rompun). After initial anesthesia with Ketamine/Rompun, the 

rabbits were intubated and maintained under anesthesia with Halothane administered 

using a North American DR'A'GER anesthesia ventilator. Rabbits were catheterized via 
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the carotid artery to measure blood pressure and heart rate using a Honeywell PM-28 and 

a Hewlett-Packard 78905A monitors. Temperature was followed using a rectal 

temperature probe (Electronics for Medicine DC 1-9). Blood sample were collected via the 

ear artery using a HepLoc and analyzed for 0 2 and C0 2 partial pressure, pH, and 

bicarbonate concentration ([HC03]) using a Corning 168 pH/Blood Gas Analyzer. The 

rabbits were kept under anesthesia for 1 hour before any injections to allow for 

equilibration of various parameters in the anesthetized state. After this period the animals 

were injected with a volume of saline equal to the volume of vesicles to be injected. The 

rabbits were monitored for 1 or 2 hours while recording systolic, diastolic, heart rate, 

temperature, pC>2, pC0 2, pH, and [HC03] every 15 minutes. After 1 or 2 hours, the 

rabbits were injected with unlabeled vesicles at a lipid dose of either ~1.4 or ~4.0 umol/kg 

of body weight and followed for another 1 or 2 hours. Controls rabbits were injected with 

saline followed for 2 hours and injected again with saline and monitored for another 2 

hours. A total of 6 rabbits were followed for 1 hour after injection of saline or vesicles and 

a total of 4 rabbits were followed for 2 hours after the injection of saline or vesicles. There 

were two control rabbits. 

Statistical Analysis of Hemodynamic Data 

In order to minimize the high degree of inter- and intra-rabbit variation in the 

measured hemodynamic parameters, the data was analyzed in the following manner based 

on a modification of the method described by Rabinovici et al. [163]. Data values at 0, 15, 

30,45 and 60 minutes (for rabbits followed for 1 hour - 6 rabbits) and at 75, 90, 105, 120 

minutes (for rabbits followed for 2 hours - 4 rabbits) after first injection of saline were 

compared to the corresponding time points after the injection of vesicles. In the case of 

the control rabbits, comparisons of equivalent data time points after the first and second 

injections of saline. The absolute difference was taken of the data points for both 

experimental and control rabbits. A Mann-Whitney Rank Sum test was used to test the 
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null hypothesis that there was no significant difference in the absolute values of the 

experimental rabbits compared to the control rabbits. A significant difference in the values 

between the two groups for each measured parameter was taken as a p < 0.05. 

Results 

Pyrogen Test 

The temperature increases for each rabbit before and after the administration of 

water, for the controls, and vesicles are presented in Table 5.1. The total temperature 

increase after the injection of water was 0.1°C. For the vesicles, the total temperature 

increase for all three rabbits was 0.3°C. 

Table 5.1. Rabbit temperatures during pyrogen testing 

Rabbit Water (Control) Vesicle Rabbit 
Before* After f Increase Before* After 1 Increase 

1 39.0 39.1 0.1 39.0 39.2 0.2 
2 38.8 38.8 0.0 39.0 38.9 0 
3 39.4 39.4 0.0 39.3 39.4 0.1 

* average for 4 measurements 
f average for 6 measurements 

CH50 Hemolytic Assay 

The effect of DSPC and DPPC vesicles, over a range of lipid concentrations, on 

the complement system was measured using a hemolytic assay where serum was reacted 

with antibody-sensitized sheep red blood cells. The maximal level of lysis of sheep red 

cells occurs when normal human serum is incubated with buffer which is determined to be 

100% of complement activity. Using equation 2, which also corrects for light scattering 

and absorbance due to vesicles, the percentage of hemolytic activity remaining of normal 

human serum after incubation of vesicles at various lipid concentrations was determined. 
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The blank control, which accounted for absorbance due to buffer components, was similar 

to absorbance of empty wells. 

The percentage of complement activity remaining of normal human serum after 

incubation with either DSPC or DPPC vesicles are presented in Figure 5.1. From this 

figure it can be observed that there was minimal or no activation of the complement 

system by PEG-coated vesicles under the conditions of this experiment. There was 

greater than 96% complement activity remaining over the entire range of lipid 

concentrations tested. However, there were two data points, at the lowest lipid 

concentrations, in one of the DPPC trials, showed that the remaining complement activity 

dropped to 90%. Previous work has shown that neutral vesicles, without PEG, do not 

activate the complement system in vitro at lipid concentration up to 100 mM [131]. 

Therefore, since we did not observe any complement activation at high lipid 

concentrations, we may assume that these two low data points are anomalies. 

Hemodynamic Studies 

After plotting the data for the 10 experimental rabbits (6 at 1.4 umol/kg and 4 at 

4.0 umol/kg) and 2 control rabbits, it was observed that some parameters demonstrated a 

high degree of inter- and intra-rabbit variation while others remained relatively constant 

(Figure 5.2-5.13). Parameters such as temperature and pH were constant not only during 

the time course of the experiment for each rabbit, but the values were similar between 

different rabbits. Blood p02, on the other hand, exhibited highly fluctuating values during 

the course of the experiment and varied greatly amoung different rabbits. Other 

parameters such as diastolic and systolic blood pressure, pC0 2, pulse and [HC03] also 

varied but to a lesser degree. 
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Figure 5.1. Percentage of complement acitivity remaining after incubation with DPPC 
(A) and DSPC (B) vesicles. Data represent duplicates trials. 
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The high degree of inter- and intra-rabbit variations in the hemodynamic 

parameters observed in the control rabbits suggests that large fluctuations are normal. 

Statistical analysis of the absolute difference in values after the injection of saline and the 

injection of vesicles for the experimental rabbits at both lipid doses, compared to the 

absolute difference after both injection of saline in the control rabbits exhibited no 

significant difference in most parameters (Table 5.2). However, this is not to say that 

there was no change, merely that any variation observed was not statistically significantly 

different than the controls using saline. There was a significant difference in pulse, 

[HC03] and blood pH parameters for the lipid dose of 1.4 umol/kg. However, there was 

no significant difference for the same parameters at the higher lipid dose. Thus, based on 

these results there was no significant alteration in the various hemodynamic parameters at 

lipid dose of 1.4 and 4.0 umol/kg. 

Table 5.2. Results of Statistical analysis of hemodynamic data. 

Parameter Group p Value Parameter Group 
1.4 umol/kg 4.0 umol/kg 

Heart rate (BPM) 0.017 0.473 
Systolic blood pressure 0.762 0.130 
Diastolic blood pressure 0.638 0.064 

Temperature 0.437 0.952 
THCOsl 0.041 0.972 

p0 2 0.178 0.425 
P c o 2 0.500 0.347 

pH 0.028 0.671 
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Figure 5.2. Hemodynamic data for experimental rabbit 1. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.50 ml of saline at t = 0 and followed for 1 
hour. After 1 hour the rabbit was injected with vesicles at a lipid dose of 1.4 
umol/kg and followed for another 1 hour. 
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Figure 5.3. Hemodynamic data for experimental rabbit 2. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. Plot 
B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] (•). 
The rabbit was injected with 0.50 ml of saline at t = 0 and followed for 1 
hour. After 1 hour the rabbit was injected with vesicles at a lipid dose of 1.4 
umol/kg and followed for another 1 hour. 
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Figure 5.4. Hemodynamic data for experimental rabbit 3. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. Plot 
B displays variations in p0 2 (A), pC0 2 (•), blood pH (0) and [HC03] (•). 
The rabbit was injected with 0.50 ml of saline at t = 0 and followed for 1 
hour. After 1 hour the rabbit was injected with vesicles at a lipid dose of 1.3 
umol/kg and followed for another 1 hour. 
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Figure 5.5. Hemodynamic data for experimental rabbit 4. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.50 ml of saline at t = 0 and followed for 1 
hour. After 1 hour the rabbit was injected with vesicles at a lipid dose of 1.4 
umol/kg and followed for another 1 hour. 

89 



Figure 5.6. Hemodynamic data for experimental rabbit 5. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.50 ml of saline at t = 0 and followed for 1 
hour. After 1 hour the rabbit was injected with vesicles at a lipid dose of 1.4 
umol/kg and followed for another 1 hour. 
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Figure 5.7. Hemodynamic data for experimental rabbit 6. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.50 ml of saline at t = 0 and followed for 1 
hour. After 1 hour the rabbit was injected with vesicles at a lipid dose of 1.5 
umol/kg and followed for another 1 hour. 
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Figure 5.8. Hemodynamic data for experimental rabbit 7. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.23 ml of saline at t = 0 and followed for 
~2 hours. After 2 hours the rabbit was injected with vesicles at a lipid dose of 
4.0 umol/kg and followed for another 2 hour. 
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Figure 5.9. Hemodynamic data for experimental rabbit 8. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 (•), blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.23 ml of saline at t = 0 and followed for 
~2 hours. After 2 hours the rabbit was injected with vesicles at a lipid dose of 
4.0 umol/kg and followed for another 2 hour. 
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Figure 5.10. Hemodynamic data for experimental rabbit 9. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.23 ml of saline at t = 0 and followed for 
~2 hours. After 2 hours the rabbit was injected with vesicles at a lipid dose 
of 4.0 umol/kg and followed for another 2 hour. 
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Figure 5.11. Hemodynamic data for experimental rabbit 10. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.23 ml of saline at t = 0 and followed for 
~2 hours. After 2 hours the rabbit was injected with vesicles at a lipid dose 
of 4.0 umol/kg and followed for another 2 hour. 
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Figure 5.12. Hemodynamic data for control rabbit 1. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 ( A ) , blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.23 ml of saline at t = 0 and followed for 
~2 hours. After 2 hours the rabbit was injected with another 0.23 ml of 
saline and followed for another 2 hour. 
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Figure 5.13. Hemodynamic data for control rabbit 2. Plot A displays variations in 
temperature (•), pulse (O), systolic (•) and diastolic (•) blood pressure. 
Plot B displays variations in p0 2 (A), pC0 2 (•), blood pH (0) and [HC03] 
(•). The rabbit was injected with 0.23 ml of saline at t = 0 and followed for 
~2 hours. After 2 hours the rabbit was injected with another 0.23 ml of 
saline and followed for another 2 hour. 
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Discussion 

The results presented in this chapter address the issue of the safety and toxicity 

of PEG-coated vesicles before the administration in humans as a potential blood pool 

imaging agent. The pyrogenicity of the vesicle dispersion was determined to assess the 

sterility of the preparation procedure and the pyrogenicity of the vesicle components. 

There are essentially two recognized methods to assess the pyrogenicity of a substance: 

1) Limulus Amebocyte Lysate (LAL) assay and 2) rabbit pyrogen testing. 

The LAL assay is based on the observation that bacterial endotoxins, such as LPS, 

initiate the gelation of reagents made from freshly lysed blood cells from the American 

horseshoe crab [160]. This test is rapid, sensitive and cheaper than rabbit testing but is 

sensitive only to bacterial contamination. For rabbit pyrogen testing, US Pharmacopeia 

National Formulary (USPNS) protocol states that for a substance to be deemed as non-

pyrogenic, none of three rabbits can show an individual temperature increase of 0.6°C or 

more and the sum of the individual temperature increases for all three rabbits can not 

exceed 1.4°C [161]. Any decrease in temperature is taken as a zero increase in 

temperature. 

Discrepancies between the two pyrogen tests usually result in a positive LAL 

assay and a negative rabbit test due to the higher sensitivity of the LAL assay. However, 

studies have shown that certain substances (i.e. such as uridine, muramyl dipeptide 

(MDP) and Deodan) produce negative LAL assays and positive rabbit tests [164-166]. 

This indicates that these substances activate the pyrogen response not through bacterial 

contamination but through direct release of endogenous pyrogens, such as cytokines, to 

initiate the fever response. Guencheva et al. showed that the pyrogen response caused by 

Deodan can be modulated by administration of antibodies directed to interleukin-1 and -6 

and tumor necrosis factor a [166]. These cytokines, as well as others, are thought to 
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modulate the pyrogen response [167-170]. Thus, the pyrogen testing of substances, 

especially experimental, in rabbits is important not only to determine bacterial 

contamination which may occur during production, but also to establish the substances' 

ability to directly activate the fever response. 

For this reason, rabbit pyrogen testing was used to assay the pyrogenicity of 

PEG-coated vesicles before the administration to human subjects in preliminary trials. 

The administration of vesicles resulted in no individual temperature increase of greater 

than 0.2°C and the sum of the all the temperature increases was 0.3°C (Table 1). Thus, 

according to the USPNF guidelines, PEG-coated vesicles are deemed as being non-

pyrogenic. 

The interaction of vesicles with the complement system has been studied 

extensively [126,128,129,131]. Charge plays an important role in determining whether a 

lipid composition can activate the complement system. Vesicles, with either a positive or 

negative charge, activate the complement system at relatively low lipid concentrations 

(<lmM) while neutral vesicles do not activate the complement system over a wide range 

of lipid concentrations [143,146]. In general, the inclusion of negatively charged lipids 

activates the complement cascade via the classical pathway in a dose dependent fashion, 

and smaller diameter vesicles (<100 rim) activate the complement system to lesser degree 

than large diameter vesicles [128]. 

The importance of determining the degree of complement activation of PEG-

coated vesicles is two fold - clearance and toxicity. Firstly, it has been shown that 

deposition of activated complement components on the surface of vesicles act as 

opsonins, tagging them for clearance by the RES [125]. Thus, the circulation half-life of a 

particular vesicle composition is inversely related to its ability to activate the complement 

cascade. Secondly, it was important to assess the safety of PEG-coated vesicles before 
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administration to human subjects. Activation of the complement system in healthy 

patients is generally asymptomatic but may result in mild transitory pulmonary 

dysfunction-related symptoms, like chest tightness and/or flushing [170]. For the 

preliminary testing of the PEG-coated vesicles as a blood pool imaging agent, the patient 

pool will consist of only healthy patients and possible activation of the complement 

system will not have serious adverse effects on this patient pool. However, in the case of 

using PEG-coated vesicles in determining the cardiac function in patients who have 

suffered a myocardial infarction or other cardiac dysfunction, complications which may 

arise from complement activation may have more serious effects. 

Activation of the complement system has recently been implicated in what is 

known as reperfusion injury in patients during acute myocardial infarction [171-174]. The 

rapid re-establishment of coronary blood flow to affected myocardium via mechanical (i.e. 

angioplasty) or pharmacological means (i.e. streptokinase) greatly reduces infarct size and 

mortality [175-177]. However, a side effect of early reperfusion is that it may cause 

myocardial stunning, arrhythmias, or irreversible and sometimes lethal cell injury. 

Although the majority of tissue injury in the infarcted area is caused by ischemia, it has 

been well documented that the re-establishment of circulation in the infarcted area causes 

activation of the complement system which increases the extent of tissue damage 

[185,192]. Although the effect of further activation of the complement cascade by the 

administration of an imaging agent which may activate the complement system is 

unknown, presumably it would be desirable to have an agent which does not activate the 

complement system to prevent any further damage to the myocardium. Thus, PEG-

coated vesicles were tested over a wide range of lipid doses for their ability to activate the 

complement system. 

The results of the CH50 assay over the lipid concentration range of -0.06-64 mM 

exhibited that there was no measurable activation of the complement system (Figure 5.1). 
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The preparation of the vesicles for injection, calls for the dilution of 0.5 ml of -160 mM 

lipid dispersion with 0.5 ml of 9 9 mTc/HM-PAO solution, resulting in final concentration 

of ~80 mM at the time of injection. Thus, the administration of PEG-coated vesicles in 

patients will result in transiently higher local lipid concentration at the site of injection. 

However, there is a rapid equilibration of vesicles within the volume of distribution 

within the body. Assuming that vesicles remain in the blood pool, a person six feet tall 

weighing 85 kgs will have an average blood volume of -5.6 liters [179]. Thus, the 

approximate overall systemic lipid concentration is 0.014 mM, which is lower than the 

lowest lipid dose tested. Thus, activation of the complement system is not expected for 

both vesicle compositions consistent with observations. 

The hemodynamic studies on the effect of vesicles administration on various 

parameters showed no significant changes after the administration of vesicles compared to 

the administration of saline. However, examination of the figures for each rabbit showed 

significant inter- and intra-rabbit variations in some parameters during the course of the 

experiment (Figures 5.2-5.13). The parameters which exhibited the greatest variations 

were p0 2, pC0 2, pulse and blood pressure. It should be noted that similar observation in 

variability were observed in the control rabbits which only received saline injections 

(Figures 5.12 and 5.13). Thus, it appears that under the experimental conditions these 

fluctuations are normal. A possible source of the variations may be due to the breathable 

anesthetic halothane used in all experiments. Studies have shown that halothane cause a 

decrease in blood pressure and an increase in heart rate which is dependent on the dose of 

inhaled anesthetic [180-182]. During the course of the experiment, the amount of 

halothane administered to the rabbits was adjusted in response to rabbit behavior (i.e. 

regaining of withdrawal reflex, waking up or holding breath) which may account for the 

observed variations. Another factor which could have contributed to the observed 

variations was that the rabbits were allowed to free breathe. Important parameters which 

were expected not to change were temperature and blood pH. Pyrogen testing showed 
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that the vesicles did not initiate a fever response in rabbits and significant changes in 

blood pH would have resulted in death during the course of the experiment which was not 

observed. 

In summary, the toxicity of vesicles was assessed by testing the ability of vesicles 

to: 1) initiate a fever response by pyrogen testing, 2) activate the complement system via 

CH50 complement assay and 3) alter various hemodynamic parameters. The results of 

these studies demonstrate that PEG-coated vesicles are minimally toxic and safe for 

administration to humans in preliminary trials. 
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Chapter 6 : 

Case Study : 
Testing in a Normal Healthy Volunteer 

Introduction 

Assimilating the results from the previous chapters, a final pharmaceutical kit was 

developed. The timeline for the labeling of the vesicles is presented in figure 6.1. The kit 

components and labeling procedure is presented in Figure 6.2. The first step is the 

rehydration of an HM-PAO kit by the addition of 0.5 ml of saline, then 20-30 mCi of 
9 9 m Tc followed by incubation at room temperature for 5 minutes. A second tube 

containing a pre-measured volume of vesicles and a syringe containing a pre-determined 

amount of NaOH will also be part of the kit. After the 5 minute incubation of the HM-

PAO kit, the tagging efficiency will be determined. If greater than 90%, NaOH will be 

added to the vesicles and mixed thoroughly followed by the addition of the 9 9 m T c / H M -

PAO solution. The vesicles are incubated at room temperature for 5 minutes and are then 

ready for administration. Based on this kit design, PEG-coated vesicles were tested for 

LVEF determination in one normal healthy volunteer at a lipid dose of 1 umol/kg. 

5 minutes 10 minutes 
Incubate rehydrated HM-PAO kit 
at room temperature for 5 minutes 

Incubate vesicles at room temperature 
for 5 minutes 

Addition of Saline 
to HM-PAO kit 

mix and add 20-30 
mCi of Na 9 9 m Tc0 4 

Assay 9 9 m Tc/HM-PAO 
solution. 

If assay >90%, then add 
NaOH to vesicles 

followed by addition of 
9 9 m Tc/HM-PAO solution 

Withdraw labled 
vesicles from vacutainer 
into syringe. Vesicles 

ready for injection 

Figure 6.1. Timeline for labeling of vesicles. 
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PEG-Coated Vesicles 
Radiopharmaceutical Kit 

Vesicles 

Syringe 
with NaOH 

HM-PAO Kit 
0.5 mg meso-HM-PAO 

1.9ugSnCI2.2H20 
4.5 mg NaCl 

Add Saline to 
HM-PAO kit 
and mix 

0.50 ml Saline 

1 

20-30 mCi 
Immediately Na 9 9 mTc0 4 

add activity 
and mix 

After HM-PAO kit 
incubation 
add NaOH to Vesicles 
and mix Incubate for 5 minutes 

and transfer to syringe 

Add " T c / H M - P A O 
solution to vesicles 

\ 

and mix 

1 

r ~ ~ i 

Incubate for 5 minutes 
and transfer to a syringe 

Radiolabeled 
vesicles ready for 
administration 

Figure 6.2. Diagram of proposed kit and labeling protocol. 
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Materials 

As described in Chapter 2. 

Methods 

Preparation of vesicles 

Lipids were combined from stock solution in chloroform in the final molar 

composition of DPPC:Choi:PE-PEG 5000 (47.75:47.75:4.5). Vesicle preparation as 

described in Chapter 2. 

Preparation of Vesicles for Kit 

The lipid concentration of the final lipid dispersion after extrusion was determined 

to be 141.86 mM and the weight of the volunteer was 80 kg. Thus, a sample of 0.56 ml of 

the vesicle dispersion was needed to achieve a lipid dose of -1.0 umol/kg. The vesicle 

sample was in filtered through 0.200 um filter unit (Satorius Minisart NML, Toronto, 

ON) into a sterile vacutainer and stored at 4°C. 

A syringe was filled with 76.5 ul of 250 mM NaOH which had been filtered 

through a 0.2 um filter unit (Satorius Minisart NML, Toronto, ON). The volume of 

NaOH needed by calculating the number of moles of glutathione in 0.56 ml of vesicles and 

multiplying that value by 1.13 (0.56ml *30 mM*l,13). 

Preparation of meso-HM-PAO kits 

As described in Chapter 2. 
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Acquisition of Data 

The procedure for the testing of vesicles in human subjects was approved by the 

Clinical Screening Committee for Research Involving Human Subjects at the University of 

British Columbia (certificate # C93-0602). The volunteer was positioned under the 

camera head (Siemens) in the supine position. A butterfly needle was placed in the left 

arm vein through which the activity was administered. Images were acquired during the 

injection of activity for first pass measurements. Serial images were then acquired of the 

biodistribution of activity through the body. After biodistribution measurements, the 

volunteer was then connect to a ECG and images acquired for determination of LVEF. 

Data was analyzed using commercially available software from Siemens on the ICON 

system. 

Due to limitation of the size of the camera head, individual images of the head, 

chest, abdomen, upper thighs, lower legs and feet were acquired. Images were acquired for 

each region over a period of two minutes. Composites of the entire human body were 

prepared by aligning the images. Due to autocorrection of resolution, images of the legs 

appear darker than that associated with the chest. Thus, the individual images are not 

directly comparable and are provided only to give an overall picture of the biodistribution 

of activity. 

Results 

Labeled RBC Study 

The volunteer was injected with stannous pyrophosphate followed by a 15 

minute waiting period. After the waiting period, the volunteer was positioned under the 

camera and injected with pertechnetate. Images used to determine left ventricular ejection 

fraction (LVEF) are presented in Figure 6.3. The LVEF was calculated to be 69%. 
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Figure 6.3. Calculation of left ventricular ejection fraction (LVEF) using labeled RBCs. 
Each heart beat was divided in a number of discrete divisions. The camera 
acquired data in each division and the individual images were combine to 
produce composite image of the heart during each division of the cardiac 
cycle. Images corresponding to end diastole (ED), were the ventricle has the 
greatest amount of blood, and end systole (ES), were the ventricle has the 
least amount of blood, were compared to give the percentage of blood ejection 
form the left ventricle during each contraction. The LVEF was determined to 
be 69%. 
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Labeled Vesicle Study 

Approximately 4 months after the labeled RBC study, the volunteer was re-

imaged using labeled PEG-coated vesicles. The HM-PAO kit was rehydrated with 0.5 ml 

of saline and mixed, immediately followed by the addition of 25 mCi of sodium 

pertechnetate. The tube was mixed and incubated at room temperature for 5 minutes. 

After incubation, the tagging efficiency was determined to be 92.6% by the partition 

assay described in Chapter 2. NaOH was added to the vesicles from the syringe and 

mixed. The 9 9 mTc/HM-PAO solution was drawn into a syringe and added to the vesicles. 

The tube was mixed and incubated at room temperature for 5 minutes after which the 

labeled vesicles were injection into the volunteer. The labeling efficiency was determined 

to be 93.0% by chromatography on BioGel minicolumn (Chapter 4). 

The biodistribution of activity at 1 and 4 hours after injection is presented in 

Figure 6.4. At the early time point, the majority of the activity is associated with the 

heart, liver and spleen. Also, the major structures of the vascular tree and the bladder are 

well defined. At 4 hours, there was a decrease in the activity associated with the heart, 

while the liver and spleen remained virtually constant. The major structures of the 

vascular tree were still well visualized. 

Images used to calculated right ventricular ejection fraction (RVEF) from the first 

pass study are presented in Figure 6.5. Images used to determine left ventricular ejection 

fraction (LVEF) are presented in Figure 6.6. The RVEF and LVEF were calculated to be 

58% and 73%, respectively. 
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Figure 6.4 Biodistribution of activity in normal healthy volunteer using labeled vesicles 
at 1 (A) and 4 (B) hours. The composite images were assemble from the 
images acquire for each region. Acquisition of images in each region 
autocorrect for intensity of activity and resolution. This autocorrection 
accounts for the darker appearance of the leg images compared to chest, even 
though there is a greater amount of activity in the chest. 
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Figure 6.5. Calculation of right ventricular ejection fraction (RVEF) using labeled 
vesicles. Comparison of right ventricle images with maximal counts and 
minimal counts gives percentage of blood ejected from the right ventricle 
during contraction. The RVEF was calculated to be 58%. 
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Figure 6.6. Calculation of left ventricular ejection fraction (LVEF) using labeled vesicles. 
Each heart beat was divided in a number of discrete divisions. The camera 
acquired data in each division and the individual images were combine to 
produce composite image of the heart during each division of the cardiac 
cycle. Images corresponding to end diastole (ED), were the ventricle has the 
greatest amount of blood, and end systole (ES), were the ventricle has the 
least amount of blood, were compared to give the percentage of blood ejection 
form the left ventricle during each contraction. The LVEF was determined to 
be 73%. 
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Discussion 

The purpose of this study was to determine the utility and accuracy of 

radiolabeled PEG-coated vesicles as an alternative to radiolabeled RBCs for nuclear 

medicine imaging procedures. Left ventricular ejection fraction determination was chosen 

due to the fact that this procedure is conducted on a routine basis, has been extensively 

validated over the years and the relative ease of acquiring a volunteer pool. The value 

calculated for LVEF using radiolabeled vesicles was similar to value calculated for 

radiolabeled RBCs, 73% for vesicles compared to 69% for RBCs. Indicating that 

radiolabeled vesicles do hold great potential as cardiovascular imaging agents. 

The images for LVEF determination were acquired ~1 hour after injection. At this 

time point the activity in the circulation was not as great as observed for radiolabeled 

RBCs but it must be emphasized that there was enough activity to determine LVEF. The 

biodistribution also showed that there was a high accumulation of activity in the liver and 

more significantly in the spleen indicating RES uptake of vesicles. Although there was 

active uptake, the renal excretion of activity was similar to that observed for radiolabeled 

RBCs, suggesting that activity is not released into the circulation after uptake by the RES. 

There was also little activity associated with the thyroid or the area of the GI tract, 

indicating little free activity. 

The low circulation half-life was unexpected on the basis of the results from the 

animal biodistribution studies. From the animal studies a circulation half-life greater then 

-15 hours was expected. Closer examination of the labeling and injection protocol revealed 

that the injection dose was less than -1.0 umol/kg. There was 0.56 ml of 141.86 mM 

vesicles dispersion in the vacutainer which corresponds to 80 umol of lipid. After 

addition of 9 9 mTc/HM-PAO solution to the vesicles, there was a total of 718.5 MBq in 

the vacutainer. The labeled vesicle solution was drawn into a syringe. The total counts in 
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the syringe was 641.9 MBq. Thus, assuming that 718.5 MBq represents 80 umol of lipid, 

only 71.5 umol of lipid was in the syringe (80 umol/718.5MBq*641.9MBq). This 

decreased the injected lipid dose to 0.89 umol/kg in the syringe. This does not account for 

any activity left in the syringe after injection which was not determined. Thus, the final 

lipid dose was less than 0.89 umol/kg which may be part of the explanation of the 

observed low circulation half-life observed in these studies. 

The low lipid dose could also explain the high activity associated with the liver 

and spleen compared to that of the heart. From the animal biodistribution studies at lower 

lipid doses, the activity associated with the liver and spleen was greater than associated 

with the heart (Chapter 3, Figure 3.4 and Table 3.1). In contrast, at higher lipid doses the 

activity associated with the heart was greater than associated with the liver and spleen 

even at the longest time point. 

Further studies will have to be conducted to fine tune the required lipid dose and 

preparation procedure. The biodistribution and circulation kinetics of PEG-coated 

vesicles in humans is not exactly the same observed in rabbits. There appears to be a 

greater degree of activity which accumulates in the spleen and liver but this may be a 

result of the decreased lipid dose. Higher lipid dose will have to be tested in order to 

increase the circulation half-life of vesicles and also increase the heart-to-liver and heart-

to-spleen ratios. The preparation procedure of the kits has to be modified to allow for the 

incomplete removal of labeled vesicles from the vacutainer while still providing a lipid 

dose adequate for imaging. 
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Chapter 7 : 

Future Directions 

During the course of this research, a number of interesting issues and questions 

arose which were not within the scope of this project, but may prove as interesting 

avenues for future investigation. For example, as discussed in the introduction to Chapter 

1, vesicles can be labeled using a surface chelator. Although this labeling method is not as 

robust as internal labeling in terms of loss of label which results in a shorter circulation 

half-life, this variant may prove useful in imaging procedures which do not require long 

circulation half-lives, i.e. LVEF. The principle advantage of surface labeling is that it is 

technically simpler and cheaper than the HM-PAO based labeling method. Also of 

interest is the freeze drying of vesicles to provide a pharmaceutical with a longer shelf-

life. Vesicles can maintain their size and structure during freeze drying and rehydration by 

the inclusion of various sugars into the vesicle dispersion, i.e. sucrose and trehalose. There 

were many other branches which could be investigated in greater detail. However, the next 

step in the development of the vesicle based radiopharmaceutical described in this thesis 

is the development of a fast and simple quality control assay to determine the labeling 

efficiency. Two other areas which I felt were not only a continuation of this work but 

were also interesting field of research were: 1) further human testing and 2) elucidating the 

mechanism of HM-PAO labeling. 

Quality Control Assay of Labeled Vesicles 

In nuclear medicine, all radiopharmaceuticals must be assayed for quality control 

before administration to the patient. During the production of labeled vesicles, one quality 

control assay is the determination of tagging efficiency for HM-PAO. This is simply 

done through the use of partition assay with saline and ethyl acetate. However, a second 

assay must be developed to assay the labeling percentage of vesicles. The labeling 
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percentage must be determined before injection to ensure that there is not an excessive 

amount of free activity present in the formulation. Although, the labeling percentage can 

be determined by chromatography on either Sephadex G50 column or BioGel minicolumn, 

these techniques are not practical in a clinical setting. These methods are time consuming 

and require special materials and apparatuses not normally available in nuclear medicine 

departments. Thus, a simple method must be developed to accurately determine the 

labeling percentage of vesicles before administration. 

One possibility requiring further work is the use of a 2 phase (PEG/dextran) 

polymer partition system. It has been shown that in the absence of PEG on the surface, 

vesicles preferentially partition in the lower dextran-rich phase. However, in the presence 

of PEG, vesicles partition into the upper PEG-rich phase. Thus, this method may 

provide a relatively fast and simple method to determine labeling efficiency. 

Further Human Testing 

Further testing of radiolabeled PEG-coated vesicle in a larger population is 

required to better define the lipid doses which would be required for various nuclear 

medicine imaging studies. From the preliminary testing of labeled vesicles in one human, it 

appears that a lipid dose of ~1.0 umol/kg would be adequate for RVEF and LVEF 

determinations. However, higher lipid doses should be tested not only to increase the 

accuracy of LVEF determinations but also to test the applicability of vesicles to 

localization of GI bleeding. 

The first stage of testing will be to assess the biodistribution and circulation 

kinetics in normal healthy volunteers at various lipid doses starting at 1.0 umol/kg. Using 

the same protocol outline in Chapter 6, volunteers will be imaged first with labeled RBCs 

using the in vivo labeling procedure. After 1-2 weeks, the same volunteer will be imaged 
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using labeled vesicles. Concurrent with the biodistribution studies, LVEF will also be 

determined in both studies for each volunteer. The values then compared to see if there is 

a significant difference in the values calculated for LVEF using vesicles compared to 

RBCs. RBCs will be used as the comparison because they are currently the standard and 

have been extensively validated. The null hypothesis will be that there is no significant 

difference in LVEF values of vesicles compared to RBCs. 

After preliminary testing in normal healthy volunteers, to determine optimal lipid 

dose, labeled vesicles will be used to determine LVEF in patients with demonstrated 

cardiac insufficiencies. These studies will be undertaken to assess the applicability of 

labeled vesicles to accurately assess cardiac function in the patient pool that the agent was 

ultimately designed to be used. Another parameter that could be assessed by 

questionnaires to nuclear medicine technologists responsible for the preparation of labeled 

vesicles, would be the relative ease of use compared to labeled RBCs in terms of 

preparing the labeled vesicles, administration to patients and acquiring images. 

What Happens To HM-PAO? 

A basic mechanistic question which remains unanswered deals with the interaction 

between HM-PAO and the glutathione. As discussed in chapter 2, it is thought the 
9 9 mTc/HM-PAO complex exists in two forms, lipophilic and hydrophilic. It is also 

thought that glutathione plays an integral role in the conversion between the two forms. 

However, the secondary hydrophilic form has yet to be isolated. The work to date has 

been based on the assumption that HM-PAO undergoes some covalent modification by 

interaction with glutathione. However, this assumption may be incorrect. 

An alternative hypothesis to the mechanism of interaction between glutathione 

and the 9 9 mTc/HM-PAO lipophilic complex is simply an exchange process. By exchange 
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process I mean that 9 9 m Tc has a greater affinity for glutathione than HM-PAO, 

specifically the sulphydryl group of cysteine. Investigators have shown that other 

sulphydryl containing molecules are also effective at 'reducing' HM-PAO such as D,L-

buthionine-sulfoximine (BSO), N-acetyl-L-cysteine (NAC), D,L dithiothreitol (DTT), 2-

mercaptoethanol and also cysteine. 

A similar process is used in the labeling of vesicles with gallium-67 (67Ga) 

described by Woodle [95]. In this method two different chelators are used which have 

different lipophilicities and affinities for 6 7Ga. The first chelator, desferoxamine mesylate 

(DF), is encapsulated within the vesicles. This chelator is hydrophilic and has a stronger 

affinity for 6 7 Ga than the second chelator, hydroxyquinoline (oxine). Oxine is lipophilic 

and can cross the lipid bilayer. Thus, 6 7 Ga is bound to oxine and added to vesicles with 

encapsulated DF. The 67Ga/oxine complex crosses the lipid bilayer where it comes into 

contact with the DF. The stronger affinity of the DF for 6 7 Ga causes the transfer 6 7 Ga 

from the oxine to DF. The 67Ga/DF complex can not cross the lipid bilayer thus trapping 
6 7 Ga and labeling the vesicles. A similar mechanism can be drawn for HM-PAO with the 

substitution that HM-PAO and glutathione are the oxine and DF chelators, respectively 

and 9 9 m Tc is the radioisotope instead of 6 7Ga. However, this hypothesis still requires 

testing and would be an interesting area for further research. 

117 



Chapter 8 : 

Summary 

The goal of this thesis was the development of an alternative pharmaceutical to 

radiolabeled RBCs for use in nuclear medicine as a cardiovascular imaging agent, 

specifically for the determination of LVEF. Chapter 2 dealt with issues concerning the 

preparation and formulation of the HM-PAO kits. It was found that HM-PAO labeling 

was not dependent on the lipid composition or fluid state of the bilayer. However, 

reducing the rehydration volume to 0.5 ml required that the amount of tin per kit be 

reduced to maintain high tagging efficiency, and consequently high labeling efficiency of 

the vesicles. Tagging efficiency also depended on the age of pertechnetate eluant used to 

reconstitute the kits and the order of rehydration - the eluant must not be older than 1 

hour, and the kits must first be rehydrated with saline before the addition of activity. 

Chapter 3 addressed the issue of the biodistribution and circulation kinetics of 

radiolabel associated with PEG-coated vesicles in rabbits. It was found that, contrary to 

published data, the rate of clearance of label from the circulation was dependent on the 

lipid dose. At lipid doses of 0.2, 0.5, 1.3 and 2.1 umol of total lipid/kg of body weight, 

the circulation half-life of the label was 2.6, 4.3, 16.4 and 20.6 hours respectively. These 

data indicate that, depending of the imaging procedure to be performed, the lipid dose can 

be adjusted appropriately. For example, LVEF determination does not require that the 

label circulate for as long as procedure such as GI bleed detection, i.e. the lipid dose can be 

lower for LVEF measurements. There was no significant difference in the circulation half-

life at lipid doses of 1.30 and 2.13 umol/kg, indicating that the previously published lipid 

dose range in which the clearance PEG-coated vesicles is dose-independent, can be 

extended down to 1.30 umol/kg. However, below 1.30 umol/kg, the circulation half-life 

was dependent on lipid dose. 
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On the basis that 1.0 umol/kg would probably be suitable for most cardiac imaging 

studies, and given the requirement to minimize the injection volume, an alternative vesicle 

preparation procedure was developed to increase the lipid concentration (Chapter 4). A 

human weighing ~80 kg, would require a total dose of 80 umol of lipid. The 

chromatography procedure described in Chapter 2 for the removal of external glutathione 

resulted in dilution of the vesicle dispersion, resulting in volumes too large for first pass 

studies. Two alternative methods of vesicles preparation were developed. The first 

method was based on centrifugal filtration of chromatographed vesicles, that increased the 

lipid concentration by removal of excess external aqueous media. The second method used 

a pH gradient to inactivate the ability of external glutathione to convert HM-PAO from 

the lipophilic to the hydrophilic form. The second method proved superior to the first 

because it was simpler and required few manipulations. 

Chapter 5 addressed the issue of the in vivo safety of radiolabeled PEG-coated 

vesicles. Vesicles were tested for their ability to activate the complement system and their 

effect on various hemodynamic parameters. The lipid composition and vesicle 

preparation procedure was also tested for pyrogenicity. It was found that PEG-coated 

vesicles did not activate the complement system, had no effect on various hemodynamic 

parameters and were non-pyrogenic. 

Finally, based on these results a pharamaceutical kit was constructed and tested in 

one human subject [Chapter 6]. The kit was composed of a tube containing vesicles, an 

HM-PAO kit and a syringe with NaOH. The left ventricular ejection fraction (LVEF) was 

calculated using the vesicle kit and compared to the value determined by the current 

standard - radiolabeled RBCs. It was found that the calculated LVEF for RBCs was 69% 

and for vesicles was 73%. 
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In summary, all the major goals originally set out in the first section of the 

introduction have been achieved. An alternative pharmaceutical to radiolabeled RBCs 

based on PEG-coated vesicles, has been developed and characterized. PEG-coated vesicles 

would overcome all the disadvantages currently experienced with RBCs. Vesicles are 

labeled in vitro and can be prepared as a kit which is labeled before or just after the arrival 

of patients. This eliminates any concerns over drug interferences. The components of the 

proposed kit do not contain any blood products or derivatives eliminating the possibility 

of the transmission of blood borne diseases. Also, the administered lipid dose can be 

adjusted according to the procedure to be performed thereby minimizing the lipid dose. 

Finally, the administration requires only one venipuncture minimizing patient discomfort. 

Labeled PEG-coated vesicles were tested for LVEF measurements in a human and proof 

of principle demonstrated. 
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