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Abstract

The objective of this study was to characterize the in
vivo disposition of liposomes and liposome-entrapped mark
ers. This was done in several distinct sets of in vitro and
in vivo experiments. Initial studies evaluated the most
commonly used methods of liposome preparation, with the
finding that almost all of them are insufficiently standard
ized to give easily reproducible liposome preparations. One
previously reported method (French press extrusion) was
found to give very small liposomes reproducibly. The ini
tial set of in vivo studies was done in rabbits. Liposome
plasma levels were first monitored by using C-cho lesterol
and ‘H-dipalmitoyl phosphatidyl cho line labels. It was found
that these labels did not measure liposome levels accurately
(possibly due to lipid exchange) and so C-in ul in was
chosen as a water soluble marker for all subsequent in vivo
studies. It was found that the plasma kinetics were a func
tion of the liposomes' physical properties, particularly
surface charge and size. The importance of the influence of
liposome size led to the development of a method to improve
the sizing aspect of liposome preparation. It was found
that dialyzing liposomes with straight bore pore polycar
bonate membranes gave narrower, more reproducible size popu
lations, especially when the lipo somes had already been
extruded through the same type of membrane. The final set
of in vivo studies, done in mice, focused on delineating the
major Tiposome disposition factor, which is their interac
tion with the reticuloendo the lial system (RES), particularly
in the liver and spleen. This RES disposition was found to
be dose dependent and qualitatively similar to that seen for
other colloids. The data also suggested that liposomes may
stay bound extracellularly for several hours before being
taken up by cells. Further studies in mice showed that the
dose effect is not a simple function of the number of admin
istered liposomes, and that the liposome size may control
this effect. Finally, liposome stability, as measured by in
vitro tests, correlated well With in vivo stability, as
measured by tissue levels of the C marker. This work pro
vides a foundation for rigorous development of clinically
useful liposome drug delivery systems.



CHAPTER I : GENERAL INTRODUCTION

Purpose of this study. During the past decade liposomes

have emerged as a promising new in vivo drug delivery sys

tem. The purpose of this work is to characterize some of

the important processes in the liposomes' in vivo disposi

tion, so that their potential as a therapeutically effica

cious system can be optimized.

Available literature. The first extensive physical charac

terization of liposomes was reported by Bangham in 1965

(24). Since then there has been an explosion of literature

dealing with liposome physical properties and their use as

model membrane systems. Their use as drug carriers brought

on a second explosion of in vivo work. There are several

good reviews now, dealing with both physical (1-4) and bio

logical (5-14) properties. The liposome literature is so

extensive and diverse that it is beyond the scope of this

thesis to give a rigorous critique of all the relevant pub

lications. Instead, important findings will be summarized,

and criticism of the literature as a whole as it relates to

this work will be given.

Organization of this thesis. The work reported here was

done in several distinct yet inter related subject a reas,

which are reported in separate chapters. Chapter II covers

the previously developed basic liposome preparation pro

cedures used here and some of our own qualitative and quan



titative observations concerning them. The succeed inq

chapters each have sections with additional introductory or

methodological material relevant to the topic. Finally, a

general conclusions chapter summarizes the important find

ings from this work and addresses the subject of future

research in this area.

Previous work done to define and characterize liposomes.

When dry phospholipid comes in contact with excess aqueous

solution the molecules spontaneously arrange themselves in

what is known as the lipid bilayer (2, 25). Liposomes are

spherical bilayer shells with a single entrapped aqueous

compartment, or a multi-concentric bilayer structure with

alternating aqueous and lipid layers (Fig. 1) (2, 3, 28). The

bilayer forms because of the phospholipid's amphiphilic

nature (Fig. I-2) and dual solubility characteristics (25):

that is, the polar head group tends to associate with the

aqueous environment, and the water tends to be excluded from

the nonpolar side chain environment. Many other lipid types

can be accommodated in the bilayer structure (e.g. fatty

acids, lysolecithin, cholesterol, alkanes) but a minimum

amount of phospholipid must be present to maintain the

bilayer structure (25). In fact the bilayer (as opposed to

the globular type of micelle formed by detergents or bile

salts) is the more stable phospholipid micelle form because

of the three-dimensional geometry of the phospholipid

molecules (25). When other amphiphiles such as detergents



(which favor the globular micelle) are added in excess to a

liposome suspension the bilayer structure is lost and the

phospholipids are incorporated into the detergent micelles

(25).

Liposome size can cover a broad range, typically 0.1-10

microns for a liposome batch prepared by simple aqueous

dispersal of the dried lipid (6). Under specialized

preparation conditions they can be as large as 25 microns

(6) or as small as 200 ang stroms (e.g. after son ication) ,

which is thought to be the limiting smallest size due to

molecular packing and bilayer curvature constraints for

liposomes that small (2).

Drugs and other molecules of interest may be included

in the liposome. For nonpolar compounds, this may be accom

plished by having them present with the phospholipid, in the

dry state, before the aqueous dispersal. When the liposomes

form, the compound is then part of the bilayer (2). Polar

compounds are entrapped by being dissolved in the aqueous

solution used to disperse the lipid. The liposomes, how

ever, do not entrap 100 percent of the total aqueous volume,

and thus less than 100 percent of the polar compound is

entrapped in the liposomes (2).

Another important liposome property is the phase tran

sition temperature, or Tc. When heated or cooled pure phos

pholipids, and liposomes composed of a single pure lipid,



undergo a sharp change in physical properties at a charac

teristic temperature (the Tc). The Tc value depends on

phospholipid properties such as fatty acid chain length and

degree of unsaturation, and the head group type (1, 2, 38, 39).

It is analogous to a melting temperature, and the bilayer

properties above (the "liquid crystal" state) and below

("solid" or gel state) are distinguished by changes in such

measurements as NMR, ESR, and fluorescence depolarization,

which detect increases in in tramolecular motion and lateral

diffusion rates of molecules in the monolayer above the TC

(1) (often called the "fluidity" of the bilayer). The tran

sition itself is endothermic (as reflected in differential

scanning calorimetry measurements (1)) and is the point of

maximum permeability of the bilayer (32). Liposomes com

posed of two very similar phospholipids such as dipalmitoyl

and d is tearoyl phosphatidyl cho line also exhibit sharp tran

sitions; mixtures of dissimilar lipids, though, can exhibit

more than one endothermic peak or much broader and less well

defined single transitions (2). The presence of cholesterol

above approximately 33 mole percent effectively eliminates

the transition (6). The Tc is important in liposome

preparation because the lipids must be above the Tc for

liposomes to be formed (1–3).

Liposome permeability to various substances has been

investigated in great detail (31–37). In brief, the intact

bilayer is least permeable to large, polar substances (espe



cially ions) and most permeable to nonpolar substances,

which can partition into the nonpolar region of the bilayer

(2). Bilayer permeability is also a function of composition

(31, 35); the presence of cholesterol, which has a condensing

effect on the bilayer above its Tc, can reduce liposome per

meability to a great extent (31, 33). The liposomal lipids

are also subject to oxidation in unprotected conditions

(i.e., presence of oxygen and light (49-51)), and the pro

ducts of lipid oxidation often cause increased liposome per

meability (36, 49-51). It has been found, however, that by

taking the precaution of incorporating small amounts of an

antioxidant such as alpha-tocopherol into the liposome

(Ø. 1-1. 0 mole percent) that gross oxidative degradation (as

monitored by leakage of an entrapped marker) can be

prevented over the time course of most experiments (several

days) (41, 49); under protected conditions (nitrogen, dark,

refrigeration) these liposomes can be stable for many weeks

or months (41). The stability of liposomes in biological

fluids is discussed below.

A great variety of lipid types can be accommodated in

the liposome bilayer, and many different combinations have

been used in studies (8). The different types of nonpolar

side chains impart differences in bilayer fluid ity and per

meability. Polar head groups can have net electrical

charges and thus can impart a net surface charge to the

liposome (2).



Interactions of liposomes with biological systems. The

interest in liposomes as drug carriers had one of its or i

gins in cell culture studies. Papahadjo poulos and coworkers

(82) wanted to use them to promote cellular fusion (as sur

rogate viruses) and in the process they and others found

that liposomes could be taken up by the cells (fusion and

active endocytosis being the primary mechanisms (85, 86)),

and thus that liposome-entrapped agents could be delivered

to cells (83, 84). This naturally promoted interest in their

use in vivo , which led to studies that examined the effect

of liposome entrapment on the disposition of many different

compounds (8). In brief, two significant findings emerged

which led investigators to believe that liposomes had poten

tial as target-specific intracellular delivery vehicles:

first, the liposome "confers" its pharmacokinetics on the

entrapped compound, which in most cases means that the

compound's kinetics are greatly altered (106); second, after

an in travenous dose liposome-entrapped agents were found to

localize to a significant extent (up to 90 percent of the

dose) in organs that contain cells of the reticulo en

dothelial system (RES) (100, 10 1,104, 105). This system is

responsible for the removal of colloids, both endogenous and

exogenous, from the blood, and the colloidal nature of lipo

somes appeared to explain their RES localization. It was

thus postulated that liposomes could eventually be targeted

to other sites in the body to effect intracellular delivery.



It was also found that certain liposome types are

unstable in blood, as measured in in vitro leakage rate
tests (42, 44-48). However, it is now known that with

appropriate lipid compositions, particularly high levels of

cholesterol, liposomes can be made to be very stable (44).

Evolution of the objectives of this project. At the time

this work was started, expectations for liposomes as a

delivery tool had reached their highest level, particularly

in the anti-cancer area, in which there were reports of

increased efficacy of liposome-entrapped agents in animal

model tumor systems (99,107). However, there were also some

disturbing trends in the literature. First, although the

volume of in vivo work was increasing rapidly, there was a

great lack of uniformity in the experimental protocols: 1)

preparation procedures (especially sizing) were very crude

and unstandardized and 2) each investigator had a favorite

liposome composition, entrapped compound, dose, etc. A few

studies attempted to rigorously examine the effect of lipo

some physical properties on disposition (79, 97, 102) but the

crudeness of the existing preparation procedures made the

results suspect. Second, tissue distribution data were

steadily being accumulated, all of which showed RES local i

zation of liposomes. This led to the assumption that lipo

somes, as other colloids, were intracellularized by RES

cells, and that tissue levels of entrapped label could be

taken as an indication of the intracellular delivery of that



label by the liposomes. The RES disposition of liposomes

had not been rigorously investigated, though (i.e. dose

behavior, dependence on liposome size), and we suspected

that there might be some crucial differences between lipo

somes and other colloids in this regard. A full discussion

of this point is developed in Chapter V.

The objectives of this work were, then, to 1) examine

the effect of liposome physical properties on their plasma

kinetics in order to verify some previously reported results

(79) and to evaluate different liposome marker compounds, 2)

develop techniques to improve the size homogeneity of lipo

some preparations and 3) characterize the RES handling of

liposomes, since control of this will be crucial in making

them a versatile drug delivery vehicle.

Important literature reports since the inception of this

study. By and large most of the in vivo work reported since

this study began has been phenomenological and has only

repeated and confirmed the earlier findings that liposomes

affect the disposition of the entrapped agent and that they

localize in RES tissues; the only differences have been new

compounds and new animal systems. Some investigators have

attempted to use present knowledge to optimize the rapeutic

efficacy in animal model disease systems (the work of

Papahadjo poulos in the cancer area (94, 98) and of Alving in

the leishmaniasis area (90,91) are good examples) but char

acterization of important disposition processes such as RES



uptake has not been done. Reports in the areas of liposome

toxicity and immunological properties have confirmed that

the use of naturally occurring lipids results in no problems

(6,52), but that liposomes may have significant adjuvant

properties for certain synthetic molecules incorporated into

the bilayer (6,88).

There has been great progress, however, in using cer

tain specialized liposome properties to achieve target

specific delivery. The above-mentioned work in leish

maniasis is an example for an obvious liposome target-- the

liver. Other investigators have been able to target the

lung fairly selectively: either by i.v. administration of

large liposomes that apparently lodge there in the capil

laries (75), or by intra tracheal administration, which was

shown to increase pulmonary and reduce systemic effects of

entrapped anti cancer drugs (80, 81). The latter route also

has potential as a means of delivering lung surfactant

lipids for lung surfactant deficiency diseases (109).

Another delivery strategy was reported by Weinstein and

coworkers (89, 92,93), who designed liposomes with phase

transitions slightly above body temperature, and then

applied hyper thermia to localized tumors so that the lipo

somes could selectively release their contents (the hyperth

ermia brings the liposomes to their Tc so that they leak) at

the tumor site. Another approach has been to use liposomes

as a therapeutic intermediate: it has been found that



10

entrapping lymphokines (macrophage activating factors)

increases their ability to stimulate the tumor icidal

activity of macrophages in vitro (78). Finally, a physical

technique has been reported (per turbed angular correlation

(95)) that apparently makes possible the measurement of

intact liposome levels in vivo and should help elucidate

some of the basic liposome disposition processes.
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Structure of phosphatidyl choline showing
the polar and nonpolar regions.
Figure I-2.
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Cholesterol
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CHAPTER II : METHODS OF LI POSOME PRE PARATION

Methods of Preparation: Materials and Methods.

Materials. Egg yolk phosphatidyl cho line (PC), sodium

dipalmitoyl phosphatidate (PA), cholesterol (CH), DL-alpha

Tocopherol (a-T) (all chromatographic grade); and inul in

(from dahlia tubers), Sodium Bisulfite, and Sodium Sulfite

(all reagent grade) were obtained from Sigma Chemical Co.

(St. Louis, Missouri). Egg PC was also obtained in puri

fied form from the laboratory of D. Papahadjo poulos,

U. C. S. F. Sodium Phosphate (dibasic anhydrous) and Ammonium

Molybdate were obtained from J. T. Baker Co., Phillipsburg,

N.J. ("Baker Analyzed Reagent"). Sodium Chloride, Sodium

Phosphate (monobasic monohydrate), Sulfuric Acid concen

trated, Hydrochloric Acid (concentrated), Chloroform,

Methanol, and Sucrose were obtained from Mall inckrodt Chemi

cal Co., St. Louis, Missouri (all "Analytical Reagent"

grade). 1-amino- 2-naphthol-4-sulfonic acid was obtained

from Fisher Chemical Co. (Pittsburgh, P. A.) (Fisher cer ti

fied chemical). U-‘‘c-sucrose, carboxyl-‘‘c-inulin, 4-4*c-

cholesterol and 9,10-ºh-dipalmitoyl phosphatidylcholine (all

chromatographically pure) were obtained from New England

Nuclear (Boston, MA); prior to use phosphatidic acid was

obtained by chloroform extraction of a solution of sodium

phosphatidate in Ø. 4 N HCl with 20% methanol.
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Tests for purity. Lipid purity was assessed by thin layer

chromatography using Adsor bosi l-5 TLC plates (Applied Sci

ence, State College, PA.). The following solvent systems

were used : CHC13; Meoh: H2O = 65:25:4 (v : v ) for PC, DPPC;

hexane: ether : acetic acid = 70 : 4 (3 : 3 for CH ; cHC1, MeOH:NH,0H
(aq) = 6.5: 25: 4 for PA. Spots were visualized in an iodine

chamber or by sulfuric acid charring (26). The radio purity

of the C-CH and *H-PA were checked by scanning the TLC

plates (run with cold carrier) with a TLC plate radio scanner

device. Radio purity of the 14 C-inul in was checked by run

ning it (with cold carrier) on a Sephadex LH-20 column

(Pharmacia Fine Chemicals, Sweden), 1X30 cm, eluted with a

phosphate-saline buffer (see below).

Quantitation of lipids. Stock solutions of phospholipids
were quantitated by a modification of a color imetric assay

for inorganic phosphate by Fiske and Subba-Rowe (27). It is

performed as follows:

Reagent Solutions:

a) reducing reagent: 10 gm Na Bisulfite /L

2 gm Na Sulfite /L

168 mg 1–2–4 acid /L

b) Molybdate reagent: 4.4 gm NH, Molybdate /L4

14 ml conc. Sulfuric Acid /L
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Procedure :

a) Hydrolyze sample (typically about 0.05 -Ø . 1 mg phospholi

pid = about 100 nmoles PO4) in Ø. 2 ml conc. perchloric acid
for at least 2 hr. at 180°C.

b) Cool to room temperature and add 1.25 ml reducing agent;

mix and add 1.25 ml molybdate reagent; mix again.

c) Boil for 10 min. in a water bath.

d) Cool and read the absorbance at 700 nm versus a read ent

blank. A standard curve is made up using sodium phosphate

solutions as standards.

Cholesterol stock solutions are quantitated gravimetri

cally (after solvent drying); otherwise by measuring 14c-ch
as a tracer (see below).

Buffer composition, osmolality. The following phosphate

buffered saline (PBS) was used for all liposome batch

preparations:

Sodium Phosphate, monobasic 1. 53 gm/L

Sodium Phosphate, dibasic 6. 29 gm/L

Sodium Chloride 5.57 gm/L

Pen-Strep Solution* 2ml/L

* (10,000 units/ml penic ill in + 10, 000 mcg/ml streptomycin)
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The pH of this solution is 7.3–7. 4 and the osmolality

approximately 290 mosm (as measured on a clinical osmometer,

courtesy of the Clinical Laboratory at U.C. S. F.).

Solvents and solvent filtrations. Double d is tilled water

was used in all experiments. All solvents used were fil

tered. Chloroform and methanol were filtered through a Mil

lipore FG 0.2 micron pore size filter fitted in a suction

filtration apparatus (Millipore Co., Bedford, Mass.) . All

aqueous solutions were filtered through Nuclepore "Unipore"

polycarbonate membranes of Ø. 25 or Ø . 10 micron pore size,

and a polyester post filter (Bio-Rad, Richmond, CA), fitted

in a Millipore 25mm diameter stirred filtration cell with

reservoir (Millipore Corp.) by positive nitrogen pressure.

Preparation of "Mechanically Dispersed" liposomes. The

basic liposome preparation (MD), which results in large mul

tilamellar vesicles, is made as follows: the desired lipids,

in chloroform, are dried on to the walls of a round bottom

flask using a rotary evaporating device with vacuum, using a

mild warm water bath (30–40°C) for the flask. Drying is

completed by applying the house vacuum to the flask at room

temperature for 0.5-1 hours. An effort is made, during

"roto-vaping", to distribute the lipid over as much area of

the flask as is possible. An aqueous solution (usually PBS

containing a marker compound) is added to the flask, the

flask is sparged with nitrogen and stoppered, and then it is

gently agitated by hand (with intermittent rest) until all
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of the lipid is visibly dispersed from the walls of the

flask. This dispersal, as a for ementioned, results in the

formation of the liposomes. During the dispersal, which

takes 1/2 - 1 hr to complete, the flask is occasionally

immersed in a warm water bath (40°C), not exceeding 5 min.

to tal. Radioactive marker compounds are incorporated into

the liposomes by two methods. **c-ch and *H-PA are dried

along with the other lipids from the chloroform solution.

The water-soluble markers (**c-sucrose and “c-inulin) a re

dissolved in the PBS which is used to disperse the dried

lipid. In the former case it is assumed that all of the

marker is incorporated into the lipid bilayer, while in the

latter case the marker remains in the aqueous solution.

Since only part of the total aqueous solution is entrapped

in the liposomes, only part of the water-soluble marker will

be entrapped. The liposomes are allowed to sit at room tem

perature for another hour before additional steps are per

formed on them.

Lipids used in these studies. Egg yolk phosphatidyl choline

was chosen as the principal phospholipid in these studies

because: it is the most commonly used lipid for liposome

studies and thus well characterized; it is relatively in ex

pensive; it has properties, including a low TC, that make it

easy to work with at room temperature. It also has a net

neutral charge at physiological pH, which means that the

liposome surface charge can be altered by adding in only a
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Small amount of a charged lipid (2). In addition to egg

phosphatidyl cho line the only other lipids used here are

cholesterol and alpha-tocopherol (Fig. I-3), dipalmitoyl

phosphatidyl cho line (all with net neutral charge) and

di palmitoyl phosphatidic acid, which carries a net negative

charge at ph 7. 4. Alpha-tocopherol was used as an antioxi

dant, as described in Chapter I. The liposomal lipids are

restricted to these because it was felt that it would be

advantageous to study a few types thoroughly and to use them

consistently throughout all the studies. Thus, the lipids

used and their abbreviations:

Egg Phosphatidyl Cho line PC

Dipalmi toyl Phosphatidyl Choline DPPC

Dipalmitoyl Phosphatidic Acid DPPA or PA

DL-alpha-Tocophe rol a-T

Cholesterol CH

Preparation of extruded liposomes. "Extruded" liposomes are

prepared by the procedure of Olson et al (64): The "mechani

cally dispersed" liposomes are placed in the 25 mm Millipore

stirred ultra filtration cell fitted with a Nuclepore poly

carbonate membrane and polyester post filter. These mem

branes are "straight-bore" pore membranes that are available

Ø. 1, 0). Ø8, Ø. 05, and Ø. 03 micron pore sizes. The liposomes

are forced through the membrane with positive nitrogen pres

sure at room temperature. The liposomes can be extruded
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sequentially through membranes of decreasing pore size

(e.g., l. 0, then Ø. 8, Ø. 6, 0.4, 0.2), and afterwards bear

the label of the smallest pore size through which they have

been extruded (e.g. "%. 2 micron-extruded liposomes").

Preparation of French press (FP) liposomes. This procedure,

originally developed by Hamilton and Goerke at U.C. S. F., has

been reported recently by them and others (61,62). MD lipo

somes are placed in a French pressure cell (Amin.co, Silver

Spring, Md.) and as much of the air is expelled from the

cell as possible before closing the or if ice valve to the

cell's interior. Both cell sizes (40 ml or 5ml capacity)

were used, depending on the liposome batch size. The cell

is then placed in a Carver Type C press (F. S. Carver Inc.,

Menomonee Falls, Wis.) , and the liposomes are extruded at 20

ml/min. at room temperature. The press gauge pressure is

kept constant throughout the run; this is done by regulating

the cell's or if ice size and varying the press pumping rate

(done by hand). All French press runs are done at 20, 000

psi (inside the cell); this means that, because the surface

areas of the cells' pistons a ren't equal to l square inch,

that the poundage applied by the press (i.e. psi read on the

press pressure gauge) is 13, ØØØ-15, 000 psi for the large and

2500–3000 psi for the small French press. After this pro

cedure, which is always done more than once on a liposome

batch (comments later), the liposomes are centrifuged at low

speed for ten min. on a lab bench centrifuge to remove



21

rubber particles that shear from the French press piston O

rings during the extrusion.

Column runs with liposomes and markers. Various column pro

cedures were carried out with the liposomes and their marker

compounds. Sephadex G-50–80, G-75–40, G-20 0–120, and LH-20

(as powders), and Sepharose 4B (pre-swelled in a . Ø2 percent

Sodium Azide solution) gels were obtained from Pharmacia Co.

(Sweden). Biogel A-150m was obtained as pre-swelled gel in

sodium azide from Bio Rad. The powders were allowed to

swell for appropriate times in . Ø2 % sodium azide. "Econo

columns" of various dimensions were obtained from Bio-Rad.

Prior to packing the columns, the swelled gels were degassed

as follows: they were placed in a flask in a 40°C water

bath, placed under house vacuum for two hours, and swirled

intermittently. The elevated temperature makes the gel less

viscous. The columns were packed at room temperature by

pouring in the gels, allowing the column to run and the gel

to settle by gravity. Two to three column volumes of the

sodium azide were run through to stabilize and pack the gel

bed. Prior to liposome runs, always done at room tempera

ture, the columns were equilibrated with at least 4-5 column

volumes of PBS. After use, they were reequilibrated with

the sodium azide solution. When samples of liposomes or

marker compounds were run on the columns the sample volume

was kept low enough to avoid over loading the column yet high

enough to cover the entire bed area. For 1 cm diameter
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columns the typical sample volumes were 0.1 to 0.4 ml.

Column void volumes (except for the LH-20 and A-150m) were

determined by measuring the elution volume of Ø. 2 ml of a

2mg/ml Blue Dext ran (Sigma, St. Louis, MO, average

MW=2, 000, 000) solution. Column eluate was collected in

"by-drop" fractions with a Gilson (Middletown, Wis.) frac

tion collector using 13 x 100.0 mm test tubes.

Dialysis of Liposomes and markers. Dialyses were carried

out on liposomes and markers using two types of procedures,

always done at 5°C:

a) Dialysis Bags: dialysis tubing (12,000 MW cutoff)

was purchased from VWR Scientific. Collodion dialysis bags

(75, ØØØ MW cutoff) were purchased from Schleicher and

Schuell (Keene, N. H. ). The 12,000 MW tubing came in dry

form and was prepared for dialysis as follows: it was boiled

in 1% sodium carbonate for 1 hour, then rinsed and soaked in

distilled water for 1/2 hour. The 75,000 MW bags came in

30% Ethanol. They were also prepared for dialysis by soak

ing in distilled water. Just prior to dialysis of liposomes

both bag types were r insed in PBS. For 12,000 MW dialysis,

sections of appropriate length of the tubing were cut,

clamped off at one end, and the sample placed in the bag;

the other end was then clamped and the bag placed in an

appropriately-sized container of PBS. The clamps caused it

to float. For 75,000 MW dialysis the sample is simply

placed into the bag (cone-shaped) and the bag opening
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clamped with for ceps. The for ceps are then placed over the

opening of an appropriately-sized beaker and PBS added to

the beaker such that the PBS level is above the liquid level

in the bag. In both cases the PBS dialysate is stirred with

a magnetic stirring bar and electric stirrer. The beakers

are also covered lightly with aluminum foil.

b) Dialysis cells: Dialysis cells (Techni lab, 1 ml

capacity on each side) were obtained from Bel Art Products

(Pequannock, N.J.). These were fitted with the aforemen

tioned 25mm Nuclepore polycarbonate membranes. The mem

branes were wetted first, then placed over one half of the

cell; the other cell half was added and the bolts tightened

hand tight. Samples and dialysate solution (usually PBS)

were added to their respective sides through the entry ports

with glass transfer pipets. The ports were then taped shut.

For dialysis, the cells were placed on a horizontal shaker

and shaken at 1.5-2 cycles/sec. , with 5 cm amplitude.

Sampling of solutions. Solutions were quantitatively sam

pled using a 10 micro liter syringe (Hamilton, Reno, Nev. ) or

Eppendorf pipets of varying sample capacities (Brinkman,

Westbury, N.Y.). When it was desired to measure the con

tents of the sample side of a dialysis cell, the following

procedure was used: a 10 micro liter sample was first taken,

then the entire cell weighed, the sample side contents were

withdrawn with a transfer pipet and the cell reweighed.

Thus amounts (concentration X volume) were measured in all
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dialysis cell studies. In dialysis bag studies only concen

trations (by syringe sampling) were monitored.

Measurement of Radioactive Markers. Radioactive marker com

pounds were quantitated by two methods:

a) Direct Counting. Markers in aqueous media (i.e.

PBS, water, or plasma), organic media (stock solutions of

labeled lipids), or as dry compound (by evaporating the

above solvents) were combined with 3.5 ml PCS scintillation

counting fluid (Amersham, Arlington Heights, Ill.) in 7ml

polypropylene screw-cap mini-vials or with 10-15 ml PCS in

25 ml screw-cap glass counting vials (VWR Scientific, Pitts

burgh, PA.) . Miscibility was checked visually (up to 0.4 ml

of aqueous solution could be added to 3.5 ml PCS without

phase separation). Counting was done using a Packard Tri

Carb scintillation counter (Packard Instrument Co., Downer's

Grove , Ill.) in the external standard channels ratio mode.

To correct for variable quenching in samples, quench curves

were set up: constant amounts of isotope counts were put in

several vials with PCS, and then varying amounts of chloro

form were added as quenching agent. Plots of relative effi

ciency vs. external standard ratio were then made.

b) Sample combustion. Animal tissue samples (e.g.

blood or liver) were prepared for counting by combustion.

Tissue a liquots were weighed and placed in combustion cups

with pads (Packard) and allowed to air dry at room tempera
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ture overnight. They were then combusted in a Packard tissue

combustion apparatus using Carbo-Sorb and Permafluor V

(Packard) as carbon dioxide trapper and sc in tillator,

respectively, for 14c samples (10 ml of each were used per

sample). The isotope and solvents were machine-collected in

the 25 ml glass vials, and then counted on a Packard Tri carb

counter as mentioned previously. Quench curves were con

structed to correlate counting efficiencies in PCS and the

combustion solvents. Samples containing known amounts of

radioactivity were combusted to evaluate combustion effi

ciency.

Methods of Preparation: Results and Discussion

Assay standard curves: Figures II-1 and II-2 show a typical

standard curve for the phosphate assay, and quench curves

for 14c in PCS and in combustion solvents. Curves for 3H

were similar in nature.

Column runs with liposomes and markers. In the early work

we re-confirmed a fact that had already been well known :

that column procedures could be used to separate liposomes

from nonentrapped marker, and liposomes of different size

from each other. All liposome types and sizes, when applied

to a Sephadex column, elute entirely in the void volume

because their minimum size is approximately 200 and stroms,

and molecular weight 5,000, 000 (6). Fig. II-3 shows the

combined results of Sephadex G-50–80 runs of “c-inulin and
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“c-sucrose. It shows that these markers are clearly

separated from the void volume (i.e., liposomes) and from

each other (two distinct peaks are also obtained when the

two are run together). This latter fact was used as a crude

test of the purity of the inul in ; since inul in 's molecular

weight is approximately 5,000, there should be no molecules

as small as sucrose present. Thus, the column method can be

used to separate free from entrapped marker, and also to

measure the fraction of marker entrapped in liposomes when

both free and entrapped marker are present. However, we and

others (69) have found that the per cent recovery of lipo

somal lipid from a column run (as quantitated with labeled

lipid) can be as low as 50 percent and can depend on the

number of times the column has been used. Another disadvan

tage of the method is that a sample dilution effect takes

place. Because of these problems, column procedures are

used here only to determine fraction entrapped. When the

liposomes are to be used for other purposes the non entrapped

marker is removed with dialysis whenever possible.

Different sized liposomes can also be separated on

Columns. However, the largest available column molecular

weight exclusion limits (e.g. 150, 000, 000 for the Biogel A

150m) will not allow size separation of liposomes above

approximately 0.15 microns in diameter; samples of Ø. 2

micron-extruded liposomes were run on the A-150m column and

eluted completely in the void volume. Very small liposomes
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are retained (see next section).

Characteristics of French press liposomes. Figure II — 4

shows the results of a study in which French Press liposomes

labeled with “c-cholesterol were chromatographed on a

Sepharose 4B column. The liposomes were composed of PC/CH =

7/3 (molar ratio), made at 5 mg PC/ml. The liposomes in

curve A had one pass through the cell, the ones in B three

passes (cell pressure was 20, 000 psi for both runs). These

results show that multiple passes reduced the fraction of

void volume liposomes-that is, reduced the average liposome

size; the location of the retained peak is the same for

both , indicating that the average size of the column

retained liposomes did not change. This is in accordance

with the notion that liposomes have a smallest limiting

size. This shift toward small size is accompanied by a

characteristic change in turbidity of the liposome suspen

sion. The original mechanically dispersed preparation is

milky white, and the three-pass French press liposomes are

translucent and almost optically clear. These column reten

tion and optical properties depend on the lipid concentra

tion. At low lipid concentrations the preparation becomes

clear after just one pass, while for higher concentrations

(20 mg/ml) two or three passes are required. This is prob

ably because the cell does have a certain "dead space" — a

volume of liposomes that isn't extruded - and this volume

would be expected to contribute more to the turbidity if the
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concentration was higher, which is also the reason why more

than one pass is needed. The properties of French press

liposomes have also been observed to depend on the extrusion

pressure. It was found by us and others (62) that MD lipo

somes extruded at low pressure (about 6,000 psi) were larger

than these done at 20, 000, as judged by Biogel A-150 M

retention (Fig. II-5) and electron microscopy (62). We have

also observed, as have others, that when liposomes are

extruded at high pressure the suspension is often warm (30

35°C) when it exits the press, due no doubt to the large

energy input of the extrusion process. On the whole the

process is a very easy one, and much preferable to other

methods that are used for obtaining these small vesicles,

i.e. sonication, which is not as reproducible and which can

result in lipid degradation (6), and detergent dialysis,

which is too sensitive to lipid composition and a host of

other factors (4) . Therefore in applications where small

unilamellar vesicles (as 20,000 psi FP liposomes are thought

to be (2)) were needed, French press liposomes were used,

with 20, 000 psi operating pressure and three passes (or

cycles) for the liposome batch.

Qualitative aspects of liposome preparation. Several

aspects of the liposome preparation procedure involve steps

that are not easily quantifiable, yet are probably very

important. The first is the way in which the lipids are

dried from chloro form in the round bottom flask. Ideally
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the lipid should be dried to a uniform and continuous film,

over as great an area as possible (2). In practice this

isn't possible. The film must be relatively thick, i.e.

confined to a small enough area, so that the aqueous solu

tion used to disperse it can be agitated conveniently; the

film contour is often irregular and discontinuous just

because of the crude nature of the roto vap process. This

could conceivably affect the way in which the aqueous solu

tion disperses the lipid. There have been no thorough stu

dies on this matter, but there is evidence that suggests

that lipid layer uniformity and rate of solvent aq itation

may affect the size of the MD liposomes (72). In spite of

this there are great differences in the methods different

investigators use to disperse the lipid; at one extreme is a

preliminary exposure of the dried lipid to water-saturated

nitrogen, followed by extremely delicate agitation (72); at

the other, the use of vigorous vortexing (64) and even son i

cation (6) for dispersal. The dispersal process itself

(i.e. time needed to disperse all the lipid) is variable,

and even when the agitation rate is kept relatively con

stant, certain lipid compositions (usually the ones with

higher cholesterol) disperse much more slowly than others.

This might be due to the differences in fluidity caused by

cholesterol, and is expected to be temperature dependent

(see below). The process of lipid dispersal (and liposome

formation) is one of hydration - the process of the water

lipid head group interaction replacing the head group-head
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group interaction in the dried lipid (2). As others have

noted (2), this process need not be complete when the lipid

is entirely dispersed from the walls of the flask. Chunks

of lipid several bilayers thick are probably taken off the

lipid film during the agitation, leaving some of the lipid

unhydrated. For this reason most liposome investigators

prefer to let their preparations incubate at the dispersal

temperature for at least an hour after dispersal to complete

the "hydration" process. Again, there have been no thorough

quantitative studies done on this a spect of liposome

preparation, but it is almost certainly true that the

aforementioned size heterogeneity in MD liposome prepara

tions is a result of the lack of uniformity in these various

steps. In the work reported here the liposome batches were

allowed to "equilibrate" at room temperature for an hour

after dispersal before any other procedures (e.g. extrusion

through membranes) were done on them.

As with any other colloidal suspension, a relevant con

cern with liposomes is whether or not they separate out of

suspension. Liposomes are capable of both creaming and sed

imenting, depending on the conditions. For sedimentation

the effective liposome density must be greater than that of

the surrounding medium; this is sometimes possible at room

temperature, depending on the liposome type, but is often

facilitated when the centrifugation is done at 5°C due to

the increase in lipid density compared to the aqueous solu

tion. Increased liposome density can also be achieved by
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entrapping compounds of high density. For creaming, the

liposomes' density must be less than that of the medium;

this is done by simply placing the liposomes in a higher

density solution (e.g. sucrose, see Chapter V ). Liposomes

can also separate out without the aid of centrifugation.

This is the case especially for neutral liposomes - i.e.

liposomes that have a net neutral surface charge, such as

pure egg PC liposomes - and not so for liposomes that have a

net charge. In the former case the liposomes will settle

out of suspension visibly. This is probably an aggregation

or flocculation effect, due to lack of net charge, similar

to that seen for other colloids (111) and is readily rever

sible by mild agitation.

Multi lamellar liposomes are known to be osmotically

sensitive structures (29), principally because they act as a

semipermeable membrane; water can diffuse across intact

bilayers readily, ions with extreme difficulty (2). The

only precaution that was taken in this regard in these stu

dies was to make sure that the liposomes used didn't undergo

extreme osmotic shock by exposure to media of greatly dif

ferent ionic strength. As for the osmotic contribution that

the liposomes themselves make, it is negligible: a sample of

FP liposomes made at 20 micromoles/ml lipid in buffer with

the composition PC/PA/CH/a-T = 4/1/1/. 05 (molar ratio)

showed no detectable increase in osmolality compared to

buffer alone when measured on the clinical osmometer. This
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result was expected based on calculations of the number of

liposomes (particles) that would be present.

Extrusion of liposomes through membranes. As mentioned

before, the MD liposomes can be extruded through the Unipore

membranes. The MD liposomes were always extruded through a

2. 0 or l. 0 micron pore size membrane first, even though the

final extrusion (after a sequence of membranes) might be

with a 0.2 micron membrane. This is because the liposome

size distribution is made smaller with each decrement in

membrane pore size, so that pre-extrusion through the larger

pore sizes makes extrusion through the smaller ones easier.

When done this way the pressure required for a "typical"

liposome batch (e.g. 20 micromoles/ml lipid) is 1-10 psi for

extrusion down through the .6 micron membrane, 10-15 psi for

the .4 and 20–30 psi for the Ø. 2. If MD liposomes are not

initially put through the larger sizes, much higher pressure

is needed. In the paper describing the method Olson et al

(64) note that these extrusions are done with 100% recovery

of lipid. In the present work it was found that this was

true for most liposome batch sizes extruded. For most mem

brane sizes only when very small amounts of lipid (less than

Ø. 5 mg) were extruded was the recovery less than 100%. This

was assessed by recovery of *H-DPPC and **c-ch in the extru

dates. Only for the case of extrusion of Ø. 4 micron

extruded liposomes through a 0.2 micron membrane was the

recovery less than 100% for all lipid amounts (typically
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50-70%). In all experimental preparations, the liposomes

were extruded twice through the final membrane used, to

ensure that the liposomes were sized correctly.

Dialysis of water soluble markers. The dialysis rates of

“c-inulin and the “c-sucrose out of various dialysis bags

and across the Unipore membranes were measured. The various

dialysis half-lives were: 3-4 hours for inul in in the 75,000

M.W. collodion bag; one hour for inul in with Unipore mem

branes with pore sizes 0.2 microns and larger; 8–13 hours

for inul in with Unipores smaller than 0.2 microns; one hour

for sucrose in a 12,000 M.W. dialysis bag (diameter 5–8

mm). These results indicated that l) when sucrose was used

as the encapsulated marker, the nonent rapped sucrose could

be removed easily by overnight dialysis 2) when inul in is

used, the dialysis bag method is too slow for overnight

dialysis. The liposomes should be "cleaned up" using either

the dialysis cell-Unipore membrane method (which has the

complicating factor that liposomes can also dialyze across

(Chapter IV)) or a column procedure. When the Unipore can't

be used (i.e. for FP liposomes, as they will dialyze across

most sizes) and the column dilution effect is unwanted, the

only solution is to dialyze in the 75,000 MW bag for 48

hours. (This was done in the mouse studies).

Encapsulation efficiencies and effect of dispersal tempera
ture. As mentioned before, one of the variables in the

liposome dispersal process is the temperature. It is known
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that the lipid must be dispersed at a temperature greater

than its phase transition temperature, but how much greater

is not a well-answered question. The data in Table II-1 are

the encapsulation efficiencies (that is, volume of aqueous

solution entrapped per mole of lipid), as measured by the

dialysis bag technique, of several liposome types. The

liposomes were PC/DPPA/CH/a–T = 4/1/1/. 35 made at 10 micro

moles lipid/ml. MD and 1.0 micron-extruded sizes were stu

died, with the entire dispersal-extrusion process taking

place at RT, 40°C, or 60°C. The results were unexpected,

as it was anticipated that the entrapment efficiency would

rise with temperature, the rationale being that higher tem

perature would enhance the "hydration" process. Instead,

what actually happened was that the gross dispersal- i.e.

removal of lipid from the flask-was greatly speeded (from

0.5 hours at RT to 4 min. at 40°C and 2 min. at 60°C). This

probably meant that the lipid's lowered visco sity and higher

malleability at the higher temperatures caused more non

hydrated lipid to be "scooped" off the flask. It is com—

monly held (4) that the temperature of dispersal should be

above that of the phase transition of the lipid with the

highest Tc, even if it is a minor component, for the lipo

somes to form "perfectly". In this case the DPPA has its Tc

at 52°C (egg PC at approximately –13°C). However, we rou

tinely disperse our lipid at room temperature (because of

the elevated temperature effect on encapsulation), and use

occasional brief periods at 40–50°C (as mentioned before) in
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deference to the high Tc of DPPA.

It can also be seen that the encapsulation efficiency

is lower for the l. 0-micron extruded liposomes. This

decrease in efficiency with size holds true for all large

multilamellar liposomes (. 1 micron and up) (64) - there is a

moderate decrease in encapsulation efficiency with size;

however, for the small unilamellar liposomes (FP or son i

cated) the efficiency is much lower because of the increased

ratio of lipid to entrapped volume in these liposomes (2).

For FP preparations with the same composition and concentra

tion as the above - mentioned preparations, efficiencies of

ten-fold lower magnitude were commonly seen. The efficien

cies given here are typical for the encapsulation of polar,

water-soluble compounds. However, for compounds which are

nonpolar (and can partition into the bilayer) or that can

bind strongly to the bilayer (as for some proteins) the

encapsulation efficiencies can be much higher (30). Thus

the entrapment efficiency depends on both the liposome type

and the nature of the entrapped compound, and can be used as

supporting evidence that a particular liposome type has been

prepared.

Dialysis of liposomes using Unipore membranes. See Chapter

IV.

Statistical procedures used in these studies. In all cases

where two sample means are compared for statistical differ
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ence, one-tailed t-tests were done at the p = . Ø5 sign if i

cance level. Differences that are statistically significant

will be referred to as "significant".
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Table Il-1: Entrapment efficiency data for lipo
somes prepared at RT, 40°C, or 60°C. Values are
expressed as liters of aqueous solution entrapped
per mole of lipid. In this experiment these numbers
also equal the percent of the total aqueous solution
entrapped by the liposomes. All values are the aver
age of duplicate determinations.

Liposome
Type RT 40°C 60°C

Mechanically 8.3 7.1 5.8Dispersed (MD)

1.0-extruded 6.6 6.9 5.5
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CHAPTER III: EFFECT OF THE LI POSOMES" PHYSICAL PROPERTIES

ON THEIR PLASMA KINETICS IN RABB ITS

Introduction.

In the early investigations of the interaction of lipo

somes with cultured cells it was found that the nature of

the interaction (i.e. stable adsorption to , fusion with , or

endocytosis of the liposome by the cell) depends on the phy

sical properties of the liposomes (85). Papahadjopoulos and

coworkers found that cultured cells would bind a variety of

liposome types, but that delivery of the liposome-entrapped

agents into the cells depended on liposome properties such

as surface charge and the fluidity of the bilayer (83). It

is thus very likely that liposome physical properties play

an important role in governing their fate in vivo, espe

cially in light of the fact that the in vivo fate of other

colloidal materials is known to depend on particle size and

surface charge (16).

Very few of the in vivo studies done previously have

examined the effects of liposome physical properties on

their fate. The purpose of this study is to examine the

influence of liposome size and surface charge on their

plasma kinetics in rabbits. In addition, the effect of the

choice of liposomal marker compound (i.e. whether it's an

aqueous space or lipid bilayer marker) on these results is

studied.
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Materials and Methods.

Chemicals. All chemicals and reagents were as in Chapter

II.

Rabbits. The rabbits used were adult male New Zealand

Whites, weighing 3.6–4.4 kg. They were housed in the Animal

Care Facility at U.C. S. F. and received a diet of Purina rab

bit chow #5321 and water ad libi tum up until, and then

after, the studies.

Experimental Set-up. During the studies the rabbits were

placed in restrainers (Plas-Labs, Lansing, Michigan) and

given access to water. They were then catheterized in a

marginal ear vein with an 8-inch 22-gauge Intra cath catheter

(Deseret Pharmaceutical Co., Sandy, Utah). The catheter was

taped to the ear and maintained by periodic infusion of nor

mal saline with 50 units/ml he par in (Liquaemin" Sodium, 1000

USP units/ml ; Organon, West Orange, N.J.) in Monoject

Disposable Tubercul in Syringes (1 cc, 5cc, Sherwood Medical

Industries Inc., Deland, FL.). Blood sampling was done with

a Luer 3-way nylon stopcock (Bio-Rad, Richmond, CA) con

nected to the catheter. One syringe wetted with the

heparin-saline was used to collect the blood and another

syringe, filled with the heparin-saline, was used to flush

the catheter.

Preparation of Liposomes. Mechanically dispersed (MD) or

French press (FP) liposomes containing a) a lipid label
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(**c-cholesterol O r *H-DPPC) b) “c-inulin or c) “c-sucrose
were prepared as in Chapter II. Nonentrapped marker was

removed with Sephadex column chromatography immediately

prior to use.

Rabbit Studies. Doses were given in travenously in Ø. 5-1. 0

minute infusions. Dose volumes were 1. 0-1. 8 ml. Blood sam

ples were taken with time and kept at room temperature in

13X100 mm culture tubes (Pyrex, McGaw Park, Ill.) until they

could be spun down to obtain the plasma (less than 15 min.).

Blood samples ranged from Ø. 4 ml (early times) to 1.5 ml

(later times), and care was taken not to remove more than

5-7 percent of an animal's blood volume over the 24 hours.

The following studies were done:

a) Rabbits were given neutral French press liposomes

(PC/CH = 7/3 molar ratio composition) at 10 mg lipid/kg,

dual-labeled with “c-cholesterol and *H-DPPc.

b) Rabbits were given neutral French press liposomes

(PC/CH = 7/3 composition) at 10 mg lipid/kg, labeled with

**c-inulin (present at 5 mM in the dispersal buffer).

c) Rabbits were given negative French press liposomes

(PC/PA/CH = 7/1/3 composition) at 10 mg lipid/kg, labeled
14

with C-inul in as in b) above.

d) Rabbits were given neutral liposomes (PC/CH = 7/3

composition), either French press or MD, labeled with
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entrapped “c-sucrose (at 5 mM in the buffer).

e) Rabbits were given either free “c-inulin or free

“c-sucrose in buffer (5 mM).

Treatment of Blood samples. Blood samples were centrifuged

at low speed and aliquots of the plasma were counted for

radioactivity as in Chapter II. Hemato crit was estimated by

measuring plasma and red cell fraction volumes by pipetting

(all values fell within the Ø. 3-3. 35 range).

Results.

Figures III-l and 2 show the results of the studies

using the dual lipid-labeled neutral French press liposomes.

Fig. III-1 reveals a multiphasic fall off curve for both the

“c-cholesterol and the *H-DPPC labels. A total of six rab

bits received this liposome type, but two of them developed

upper respiratory distress during the experiment. The

plasma data for these two differed markedly from those of

the healthy an imals in that the healthy rabbits all showed

two distinct log-linear phases for the 3H label, while the

unhealthy rabbits exhibited just one. The biphasic nature

of the curves for the healthy rabbits is lost in the averag

ing, and so this information is given in Table III-l. This

observation suggested that the liposomes' disposition may

depend on the animal's state of health, and thus the data

for the sick rabbits was not included. In addition, one

healthy rabbit's catheter failed at 5 hours. Figure III-l
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also reveals significantly different plasma levels for the

two labels (on a percent dose basis) from 2 to 8 hours. The

fact that the two labels are declining at different rates is

shown clearly in Fig. III-2, in which the ratio in plasma of

3H to 14c in each rabbit is calculated and then averaged for

all rabbits. There is a clear and significant change in the

ratio, indicating an initially faster rate of removal of the

cholesterol label and at later times a faster decline of the

DPPC label. The data for all rabbits also exhibited a very

early phase (0-. 75 hours) in which the plasma levels oscil

lated. Fig. III-3 shows typical data from one rabbit during

this time period (most of these very early (. 05-. 15 hr.)

points were left out of Fig. III-1 for clarity).

The effect of liposome surface charge on the plasma

disappearance of the label is shown in Fig. III-4. After

neutral liposome administration the inul in label is present

at much higher levels than after negative liposomes. Both,

in turn, are higher than levels after free inulin (average

data from two rabbits). The liposome curves also exhibit a

multiphasic nature on this semi log plot.

Fig. III-5 shows the effect of liposome size on the

disappearance rates. The small (French press) liposomes

show much higher plasma levels with time than do the large

liposomes, and most of this difference can be attributed to

the different fall off rates in the first hour. The curve

14
- -

for free C-sucrose (not shown) was very similar to that
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for free inul in and fell below the curve for the large lipo

SO I■ le S •

Discussion.

The data presented here suggest that liposome proper

ties such as size and surface charge are important deter

minants of their fate in vivo, and as such are in general

agreement with the earlier findings of Juliano and Stamp

(79). It is significant that these two factors have also

been implicated, with the same qualitative findings, for

other colloidal materials (16). However, following the in

vivo fate of liposomes is much less straightforward than for
the inert collo ids due to some of the inter actions of the

liposomes with the biological environment.

The first step in monitoring the liposomes' fate is the

choice of marker, specifically whether it should be a polar

(in the entrapped aqueous spaces) or nonpolar (bilayer

associated) compound. The results of the dual lipid label

studies imply that at least one of the labels was giving a

false indication of the liposome plasma levels. This was

expected, since lipid exchange processes are known to occur

in the blood between the various lipid depots (40). This

does not mean that all lipid labels are unreliable, but it

does mean that the potential for lipid exchange should be

kept in mind. The dual label studies also indicated that

liposome disposition may depend on the animal's state of
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health. This finding is reasonable since liposome fate is

thought to depend in part on RES activity, which in turn is

known to be affected by infection and general state of

health (16). Finally, the data in Fig. III-2 suggest that

simple mechanical interaction may be involved in the dispo

sition – the oscillating levels between Ø-. 75 hours are very

similar to the gradually dampening blood level oscillations

See In after administration of inert microspheres (20),

presumably resulting from the lodging, displacement and

relocation of particles in "wave form" as they traverse the

various capillary beds.

The alternative is the aqueous space marker. Ideally

this should be a compound that is completely restricted to

the aqueous spaces so that it doesn't confer any added pro

perties on the liposome; this is important in identifying

the properties of a given liposome type. This type of

marker has the advantage that as long as the bilayer struc

ture remains intact (regardless of lipid exchange processes)

it will stay in the liposome. Its principal disadvantage is

that the liposomes' blood-induced leakiness will result in

label release. In such cases, however, the kinetics of the

remaining intact liposomes may still be monitored if the

clearance of the free (i.e. released) label is much greater

than that for the entrapped label. “c-inulin was chosen as

the aqueous space marker for these experiments because it

fulfills these criteria-- it's a large, polar molecule and so
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shouldn't interact with the bilayer. As Fig. III–4 shows,

the half-life for free inul in is short enough so that it can

be used in comparing the plastna kinetics of the various

liposome types. For cases in which the kinetics of the free

and entrapped marker are similar, the lipo soºnes' fate can be

quantitated by separating the free and entrapped marker in

the plasma sample using column chromatography (Chapter II).

The results of the surface charge study (Fig. III-4)

provide a good example of how these stability (leak in ess)

aspects can affect the interpretation of lipo some data. It

has been shown (41) that negative lipo somes are less stable

in plasma (i.e. leak a greater fraction of their contents)

than are neutral or positive ones. This effect probably

causes, in part, the lower plasma levels for the negative

liposomes, since the free inul in is excreted faster than

liposome-entrapped inul in . However, the surface charge

probably exerts an additional, non-stability effect because

these results have been seen for the plasma clearances of

other, non-degradable colloids (lfi).

It was also found here that larger liposomes were

removed more rapidly from the blood than smaller ones. This

size effect has been used (79) to explain why multiphasic

C U r V eS a re usually See n after administ ration Of

heterogeneous-sized liposome batches (i.e. different sizes

are removed at different rates). However, multi phasic

curves were seen here for the FP liposomes, which are very
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homogeneous (61, 62). These find inqs argue against too

specific an interpretation of liposome plasma/blood curves

(e.g. if single or multi exponential, or making designations

analogous to distribution or elimination phases). Part of

the complexity surely arises because of exchange (for lipid

labels) or leakage (for aqueous); in the latter case the

free and entrapped label each has its own distribution and

elimination characteristics. Thus, although there are sig

nificant differences in the plasma curves of the various

liposome types, they are the combined result of several

processes that can affect apparent liposome disposition.

Several factors argued against continuing these studies

in elucidating the role of the RES in liposome disposition.

First, although plasma studies are informative, they aren't

capable of showing what transpires at individual RES organs.

In theory the sum total rate of organ uptake of intact lipo

somes can be measured with plasma data and might be valuable

in indicating what is happening at the organ level. HOW

ever, the liposomes are also undergoing breakdown (leakage),

and distinguishing the two processes isn't technically easy,

especially when the kinetics of the free and entrapped

marker (inulin) are so different. Thus, the next series of

in vivo studies (Chapters V, VI, and VII) was done in mice

so that liposome fate in individual RES tissues could be

followed.
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Table IIl-1. Plasma level data parameters for the dual lipid
label studies.

*H label *H label *H label
alpha phase alpha phase beta phase

halflife time period halflife
Rabbit No. Sick? (hours) (hours) (hours)

1 no 4.5 0.5-10 14

2 yes 12 1-24 a

3 no 5 1-8 16

4 no 5 0.5-5 b

5 nC) 5 1-14 14

6 yes 11 1-24 a

a: no, beta phase evident
b: rabbit catheters failed at 5 hours
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CHAPTER IV: LIPOSOME DIALYSIS FOR IMPROVED SIZE DISTRIBUTION

Introduction.

It is well recognized that liposome properties, both as

model membrane and drug carrier systems, are highly depen

dent on their size (79). The differences in plasma time

course and tissue distribution seen between large mul

tilamellar and small unilamellar vesicles are now well esta

blished (106), and even different size classes of large mul

tilamellar vesicles can have significantly different phar

macokinetics (75). Unfortunately, the size distribution of

the original multi lamellar preparation described and chara C

terized by Bangham (24) is very he terogeneous and poorly

reproducible. The use of this preparation for in vivo tis

sue distribution studies may thus mask some differential

effects of size; indeed, complex blood level time courses

have been attributed by some investigators to the hetero

geneous size distribution of the administered liposomes

(79). Several procedures have attempted to improve the size

distribution or encapsulation efficiency of the liposome

preparation: sonication and centrifugation (53,54), deter

gent dialysis (55–57), injection methods (58–60), French

pressure cell (61,62), reverse phase evaporation (63), and

others (73,74). All suffer from at least one of three

faults: (i) the resulting size range is too wide or

unpredictable (ii) the method produces liposomes in only one

size range or (iii) there are restrictions on composition or
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specific solutes, e.g. calcium or EDTA. However, a signifi

cant improvement in size distribution can be obtained by

extrusion of a heterogeneous population through straight

bore pore polycarbonate membranes of defined pore size

(64,65); this defines the upper size limit for the popula

tion but does not affect the lower end of the size distribu

tion (control of the lower end may be critical if liposome

pharmacokinetics depend in part on the surface area or

number of injected liposomes). In this chapter an improve

ment on the extrusion technique is made when the extruded

liposomes are subsequently dialyzed against the same type of

membrane with the object of removing the smallest liposomes,

and thus narrowing the size distribution from its lower end.

Such dialysis can also be used to characterize the size dis

tribution.

Materials and Methods.

Chemicals. All chemicals and reagents were as in Chapter

II.

Preparation of Liposomes. Mechanically dispersed (MD),

extruded, or French press (FP) liposomes were prepared as in

Chapter II. They were composed of PC/PA/CH/a-T in the molar

ratios 4/1/1/. 95 or 4/1/4.5/. 1 and were made at 10 micro

moles lipid/ml. In most cases “c-cholesterol was used as

liposome marker; in several control studies “c-sucrose Wa S

used as the marker. Dialysis of liposomes across the Uni
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pore membranes was done at 5°C as described in Chapter II.

Unless otherwise specified, the dialysate side was changed

frequently to maintain sink conditions.

Electron Microscopy of Liposomes. For electron microscopy,

aliquots of the liposome suspensions were diluted two-fold

with a 25 percent glycerol solution and kept at room tem

perature for two hours afterward. The samples were then

quickly frozen in liquid freon at approximately -155°C and

then stored at –190°C in liquid nitrogen. Stored samples

were transferred to the specimen stage of a freeze-fracture

device (Balzers, Berkhamsted, U. K. ), fractured at -115°c,

and then platinum-carbon coated. The replicas thus formed

were cleaned in dilute hypochlorite overnight, then rinsed

in several successive distilled water baths for ten minutes

each. A final 30 second acetone r inse removed any remaining

lipid. Replicas were then picked up on flamed 200 mesh

grids and viewed on a Siemens 1A electron microscope at 80

KV. Magnification was determined using a carbon calibration

grid.

Results.

Dialysis of Liposomes. Figures IV-1A and 1B show the

results of studies in which crude multilamellar (MD) and

French press (FP) liposomes (both labeled with 14c
cholesterol and of the PC/PA/CH/a-T = 4/1/4.5/. 0.5 molar

ratio composition) were dialyzed with membranes of various
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pore sizes. In both cases there is a clear trend of more

rapid and extensive dialysis as the membrane pore size

increases. Fig. IV-2 shows the results of a study in which

Ø. 6, 0.4, and Ø. 2 micron-extruded and FP liposomes were

dialyzed against Ø. 8 micron membranes. Here there is a

clear trend of more rapid and extensive dialysis as the

liposome size decreases. Fig. IV-3 shows the combined

results of three separate studies in which 1.0 micron

extruded liposomes (again with the 4/1/4.5/. 05 composition)

were made and treated as follows: half of the batch was

predialyzed for 20 hours with Ø. 8 micron membranes, the

other half with . Ø5 micron membranes (without monitor ing

14c). These sub-batches were then dialyzed again, both with

Ø. 8 micron membranes, for 72 hours (with 14c levels moni

to red, as shown in Fig. IV-3). There is a significant

difference in dialysis patterns due to the predialysis.

Samples of both sub-batches, taken after the predialysis

step, were saved for electron microscopy.

Another study similar to that depicted in Fig. IV-3

(and with the same liposome composition and label) was done

to show the effects of the dialysis on a very heterogeneous

population. A liposome batch was made consisting of 1.0

micron-extruded liposomes and FP liposomes (70 percent and

30 percent, respectively, of the total lipid present). A

sample of this heterogeneous batch was saved and the rest

was dialyzed for 21 hours with 1.0 micron membranes. Elec
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tron microscopy was then done on the dialyzed and undialyzed

samples (see below).

Control Studies. The effect of the dialysis system on lipo

some stability was assessed as follows: Ø. 8 micron-extruded

liposomes of either the PC/PA/CH/a-T = 4/1/1/. 05 O r

4/1/4.5/. 1 composition, containing “c-sucrose as label,

were dialyzed against Ø. 0.5 micron pore size membranes; these

two compositions (differing in cholesterol content) were

chosen as medium and high stability liposomes (41). It was

previously established that these same liposome types, when

labeled with “c-cholesterol, would not dialyze a cross . Ø5

micron membranes, and so the appearance of “c-sucrose On

the dialysate side would be evidence of liposome instabil

ity. It was found that after 24 hours of dialysis 3 and Ø

percent, respectively, of the entrapped sucrose had leaked

from the less stable and more stable liposome types.

For the case where the label does dialyze across, it

was important to know if the liposomes dialyzed across

intact. To test this, Ø. 4 micron-extruded liposomes of the

PC/PA/CH/a-T = 4/1/4.5/. 0.5 composition containing 14c
sucrose were dialyzed to equilibrium against 3.0 micron mem

branes (the size distribution of these liposomes is such

(64) that all are small enough to dialyze across). Samples

of the dialysate side were chromatographed on a Sephad ex G

50-80 column, and all of the radioactivity appeared in the

void volume, indicating that the liposomes had dialyzed
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across intact.

Other control experiments further characterized the

system. It was found that the dialyses were concentration

dependent; that is, with all other variables held constant

(e.g., liposome size, membrane) samples with higher lipid

concentration will dialyze more slowly, and to a lesser

extent, than very dilute samples. The agitation rate and

the cell fill volume were also studied. It was found that

three different agitation rates (i.e. motionless, gentle

test tube inverter, and the horizontal shaker method

described in Chapter II) gave dialysis rates that covered a

six-fold range. It was also found necessary to leave a head

space of air when filling the cells, so that the dialyzing

solution had the opportunity to agitate sufficiently. HOW

ever, when these various conditions are held constant the

dialyses are very reproducible.

Electron Microscopy and Liposome Sizing. Freeze fracture

electron micrographs were done for the 1.0- extruded and for

the mixed batch (1.0 + FP). Examples of dialyzed and undi

alyzed samples from the latter batch are shown in Fig. IV-4.

These show very clearly that the dialysis removed most of

the very small liposomes from the preparation. Apparent

liposome diameters were measured directly from micrographs

in both experiments with a ruler or calipers and apparent

size distributions were constructed by assigning each lipo

some to a size category of one mm width, e.g. 1-2 mm, 2-3
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mm. Diameters of liposomes with oblond shape were calcu

lated by averaging the values for their long and short axes.

For each liposome type and treatment several micrographs

were used. For the 1. 0 + FP mixture, measurements were made

from 8070 × micrographs, except for the smallest liposomes,

which were measured on 26, 0.90% blowups of regions on the

same 8070 K micrographs. On the 26, 39 0x micrographs all

liposomes with diameter Ø-3.3 mm were counted; on the 8070 ×

micrographs all liposomes greater than 1.0 mm were counted.

Thus, all liposomes less than 1.0 mm on the 80.70% micro

graphs were determined by scal ing up the results for the

26, 0.90% blowups. For the 1.0 micron-extruded experiments,

6472X micrographs alone were used. The to tal number of

liposome profiles measured and counted in each experiment is

shown in Table IV-1. There are, however, certain inher ent

biases in the freeze fracture/cross sectional method of siz–

ing. First, a given fracture plane may not make an equa

torial cut through the liposome, making its apparent diame

ter smaller than its actual one. Second, it is more prob

able that a large liposome will be cut than a smaller one,

for any given fracture plane; this probability is directly

proportional to the liposome's diameter, and this factor has

the effect of making the apparent average liposome size

larger than the actual average size. The direction that the

overall bias takes depends on factors such as the population

size range and the shape of the actual distribution. These

biases were corrected using the mathematical approach
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developed by Wicksell (66). From these corrected distribu

tions plots of cumulative surface area or cumulative total

liposome volume versus diameter were constructed.

Table IV-1 shows the calculated diameters of the lipo

somes with the average surface area and volume for each

category. The corrected and uncorrected frequency versus

diameter plots for the dialyzed (i.e., those remaining after

dialysis) and undialyzed l. 0 micron-extruded lipo somes are

shown in Figs. IV-5, A and B, respectively. There is a

clear upward shift in average size for the dialyzed lipo

somes, with a doubling in average corrected diameter (from

Ø. 156 to Ø. 3 microns). It is also seen that the correction

procedure shifts the size distribution to smaller sizes.

The corrected cumulative surface area and volume curves, not

shown, also exhibited dramatic shifts toward larger diame

ters for the dialyzed liposomes, which is reflected in the

changes in the diameters of the liposomes with the average

surface area and volume (Table IV-1). Figures IV- 6A, 6B,

and 6C show plots of the corrected frequency, cumulative

surface area, and cumulative volume for the dialyzed and

undialyzed mixture experiment (1.0 + FP). The size fre

quency plot (6A) shows a shift toward larger sizes after

dialysis, although most of the liposomes were still in the

smallest size category. The cumulative area and volume

plots (6B, 6C) show large shifts, as reflected in the average

surface area and volume calculations (Table IV-1).
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All differences noted between dialyzed and undialyzed

preparations were highly significant; in the case where the

fewest number of liposomes was measured (195, Table IV-1)

the difference between mean diameters for the uncorrected

dialyzed and undialyzed distributions was significant at the

p less than 0.01 level (l-tailed t-test using frequency

versus log diameter distributions (transformed from Fig.

IV-5B)). For the corrected distributions (Fig. IV-5A) the

percent difference between mean diameters was greater.

Discussion.

The initial hypothesis was that liposomes could be

dialyzed across the same type of membrane used in the extru

sion sizing method. The ensuing studies suggested that

liposomes could indeed be dialyzed in tact across these mem

branes, and in a very reproducible and predictable manner.

That is, a given liposome population's size distribution can

not only be narrowed with dialysis, but also characterized

by its dialysis patterns against various membranes.

The dialysis data for the FP liposomes also suggested

(Fig. IV-2, FP curve) that when the preparation is very

homogeneous the dialysis should be first order, and thus

that the dialysis rate of a heterogeneous population could

be described by a sum of first order processes (or exponen

tials), one for each narrow size class. Rough estimates of

the dialysis rate constants for various sizes were made from
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these (Fig. IV-2) and other data, and applied to an und i

alyzed liposome distribution (Fig. IV-5A) to simulate the

dialysis process based on the assumption of first order

kinetics. Fig. IV-7 shows a plot of estimated dialysis rate

constants against Ø. 8 micron membranes, versus liposome

diameter. Points on the graph were for **c-inulin, FP lipo

somes, and 0.2 micron-extruded liposomes (it was also

assumed that liposomes with diameter Ø. 7 microns would not

dialyze to any significant extent). Two rate constant esti

mates were made for the Ø. 2-extruded liposomes, assuming

diameters of Ø. 1 or Ø. 18 microns, because these lipo somes

are not as mono disperse as the FP, and their dialysis pat

tern is not really first order (Fig. IV-2). Two curves were

thus constructed (Fig. IV-7) by hand (no simple mathematical

transformations gave linear plots); two sets of estimated

rate constants were then interpolated for the arbitrary size

categories used in the micrograph counting. Fig. IV-8 shows

three plots: the actual post-dialysis distribution for the

1. 0-extruded liposomes (shown before in Fig. IV-5B) , and two

simulated distributions, obtained by applying the two sets

of estimated dialysis rate constants to the pre-dialysis

distribution. It is seen that the simulations did a reason

able job of estimating the dialyzed distribution given the

system's limitations: 1) the Unipore pores themselves are

not really mono disperse, as the manufacturer claims that

maximum pore size is +0% to -2.0% of rated pore size 2) the

rate constant estimates were fairly crude and 3) the
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potential exists for large liposomes to block pores, and

thus impede the dialysis of small liposomes. The results do

suggest, however, that the assumption of first order

dialysis is reasonable even for heterogeneous preparations.

This dialysis technique offers several significant

advantages over currently available methods for removing

small liposomes from the distribution: (i) separation by

centrifugation is complicated by the fact that liposomes of

the same diameter may have different densities (i.e. number

of lamellae) and vice versa, (ii) separating sizes by fil

tration is of little utility because: liposomes above their

phase transition are extruded and made smaller (64), and so

filtration of the commonly used egg lecith in liposomes,

which have their TC below Øºc, is unfeasible (some filtra

tion can occur at high lipid concentration (64) but it is

likely that it is not a size-discriminating process);

although liposomes apparently may be retained to some extent

by filters below their phase transition (67, 68), the effect

of their concentration at the filter interface (and caking

effects) isn't known; , (iii) gel exclusion chromatography

methods are currently limited by the size retention limit

(approx. 0.1-0.2 microns for Biogel A-150M (55)) and for the

same reason are of no value in characterizing the size dis

tribution of liposomes larger than this, (iv) newer tech

niques such as field flow fractionation (70), though

theoretically adequate, are not yet feasible on a practical
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scale. Other methods that give very homogeneous distribu

tions (i.e. sonication, detergent dialysis) are too limited

as far as available sizes or are too dependent on very pre

cise control of experimental conditions (4). Finally, the

dialysis technique allows removal of nonent rapped solutes
14

(e.g. for C-inul in , half-life for dialysis = 1 hour)

along with the smaller liposomes.

The advantages of using the dialysis method are thus

clear, and relate mainly to the need to control the lower

end of the liposome size distribution. A very good case in

point is provided with the l. 0-extruded + French press

batch, which is very heterogeneous. It was seen that, for

the undialyzed case, the smallest size class accounted for

99 percent of the number, 58 percent of the surface area,

but only 7 percent of the total liposome volume. Dialysis

of these resulted in a tremendous reduction in the number of

small liposomes (Fig. IV-4), although it apparently was only

95 percent complete (they still accounted for 94 percent of

the total number of vesicles present after dialysis). The

effect was that the cumulative surface area and volume

curves were much closer together for the dialyzed as com

pared to undialyzed liposomes. This disparity is a very

important consideration when liposomes are prepared for in

vivo use, for several reasons. First, the liposomes' fate

is usually followed with an entrapped volume marker, which

is located predominantly in the larger liposomes. Second,
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the liposomes' fate is thought to depend on their inter ac

tion with molecules in the biological fluids (6,43), which

may be a function of liposome surface area (a significant

fraction of which may come from the smallest liposomes).

Also, it is very likely that liposomes of different size

have significantly different in vivo dispositions. Thus,

liposomes prepared for in vivo use must have narrow size

distributions that are easily reproducible. As the data

presented here demonstrate, this mainly involves defining

and fixing the lower end of the size distribution.

In conclusion, the dialysis technique can be used to

narrow the size distribution of liposome preparations, and

can also be used to characterize the distribution. The

chief advantages in using the technique are its reproduci

bility and its flexibility with respect to choice of extrud

ing and dialyzing membrane pore sizes, allowing a wide range

of average liposome sizes.
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Fiqure IV-4A. , 82,000X freeze fracture, electron microgra
undialyzed 1.0 mi■ ron-extruded + French press mixed bátc fº of the
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Figure IV-4B. 82,000X freeze fracture electron, micrograph of the
1. micron-dialyzed 1.0 micron-extruded 4 French press mixed batch.
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Table IV-1: Size data for the 1.0-extruded and 1.0 + FP batches taken from
electron micrographs. Liposome diameters are expressed in microns.

corrected
number of corrected diameter of the corrected
liposome average liposome with the diameter of the

Liposome profiles liposome average surface liposome with the
Type counted diameter area average volume

1.0's
undialyzed 979 .156 .227 .31

1.0's
dialyzed 195 .30 .40 .494

1.0 + FP
undialyzed 9923 .033 .040 .076

1.0 + FP
dialyzed 1066 .047 ... 105 .213
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CHAPTER V: THE DOSE DEPENDENCY OF LI POSOME DIS POSITION

Introduction.

When the fate of intravenously-administered liposomes

is followed, e. g. via an entrapped aqueous space marker, the

marker (and presumably the liposomes) accumulate to a signi

ficant extent in organs that contain cells of the reticu

loendothelial system (RES). This occurs principally in the

liver and spleen where, depending on the liposome type,

animal species, and time after administration, a total of up

to 90 percent of the injected dose of the marker may be

found .

The significance of this RES localization was not lost

on early investigators (5,104). The RES is a diffuse system

with cells positioned along the vasculature in the liver,

spleen, and bone marrow, in the lung alveoli, and in the

tissue inter stices generally (Fig. V-7). One of its func

tions is to phagocytize colloidal and particulate material

such as effete red blood cells, denatured proteins, cellular

debris, for eign organisms, and exogenously administered sub

stances such as colloidal carbon or gold (the term "colloid"

can arbitrarily encompass suspensions with particle sizes

ranging from ten Ang stroms to several microns).

An extensive literature exists on the in vivo fate of

these so-called "inert" colloids (e.g. carbon and gold) (16).

After in travenous administration they are taken up primarily
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by RES cells in the liver and spleen, in a two-step process:

first binding to the cell, then phagocytosis; the latter

step is presumed to take place quickly after the binding

(18). In fact, this assumption is used whenever the blood

disappearance rate of one of these colloids is used as a

general indicator of "RFS function" (16). This RES uptake

is a dose-dependent process that exhibits saturability in

two respects. First, as the dose, i.e. number of particles,

is increased the rate of colloid removal from the blood is

decreased (21). Second, the tissue distribution changes

with the dose (18). At very low, non-saturating doses, for

which blood flow to the RES tissues is the rate limiting

factor in the removal of the colloid from the blood, 95% or

more of the colloid dose is taken up by the liver, the rest

by the spleen. As the dose is increased the spleen takes up

an increasingly larger fraction of the dose due to the

saturation of the liver uptake. At extremely high doses the

lung and bone marrow can take up significant fractions also,

in what amounts to a system-wide "mobilization" in response

to a saturating dose (19).

Because liposomes are collo idal, and because of their

well-documented RES localization, it is reasonable to expect

them to behave similarly to other colloids. The purpose of

this study is to examine the possible dose dependency of

liposome blood kinetics and tissue distribution. Other

researchers report limited evidence that suggests that lipo
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some disposition may be dose-dependent (108, 110), but none

of these studies was a formal dose study per se; further

more, the possibility of a time dependence in the dose

effect was examined in the present study by following blood

and tissue levels out to 72 hours. A final objective is to

assess the extent to which the liposomes deliver their

entrapped contents intracellularly in the various tissues

studied by using an appropriate liposome aqueous space

marker compound, “c-inulin.

Materials and Methods.

Chemicals. All chemicals and reagents were as in Chapter

II.

Preparation of Liposomes. 1.0 micron-extruded, W.8 micron

dialyzed liposomes with the composition PC/PA/CH/a-T =

4/1/1/. 95 containing the “c-inulin marker were prepared at

37.5 micromoles lipid/ml as in Chapter II (in ul in at 5 mM in

the buffer). Liposomes for the high dose were concentrated

by adding Ø. 3 ml of 50% (w/v) sucrose to 1.1 ml of lipo

somes, centrifuging at 12,000 x g for 15 min. , removing the

upper concentrated liposome layer, and resuspending it in

PBS to give a final concentration of 112.5 micromoles

lipid/ml.

Tissue Distribution Studies. Liposomes were taken of f

dialysis and kept at 5°C throughout the injection period.
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Adult male ICR mice weighing 18-24 gm were used in the

study. These mice were housed in the Animal Care Facility

at U.C. S. F. and received a diet of Pur in a mouse chow #50 15

and water ad libi tum, uninterrupted by the study. Mice were

restrained for the injections in a plastic, cylindrical pill

container with a hole cut in the cap for the tail. Syringes

and solutions were as in Chapter III. Mice were injected

with either 37.5 micromoles, 7.5 micromoles, or 0.375 micro

moles lipid per mouse (high, medium, and low doses)

intravenously via tail vein, with Ø. 25-0.35 ml injection

volumes. Mice receiving imperfect injections were not used.

To determine the percentage of free inul in in each dose a

sample was applied to a 5 x 120 mm column of Sephadex G

200-120 equilibrated and subsequently eluted with PBS; the

eluate fractions were analyzed by scintillation counting and

the percent of inul in entrapped was calculated based on the

14c recovered in the void volume and free inul in fractions.

Mice were anesthetized (with ether) at 1, 24, 48 or 72

hours after injection and approximately 0.5—1.0 ml of blood

was quickly removed from the jugular vein with a heparinized

Syringe. The mice were then sacrificed and the livers,

spleens, (and in some instances brain, kidney, and lung)

were removed and frozen for later analysis. In some

instances an a liquot of the blood was centrifuged and a

plasma sample was applied to a Sephadex column as described

previously to determine the percent entrapped.
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Tissue Analysis for Total Radioactivity. Duplicate aliquots

of liver (0. 14 to Ø. 24 q), spleen (0. Ø4 to Ø. 0.8 g), whole

blood (Ø. 2 ml) and the radiolabelled liposome dose (0.05 ml)

were transferred to combustion cups. The remaining carcass

was placed in a container with 75 ml of water and homogen

ized using a Williams Polytron wet milling device (Brunwell

Scientific, Rochester, N.Y.). Duplicate samples of the

resulting slurry (1.3–2. 3 g) were weighed into combustion

cups and allowed to air-dry for 24 hrs. Dried samples were

analyzed for to tal 14c by scintillation counting as in

Chapter II. Results for duplicate samples were averaged and

the total radioactivity in liver, spleen, carcass and 1.0 ml

of blood were calculated and converted to percent dose.

In Vivo Clearance of Free Inulin. In a separate study simi
lar doses of “c-inulin in identical volumes of PBS were

administered to mice which were subsequently sacrificed and

analyzed as described above to determine the in vivo clear
ance of free inul in .

Results.

Free inul in was cleared rapidly by the kidney. Its

half-life in blood after iv injection was 10-15 min. , with

0.3% of the dose remaining in blood, Ø. 25% in the liver, and

Ø. Ø15% in the spleen at one hour (Figs. V-1, A and B). Car

cass values at one hour averaged 6.9%, due, presumably, to

residual inul in in the bladder; this value was minimized by
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removal of urine from the bladder prior to freezing the car

cass. The 24 hour value for car cass was less than 1%. Thus

the presence of free inul in after the liposome doses may

have contributed slightly to the l hour carcass data, but

was negligible at later times and in all other tissues.

Table V-1 shows the l-hour 14c levels for various

organs and blood, as well as the per cent of the counts in

blood that were entrapped in liposomes, following the lipo

some doses. Blood values are expressed as percent dose per

l. 3 ml and exhibit a definite dose dependency; the values at

24, 48 , and 72 hours are identical to background in all

cases. Lung, brain, and kidney levels, done only in limited

cases as controls, are negligible.

The other principal tissues of interest are liver,

spleen, and car cass. Fig. V-2 shows the results for the

liver: a definite dose effect, seen as higher relative lev

els for the lower doses, is seen at the 1 hour time point.

This effect has completely diminished by 72 hours and a

similar plateau is approached by all three doses. The

spleen results, shown in Fig. V-3, also show a dose depen

dency, but one that differs from that in the liver: the

effect is maintained over the 72 hours, and higher relative

levels are seen as the dose is increased. The car cass

results, shown in Fig. V-4, show evidence of a dose effect

at later times which is significant at the 24 and 48 hour

time points; the levels fall rapidly and reach a plateau.
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Fig. V-5 shows the results for the totals in vivo ; here

there is no evidence for a dose effect, and all values

approach a similar plateau.

Discussion.

The results of this study can best be evaluated by com

parison with the results one would expect for inert col

loids, and to those expected (based on certain preconceived

notions) for liposomes. Fig. V-6 depicts these "expected"

dose study results. Curves A and B are plots of percent of

injected dose found in all RES tissues vs. time for low and

high doses, respectively, of a colloid such as gold. The

delayed uptake for the higher dose reflects the saturation

phenomenon mentioned in the introduction. In both cases,

however, all of the dose is eventually found in RES tissues.

The liposome case is different, for two important reasons.

First, it is well known now that certain factors in blood

can "destabilize" lipo somes with respect to the leaking out

of their entrapped contents (44–48). When this "leakiness"

effect occurs a significant portion of entrapped marker can

be released quickly into the blood, resulting in a less than

100% distribution of the marker to RES tissues. The second

reason is more important as far as evaluating liposome tis

sue distribution, and concerns the nature of the entrapped

marker. Most of the compounds that have been entrapped in

liposomes to date have physical properties that preclude

their use as accurate indicators of in tracellular delivery
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by liposomes. This is because the compounds used are often

capable of entering and leaving the target cells on their

own, or are metabolized to compounds that can. The situa

tion which results is depicted in curve E of Fig. V-6, in

which the tissue levels rise and fall with time due to the

exit of the marker. This pattern has, in fact, been almost

universally observed when tissue levels have been taken

after administration of liposome-entrapped compounds. The

principal disadvantage with such data is that it is impossi

ble to ascerta in what fraction of the dose has been

delivered to the tissue in question. We felt, however, that

this could be done by the proper choice of entrapped marker.

We thus chose “c-inulin for the following reasons: its size

and polarity prevent it from entering cells on its own (or

leaving, if it is delivered there via liposomes); it has

simple kinetics and is not metabolized. In short, it is a

marker compound that should remain in the tissue to which it

is delivered. Thus tissue levels that reach plateaus at

later times but, because of the leakiness effect, approach

values less than 100%, should be seen after the administra

tion of liposome-entrapped “c-inulin. This situation is

depicted, for two different doses, in curves C and D of Fig.

V-6.

The results of this study lead to several general con

clusions. First, in all of the principal tissues studied

(liver, spleen, carcass, totals in vivo ) and for all doses,
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the levels approach plateaus at later times. This evidence

supports our hypothesis that tissue level plateaus would be

seen with a marker compound such as inul in ; an argument will

be presented later as to why these plateaus approximate the

true level of intracellular delivery of the inul in by the

liposomes. The second conclusion is that there is a pro

nounced dose effect at early times which is lost at the

later times. This dose effect is consistent with that seen

for other colloids such as carbon or gold. That is, the

liposomes are subject to saturation kinetics, manifested by

elevated relative blood and spleen levels and depressed

relative liver levels as the dose is increased. As is the

case for other colloids, the liver is the dominant organ in

the liposomes' disposition; because of its large blood flow

and high clearance capacity relative to the other vascular

RES tissues (i.e. spleen and bone marrow), the extent to

which the liver disposition of the liposomes is saturated

determines the amount of colloid that will be taken up by

the other tissues. In other words, a delayed liver uptake

results in elevated blood levels over a longer time period,

allowing the spleen (which is thought to have a higher cel

lular intrinsic activity for colloid uptake (16)) to seques

ter a larger fraction of the injected dose. The carcass

values reported here (ie everything but removed blood,

liver, and spleen) include the bone marrow, and maybe the

dose effect seen in the car cass is due to uptake by the mar

I O W,



95

These results also raise some intriguing questions. It

is obvious that the data for the liver do not fit our pred—

ictions as depicted by curves C and D of Fig. V-6. Only the

high dose data fit the expected pattern of a continuous rise

of the tissue levels to the eventual plateau. The data for

the low and medium doses show a very different pattern-- an

early decline in levels, followed by the plateau. A decline

such as this can be accounted for in only two ways: first, a

fraction of the marker that has been delivered to the cells

at early times somehow partitions out of the cells at later

times. However, the assumption was made earlier that the

inul in marker, once delivered inside cells, wouldn't parti

tion out. The only other explanation is that the marker

levels in the liver at early times are not entirely consti

tuted of in tracellular in ul in . Since the blood levels at

one hour are very low for these two doses, and since the

half-life for removal of free inul in from the blood is very

fast, a significant fraction of the inul in in the liver at

one hour must be located in extracellularly-bound lipo

SO ■ le S e

It is our hypothesis that the following events occur in

the liver disposition of the lipo somes: first, if one postu

lates the presence of extracellularly-bound liposomes one

must contend with the long-held belief that for collo ids,

removal from the blood can be considered the equivalent of

in tracellular uptake (that is, uptake occurs rapidly after
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binding). Data is available that shows that these two

phases of up take a re separable under specialized conditions

in vitro (22), but only recently has evidence been reported

that unambiguously shows that, in vivo , a colloid's binding

to and up take into Kuppfer cells can be very distinct

events, separated by long periods of time (17, 23). In fact,

Kavet and Brain, in their recent review on the quantifica

tion of endocytosis, emphasize that "... ingestion is not a

necessary consequence of attachment. Thus, particles may

become cell-associated without being interior i zed and unless

detected as such may be falsely included with the intracel

lular compartment." (15). This is a very crucial fact in

the case of liposomes, for it is very likely that

extracellularly-bound liposomes are just as susceptible to

the destabilizing influences of blood as are free-floating

liposomes. What all of this thus suggests is that 1) tissue

levels measured after administration of a liposome-entrapped

marker may include substantial levels of extracellularly

bound, liposome-entrapped marker, even several hours after

the dose is given and 2) these tissue levels may decline,

because of the slow release of marker from extracellular

liposomes due to the destabilizing effect of blood.

One final piece of evidence must be made use of , how

ever, in order to explain completely the disposition of the

three doses. Recent evidence suggests that the blood desta

bilizing effect may itself be saturable (41,44); that is, as
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larger numbers of liposomes are incubated with a given

volume of blood, a smaller fraction of the total liposome

entrapped marker is released. The liver data are thus

explained as follows: in the low dose case, the liver

quickly binds most of the liposome-entrapped dose of inul in

(part of the inul in is released from the liposomes upon the

initial mixing of the dose with the blood, so that the ini

tial liver value is probably lower than 100% of the dose);

however, because the intracellular uptake is slow, the bound

liposomes continue to release inul in until they are taken up

inside the cells. What is thus seen is a decline in liver

levels over time until the inul in that remains is entirely

in tracellular, and the plateau is reached. In the high dose

case, the initial liver binding is saturated and so the

relative liver levels (that is, on a percent dose basis) are

low and blood levels high. Thus the levels of extracellular

liposomes (circulating and bound) remain elevated for longer

periods of time, and are exposed to the blood's destabiliz

ing factors longer. However, since this latter system is

probably also saturated (we calculate that the ratio of md

lipid to ml blood is similar to that which causes saturation

in in vitro systems (41,44)) the liposomes leak their con

tents at a relatively much slower rate. The net result is

that the slowing-down of the two processes of uptake (a com

bination of binding and endocytosis) and blood-induced lipo

some leakiness are offsetting effects. Thus at later times

the relative amount of inul in taken up inside cells is
t
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similar for the two doses (the medium dose is apparently an

intermed iate effect).

As mentioned previously, the dose behavior of the

spleen conforms to our expectations in that higher relative

levels are seen as the dose increases. This effect, how

ever, unlike that in the liver, is still evident at 72

hours, and may be due to two factors: 1) the amount of col

loid available to the spleen initially is largely a function

of the amount that has been bound by the liver and 2) the

actual intracellular uptake may be faster in the spleen, so

that most of what was initially bound there was also endo

cytosed. The 14c levels in several other tissues (brain,

lung, kidney) were also measured (see Table V-1). However,

the initial experiments indicated that very little of the

dose could be found in these tissues, and so they weren't

analyzed routinely.

Several aspects of the experimental techniques used

also deserve comment. The liposomes used were fairly large

in size and had a relatively narrow size distribution. This

was accomplished by the use of two techniques in the sizing

procedure—- extrusion through 1.0 micron pore size membranes

(64) followed by dialysis against Ø. 8 micron membranes

(Chapter IV). We feel that the excellent reproducibility

seen in the tissue levels her e (the high dose studies were

done on two completely separate occasions, the medium dose

study on three) was evidence of the liposome batch-to-batch
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reproducibility that these sizing techniques afford us. The

lipid composition used in the study was chosen based on in

witro liposome-plasma stability studies (41). The object

was to choose a composition such that the liposomes were

stable enough to retain most of their entrapped contents in

vivo , yet "unstable" enough so that if significant long term

extracellular liposome tissue binding did take place, the

marker would be released from them in a reasonable period

of time (less than 72 hours) and would thus not be included

as part of a "plateau" tissue level value. The decline in

liver levels for the low and medium doses takes place over

the first 24-36 hours, which was fast enough to allow us to

see the plateaus by 72 hours.

Conclusions.

The results of this study have several general implica

tions. First, it is obvious that liposomal dose (or lipo

some number) is an extremely important determinant of their

in vivo disposition. It is unfortunate that in vivo work is

still appearing in the literature in which the liposome dose

isn't given and is difficult or impossible to determine from

the other details given (the dose in terms of micromoles

lipid per kg animal is currently acceptable, but the ideal

would be to additionally specify liposome size and number

(71) ). Second, our data suggest that, after administration

of a liposome-entrapped marker, a significant fraction of

the marker may be located in extracellularly-bound liposomes
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for long periods of time. This means, of course, that there

will have to be a general reinterpretation of the signifi

cance of tissue levels for most compounds administered in

liposomes. Specifically, tissue levels cannot be taken as

an indicator of the intracellular delivery of the entrapped

compound by the liposomes. Our data do suggest, however,

that tissue level plateaus after administration of a

liposome-entrapped compound such as inul in may be a valid

indicator of intracellular delivery. This would be of

importance for several reasons. First, it is necessary

in formation for potential entrapped compounds so large or

polar that their cellular uptake in the free form is zero.

Second, for compounds that can penetrate cells to a limited

extent and whose efficacy (and in tracellular delivery) can

benefit from a localized liposomal extracellular slow

release effect, it is still important to know what fraction

is delivered to cells via liposomes; this is because the

drug's intracellular destination may be different by dif

ferent entry routes.

Finally, it is apparent that the in vivo system is very

complex, with at least two saturable processes affecting

liposome disposition: RES organ uptake (which includes bind

ing and endocytosis) and the destabilizing factors in blood.

These processes compete and it is their interplay that

determines the to tal organ binding and in tracellular

delivery of a liposome-entrapped compound. In this study the
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complexity of this inter play was evidenced by the time

dependence of the dose effect such that at later times lev

els in the tissues approached similar relative values. This

finding, however, may not be true generally since the rela

tive magnitudes of these saturable processes probably depend

on (and vary at different rates with ) liposome physical pro

perties and the animal's physiological properties. These

reasons make it all the more important that the dose

behavior of a given liposome type be well studied so that

its therapeutic efficacy can be optimized.
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TableV-1:

Dataaforvariousorgansatonehourafterliposomedoses. BloodLevels9%
Entrapped

Dose%
dose/1.0mlinbloodLungsKidneysBrain Low0.39

+0.1b0.09------

(3)

Medium1.1+0.7110.1
+2.0
||
0.23
+
0.04
||

0.825
+
0.28
||

0.095,0.18

(9)(3)(4)(4)

High10.4
+1.193,950.75,0.97------

(4)

a%dose:mean
+oneS.D.,(n);or
individualvalueswhere
n<2 b

Bloodvaluestoolowtodothe
measurement.
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CHAPTER VI: PREDOS ING TO ACHIEVE RES SATURATION .

Introduction.

One of the principal problems in developing liposomes

as a versatile drug carrier has been their tendency to

localize in RES tissues. Attempts have been made to direct

liposomes to other tissues by attaching to them "homing"

molecules such as antibodies (103, 110) or glycolipids (96)

that would impart a specific affinity to the liposome for

the target tissue. These attempts, however, have only

managed to produce slight shifts in tissue d is tribution, and

a way must be found to avoid the RES uptake if liposomes are

to become a truly target-specific vehicle.

The results of the dose study (Chapter V) showed that

liposomes' in vivo disposition is dose dependent. The dose
effect is manifested in a saturation effect in the liver and

increased spleen and blood levels as the dose increases. It

suggested that a possible way to avoid RES up take would be

to give a large predose of nonradio active liposomes (to

saturate the RES) followed by a small labeled dose. This

predose strategy might also have the advantage (over the

single high dose strategy) that the spleen uptake of the

labelled liposomes could be avoided. The purpose of this

study was to do such an experiment. In addition, the time

dependence of the RES saturation was characterized by spac

ing the two doses apart by either 1, 5, or 24 hours.
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Materials and Methods.

All chemicals and reagents were as in Chapter II. MO use

experimental details were as in Chapter V.

Preparation of Liposomes. 1.0 micron-extruded, 0.8 micron

dialyzed liposomes with the composition PC/PA/CH/a-T =

4/1/1/. 95 were prepared at 20 micromoles lipid/ml with

entrapped inulin (either nonradioactive or *c-labeled) at

5mm as in Chapter II. High dose liposomes were concentrated

as in Chapter V.

Liposome Studies. A control group of mice received a 76

micromoles lipid/ko dose of liposome entrapped **c-inulin.
Experimental groups received this dose also, but it was pre

ceded by a 1500 micromoles lipid/kg dose of entrapped nonra

dioactive inulin. The time interval between doses was

either l, 5, or 24 hours. All groups of mice were sacri

14 14cficed one hour after the C-labeled dose, and tissue

levels were determined as in Chapter V.

Results.

The 14 C levels in blood, liver, spleen, and car cass for

all study groups are shown in Fig. VI-l. Control group lev

els are shown as horizontal shaded bars. Totals in vivo are
shown in Table VI-l. Administration of the cold predose had

a dramatic effect on the disposition of the 14c do se when

the two were spaced apart by one hour. The blood and spleen



113

levels were elevated and liver levels depressed compared to

the control. The predose effect was almost entirely dimin

ished, however, when the two doses were spaced a part by 24

hours. The results for the car cass and to tals show the

opposite trend: that is, the control and 1-hour predose

values were similar, while the 5 and 24 hour predoses

resulted in levels lower than the control.

Discussion.

The results of this study show that administration of a

drug-free liposome predose can be used to delay the RES

binding/uptake of a subsequently given liposome-entrapped

drug, thus increasing its residence time in blood. This

allows more time for the direction of the liposomes to other

tissues, or for a systemic slow release of the drug from the

liposomes in the blood.

These results were very similar to those of the dose

study (Chapter V), especially with regard to the spleen

behavior (increased levels after the 1 and 5 hour predoses).

Similarly, the apparent recovery time for the RES "func

tion", 24 hours, is in close agreement with the "recovery"

seen in the high dose 24 hour liver results of Chapter V.

These similarities were not necessarily expected, since the

dose and predose studies are different experiments: that is,

in the predose study the molecular "environment" (availabil

ity of opson ins or destabilizing factors 2) should be dif
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fe rent for the hot dose as compared to the predose (the

latter having adsorbed them); also , in the predose study,

unlike the dose study, the spleen encounters high levels of

circulating liposomes for one hour before the hot dose is

given, and so its ability to take up the hot dose should be

reduced. These differences presumably might have made the

predose a more effective strategy than the single large hot

dose. The fact that the spleen results were similar for the

two types of studies, and that the saturation effects were

of the same duration, suggest that these differences had no

effect. The results, not unexpectedly, parallel those for

other colloids: ample evidence shows that a large collo id

predose can "blockade" the RES and alter the disposition of

a succeeding smaller collo id dose (16).

The results for the car cass and to tals, however, can

not be explained by simple mechanisms involving saturable

hepatic binding/uptake, and must await clarification in

future studies.

In conclusion, predo sing with cold liposomes, or giving

a large hot dose of liposomes, can significantly delay the

RES localization of the hot dose (the predose strategy does

have the advantage that the hot dose can be very small). In

this study, and the dose study, however, the doses q i ven

produced a saturation effect that lasted less than 24 hours.

If this effect depends on liposome particle number, though,

it should be possible to get the effect more efficiently
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(and perhaps for greater duration) using smaller liposomes,

because of their increased particle number per gm of lipid.

Thus, in the next series of studies (Chapter VII) the use of

small (FP) liposomes in achieving the saturation effect will

be investigated.
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117

Table VI-1: EFFECT OF A LARGE, UNLABELLED LIPO
SOME PRE-DOSE ON THE PERCENT OF DOSE REMAIN
|NG //V V/VO AT ONE HR AFTER INTRAVENOUS AD
MINISTRATION OF 14C-INULIN ENCAPSULATED IN
1 pum DIA. LIPOSOMES.

Total **C. recovered in vivo
Time separating the two as percent of encapsulated “C
intravenous liposome doses dose" mean + S.D.

1 hr. 84.8 + 20.9

5 hr. 61.0 + 12.8

24 hr. 72.4 + 8.2

control 96.4 + 7.0

*Calculated as the sum of values for carcass, liver, spleen, and
total blood volume.
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CHAPTER VII: EFFECT OF PARTICLE NUMBER, SIZE, AND STABILITY
ON LI POSOME DISPOSITION.

Introduction.

The results of the dose study (Chapter V) raised some

intriguing questions concerning the nature of the RES

saturation effect. The principal one was ; was the satura

tion effect simply a function of the number of particles

(lipo somes) that the system encountered, or did the lipo some

size matter? This was an important question to answer,

because if particle number is the dominant factor in the

dose effect, then predo sing to achieve the saturation

(Chapter VI) can be done much more efficiently by using

smaller liposomes (i.e. there are more liposomes per unit

amount of lipid); on the other hand, there is evidence, for

other colloids, that particles of different size have dif

ferent blood clearances and organ distribution patterns

(16), implying that their ability to cause RES saturation

may be qualitatively or quantitatively different; this has

been found even when an effort was made to administer the

same total number of particles for the different sizes (18).

Studies were done to answer this question and it was

found that increased particle number alone did not cause a

saturation effect; this result led to an examination of the

disposition properties of the French press liposomes, as

well as an examination of the effect of liposome composition

on disposition.
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Materials and Methods.

Chemicals and solutions were as in Chapter II.

Liposome preparation and analysis. Preparation of liposome

batches, an imal procedures, and analysis of tissue levels
14were as in Chapters II and V. C-in ul in was used as the

entrapped marker.

Liposome Studies. All mice received doses of 300 micromoles

lipid /kg in travenously. This dose is equal to the "medium"

lipid dose level of Chapter V. In one set of studies the

doses were composed of 1.0 micron-extruded, 0.8 micron

dialyzed (for 16–20 hours) liposomes (Chapter IV) + French

press liposomes, each type comprising 50% of the total lipid

amount in the dose and with the 4/1/1/0.5 = PC/PA/CH/a-T

molar ratio composition. Two types of studies were done

with these liposomes: one in which the 14c label was present

only in the 1. 0–extruded liposomes (hence for thqesignated

1. 0° 4 FP) and one in which the label was present only in

the French press (1.0 + FP+). A second set of studies was

done, similar to the first except that the molar ratio com

position was 4/1/4.5/. 1 = PC/PA/CH/a-T. A third set of stu

dies was done in which FP liposomes a lone, of either the

4/1/1/. 05 ("low stability") composition or 4/1/4.5/. l ("high

stability") composition were administered. In each case,

however, all liposomes contained non-radioactive inul in at 5

mM in the buffer. The dose type abbreviations are:
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1 - 0 + + F P 4/1/1/. 05

1 - 0 * + FP 4/ 1/4.5/. 1

1. (A + F P + 4/1/1/. 05

1. Q -- FP+ 4/1/4.5/. 1

FP 4/1/1/. 25

FP 4/1/4.5/. 1

Results and Discussion.

Particle Number Effect. In order to assess the importance

of particle number in the dose effect (Chapter V) studies

using the 1.0% + FP, 4/1/1/. 0.5 liposome type were carried

out, with this rationale: this mixed dose, although it con

tained the same total lipid amount as the "medium" dose

(Chapter V) and was of the same lipid composition, had a

much greater total particle number than the "high" dose

(Chapter V) (size distribution measurements done on similar

sized liposome doses (Chapter IV) confirmed this). Thus, if

particle number is the dominant factor in the liposome

disposition, an organ distribution pattern similar to that

for the high dose should have been seen (Figs. V-2 to V-5).

That is, depressed liver levels and elevated blood and

spleen levels at early times, relative to those for the

medium dose. 1. 0-extruded liposomes were included in the

dose (and their fate followed with a 14c label) so that
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proper comparison with the dose study results (in which

l. 3's were used) could be made. Figures VII-1 to VII-4 and

Table VII-1 show the results of the 1.0% + FP study. It

was apparent that the expected high dose (saturation) effect

was absent -- in fact the levels are higher in the liver and

lower in the blood than for the medium dose 1.0 's. The con

clusion was that simple particle number was not the dominant

factor in the liposomes' disposition, and the principal

implication was that liposome size may play the most impor

tant role.

Effect of Location of Label. As a first step in examining

the influence of liposome size on disposition, the 1.0 +

FP*, 4/1/1/. W5 study was carried out. By putting the label

in the FP liposomes a lone, and by comparing these levels

with those found in the l. Jº + FP study, the fate of two

liposome sizes in the same dose could, in essence, be stu

died. The 1. 0 + F P* results are also shown in Figures VII-l

to VII-4, and Table VII-l. Clear and significant differ

ences in the tissue 14c levels were seen for the two label

locations (1.0 or FP). These differences were significant

at all time points in the liver and spleen, at 48 and 96

hours in the car cass, and at all times except l hour for the

totals. The pattern was one of higher levels with the label

in the 1.0 's, except for the car cass, where the order was

reversed.

These results suggested two plausible interpretations.
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First, different liposome sizes may "interact" with the body

differently. This may include different volumes of distri

bution (it may be that smaller liposomes have more access to

extravascular spaces (6)), the existence of separate recog

nition sites on RES cells for different sizes (no known evi

dence), or different affinities for blood substances such as

opson ins (6, 43) : for other collo ids, in some cases one col

loid has no effect on the disposition of a subsequently or

concomitantly-administered dissimilar colloid (16). This

lack of interaction is thought to depend on a difference in

the colloid surface properties, which can be mediated

through opson ins (16.). The absence of a saturation effect

in the 1.0% + F P study may be a similar case.

An alternative explanation may be in the fact that FP

liposomes are known to be less stable than 1.0's in in vitro

plasma stability tests (41), primarily at low cholesterol

composition. Thus, the lower tissue levels seen in the 1.0

+FP* case may result from a lower in vivo stability (the

difference in the totals supports this also). The car cass

data, which exhibited the opposite trend, argue against but

don't negate this hypothesis. An added implication here is

that because the 1. 0 's and FP liposomes We re CO

administered, the FP may have enhanced the stability of the

1. 0's by preferentially adsorbing the blood components that

are thought to cause liposome destabilization (43). The

result would be elevated 1.0 levels as compared to the dose
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study (1.0 's alone), which was seen.

Elimination of the Stability Effect. In order to minimize

the effect of liposome size differences on stability, the

l. 3 + + FP, 4/1/4.5/. 1 and l. (A + FP+, 4/1/4.5/. 1 studies were

done. At this more stable composition the size effect on

stability is minimal, and so differences in tissue levels

should principally indicate differences in tissue affinity

for the two sizes. Figures VII-5 to VII-8 and Table VII-l

show the results for these studies. Again, different tissue

levels were seen for the two different label locations. The

facts that at one hour 100 percent of the dose is present in

vivo for both dose types, and that (not shown) 100% of the

counts in blood at one hour were entrapped in liposomes

(measured by column chrom.) , suggest that the liposomes were

still in tact. This means that the tissue level differences

were due to different affinity or physical distribution pro

perties for the two sizes. The Car Cass reversal effect

(i.e. higher levels for the FP) seen for the 1. 0 + FP,

4/1/1/. 25 cases was seen here also (Fig. VII-7), further

supporting the notion that the two sizes have different

disposition properties.

Evidence for Interaction of the Two Sizes. The FP,

4/1/1/. 35 study (Figures VII-9 to VII-12, Table VII-1) was

done so that results for the two sizes administer ed

separately could be compared (results for the medium dose
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1. 0's (Chapter V) are shown as dotted lines ). In all cases

except spleen the levels for the two sizes follow a pattern,

i.e., different values at one hour and very similar values

at all other times. This finding is in contrast to the

mixed size studies, in which significant differences in tis

sue levels due to label location were seen at all times, and

this suggests some sort of interaction between the two

sizes. Interpretation is made difficult, however, by the

fact that the total number of FP, or 1.0, liposomes given

was twice as great in the single size doses as compared to

the mixed doses (this is because the mixed doses were

designed to have the same total lipid content as the

single-size "medium" dose). The fact that the one hour FP,

4/1/1/. 05 levels are lower than the 24 hour level implies a

saturation situation similar to that for the "high" dose

(Chapter V), and could have been due to the increased FP

particle number as compared to the 1. 0 + FP*, 4/1/1/. 05

dose. The FP, 4/1/4.5/. 1 study was done to see if this dose

effect was also present for the high stability composition

(Figures VII-9 to VII–12, Table VII-l). A definite "dose

like" effect (i.e. depressed one hour liver levels) is seen

for the liver curve, indicating that a dose-like effect

occurred. Thus, evidence for some sort of synerg is tic

effect (e.g. one size affecting the other's in vivo stabil

ity) caused by the presence of the two sizes together isn't

conclusively shown by these data. However, they do show

that different size liposomes, co administer ed and
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interacting with the same "pool" of biological molecules,

have different disposition properties; this fact argues for

using homogeneous-sized liposome populations.

Other Effects of Changing Composition/Stability. One CO n

clusion that a rises quickly from the studies using the two

liposome compositions is that the higher stability liposomes

(4/1/4.5/. 1) give higher tissue levels, for both liposome

types (1.0 + F P and FP). Thus, in vitro plasma stability

tests (41, 44–48) predict in vivo stability well, and the

concept (Chapter V) of in vivo disposition as a competing

process (extracellular breakdown of liposomes versus cellu

lar uptake) is reinforced.

There are other trends in the data that are associated

with composition-- the rates at which tissue levels decline

over time. The terminal slopes for each curve of the organ

data, for all the mouse studies done at the "medium" dose

level (all of this chapter and the medium dose, Chapter V)

were fitted to a straight line equation and the slopes com

puted, as shown in Table VII-2. The straight-line fit was

chosen as a simple indicator; it should not be in ferred that

this model is the best empirical or mechanistic attempt to

describe the data. The data were parsed and summarized by

organ and composition, with two striking features evident:

first, the curves for the liver and to tals are steeper for

the higher stability liposome type. An explanation may be

that the initial rapid fall off in liver levels over the
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first 24–36 hours seen in the dose study (Chapter V), which

We re attributed to the release Of inul in from

extracellularly-bound liposomes, may be lasting much longer

for the higher stability liposomes due to their decreased

leakage rates. Second, the curves for the spleen have very

small slopes. It is reasonable to assume that the Chapter V

explanation for the "level" spleen curves (the spleen

quickly takes up everything that is bound so that no extra

cellular release effect is seen) remains valid; it is

further supported because the slopes are the same for both

liposome compositions.

Further Considerations: Number Effect VS - Size Effect. The

l. 3 + + FP, 4/1/1/. 05 experiment was under taken with the

expectation that the very large particle number would cause

a saturation (high dose-like) effect. The negative results

ruled out a simple particle number effect, but did not

exclude a surface area effect. The size distribution data

on a similar 1. 0 + F P preparation (Chapter IV) revealed that

the FP liposomes (30 percent of the total lipid) accounted

for only 58 percent of the total surface area. This result

would not be expected for a simple solid colloid. Liposomes

are a special case in that the FP have a much lower ratio of

entrapped water volume to lipid volume. Thus, in the 1.0% +

FP case the total surface area was not as great as for the

high dose that gave the saturation effect (Chapter V). As

mentioned before, it is reasonable to expect that surface
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a rea may affect liposome interaction with biological

molecules, and thus their disposition. The role that sur

face area does play, however, must be clarified in future

studies.

Conclusions. In conclusion, it was found that the dose

effect (Chapter V) is not simply a function of particle

number, but may depend on size or surface area. When a

heterogeneous liposome sample is administered, different

liposome sizes can have significantly different disposi

tions. This may result partly from differences in stability

of the two sizes, but also involves in trinsically different

aff inity or physical distribution properties. Also, a syn

ergism or interaction between sizes (e.g. one affecting the

other's stability) cannot be ruled out. Finally, the lipo

somes' stability, as measured in vitro, is a good predictor

of in vivo stability, as measured by tissue levels over
time.
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Table VII-1: One-hour blood levels for all studies in
Chapter VII. Values expressed as percent dose per 1.0
ml blood. Values are reported as mean + one S.D. or in
dividually when n = 2. Values reported as zero were
equal to background. Blood levels at all times later than
one hour were equal to background.

Dose Type % dose per 1.0 ml blood

1.0” + FP 4/1/1/.05 0.325 + 0.23 (n = 4)

1.0 + FP* 4/1/1/.05 2.48 + 0.86 (n = 4)

1.0" + FP 4/1/4.5/.1 .60, 0

1.0 + FP* 4/1/4.5/.1 6.2, 5.9

FP 4/1/1/.05 7.9, 6.2

FP 4/1/4.5/.1 17.8, 15.8
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Table VII-2: Linear regression slopes for tissue data done at
the “medium” dose level. Slopes given in % dose/hour:

Slope
S.D.
(n)

Liposome
Composition Liver Spleen Carcass Totals

PC/PA/CH/a-T = —. 11 —.012 || –.0145 || –. 15
4/1/1/.05 + .072 | + .007 || + .012 || + .062

(4) (4) (4) (4)

PC/PA/CH/a-T = —.50 —.007 || –.058 —.63
4/1/4.5/.1 + . 12 + .008 || + .03 || + .085

(3) (3) (3) (3)
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CHAPTER VIII: GENERAL CONCLUSIONS.

The results of these studies have led to several gen

eral conclusions. First, the liposomes' in vivo disposi

tion is very dependent on several physical parameters: size,

surface charge, stability and dose. Ascribing observed

liposome behavior to any one of them, however, is far from

straightforward, since they are inter dependent. For exam

ple, liposome size and surface charge affect tissue uptake,

but they also affect stability, which in turn affects tissue

uptake. Liposome dose can also affect stability (by satura

tion of the destabilizing factors in blood as the dose

increases). Size and dose are important in determining tis

sue distribution, and may be exerting their effect through

the Common denominator of surface area. Thus, one must be

very careful in attributing altered liposome disposition to

a single factor.

Second , the RES disposition of liposomes cannot be

treated in the same manner as that for other, inert col—

loids. Specifically, tissue levels of a liposome-entrapped

label Cannot automatically be interpreted as the level of

in tracellular delivery of the label by the liposomes. The

data presented here suggest that there can be a significant

amount of extracellular release of label from tissue-bound

liposomes. In fact, all of the in vivo liposome efficacy

data to date can be explained by a localized slow release

effect (this is because all of the drugs used have some
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activity in their free form, and thus some minimal ability

to enter cells). Only in cases such as the lipo some

mediated insertion of RNA in to cells (77, 37) can the intra

cellular delivery route be invoked exclusively.

It must be noted that in this thesis there were very

few attempts to compare specific experimental results with

those of other investigators. This is primarily because

most of the studies reported here have not been done previ

ously. In the case of the rabbit studies (Chapter III),

even though one major objective was to document some previ

ously reported results in a general way, there were enough

important differences in experimental design to make highly

specific comparison unfeasible. In fact, attempts to dupli

cate exactly another investigator's work may be futile

because of the unreproducible nature of the techniques

Currently used in liposome studies.

It will also be noted that there were no attempts to

fit mechanistic models to the data presented here. This is

because the in vivo disposition of liposomes is very com—

plex. Fig. VIII-1 shows what can happen to a liposome and

its entrapped label (L) in blood: the liposome in blood can

bind to cells (a) or become destabilized and release its

label (b), which can then be excreted (c); it is also

assumed that bound liposomes can release label (d); leakage

of the label can potentially result in empty liposomes (e),

which might exert a tissue effect (f) (since the liposome no
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longer has its label, this would be difficult to model

kinetically); bound liposomes can be intracellularized (g)

and can release the label inside the cell (h); the label may

then exit or reenter the cell ( i) or be excreted (e. g. in

the bile (j)); intact liposomes could presumably be exo

cytosed (k), but there is no evidence for this. The use of

a marker such as **c-inulin simplifies the scheme somewhat

(Chapter V), but it is still complex since at least two of

the processes (a and b) are known to be saturable. Attempts

have been made to fit models to in vivo data (notably

Hwang's attempts (76) ) but they have not resulted in any

clarification of the underlying processes.

In the future, liposome research will probably center

in these areas: 1) further improvements in formulation

aspects (e.g. sizing, entrapment efficiency), 2) continued

pharmacological testing of liposomes in animal model disease

systems 3) continued improvements in specialized delivery,

such as lung uptake or localized hyper thermia and 4) hope

fully, attempts to further elucidate the basic in vivo

disposition processes. The last will be very important if

liposomes are ever to become the "magic bullet" of the rapeu

tics.



145

Blood Cell

f

excretion

GO-GO->G)→

C

O L
excreted label

1

Figure VIII-l. Schematic, diagram of the various
things that can occur with liposomes and their
enträpped markers in vivo.



146

REFERENCES

1.

10.

ll.

12.

13.

Melchior, D. L. and Steim, J. M., Thermotropic Transi
tions in Biomembranes. Ann. Rev. Biophys. Bioeng. 5,
205–237, 1976.

Bangham, A. D., Hill, M. W. , and Miller, N. G. A. ,
Preparation and Use of Liposomes as Models of Biologi
cal Membranes. Methods Membr. Biol., l, 1–68, 1974.

Lee, A. G., Functional Properties of Biological Mem
branes: A Physical-Chemical Approach. Prog. Biophys.
Mol. Biol., 29, 3–56, 1975.

Szoka, F. and Papahadjo poulos, D., Comparative Proper
ties and Methods of Preparation of Lipid Vesicles
(Liposomes). Ann. Rev. Biophys. Bioeng., 9, 467-508,
1980.

Papahadjo poulos, D. (ed.), Liposomes and Their Uses in
Biology and Medicine. Ann. N. Y. Acad. Sci., 308,
1978.

Kimelberg, H. K. and Mayhew, E., Properties and Biolog
ical Effects of Liposomes and Their Uses in Pharmacol
ogy and Toxicology. CRC Critical Reviews in Toxicol
ogy, 6, 25, 1978.

Tyrell, D. A., Heath, T. D., Colley, C. M. and Ryman,
B. B., New Aspects of Liposomes. Biochim. Biophys.
Acta 457, 259-302, 1976.

Gregoriad is, G., The Carrier Potential of Liposomes in
Biology and Medicine. New Eng. J. Med., 295 (13),
704–710, 1976, and 295 (14), 765-770, 1976.

Papahadjo poulos, D., Liposomes as Drug Carriers. Ann.
Rep. Med. Chem. , 14, 250–260, 1979.

Gregoriad is, G., Targeting of Drugs. Nature 265,
407-411, 1977.

Pagano, R. E. and Weinstein, J. N., Interactions of
Liposomes with Mammalian Cells. Ann. Rev. Biophys.
Bioeng. , 7, 435–468, 1978.

Marchesi, V.T., Recent Membrane Research and its
Implications for Clinical Medicine. Ann. Rev. Med.,
29, 593-633, 1978.

Gregoriad is, G., Targeting of Drugs: Possibilities in
Viral Chemotherapy and Prophylaxis. Pharmac. The rap. ,



147

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

10, 103–118, 1980.

Hunt, C. A. and Bosworth, M. E., Liposomes for in vivo
Drug Delivery, pp. 157–174 in Drug Therapeutics: Con
cepts for Physicians, K. L. Melmon, ed., Elsevier, New
York, 1981.

Kavet, R. I. and Brain, J. D., Methods to Quantify Endo
cytosis: A Review. R. E. S., 27 (2), 201-221, 1980.

Saba, T., Physiology and Physiopathology of the Reti
culoendothelial System. Arch. Intern. Med., 126,
103 l-1052, 1970.

Bloch, E. H., "Biodynamics of Phagocytosis: An Analysis
of the Dynamics of Phagocytosis in the Liver by in
vivo Microscopy," in Kuppfer Cells and Other

-

Sinusoidal Liver Cells, E. Wisse and A. L. Knoop, eds.,
Elsevier Biomed. Press, Amsterdam, 1977.

Halpern, B. N. , in Symposium on the Physiopathology of
the Reticuloendothelial System, B. N. Halpern, B. Bena
cerraf, and J. F. Delaf resnaye, Eds. , Thomas, 1957.

Baill if f, R.N., Patterns of RES Stimulation. Ann.
N.Y. Acad. Sci., 88 (1), 3, 1960.

De Luca, P., Univ. of Kentucky, Lexington, KY., per
sonal communication.

Biozzi, G., Benacer raf, B. and Halpern, B. N., Quanti
tative Study of the Granulopectic Activity of the
Reticulo-Endothelial System. II. A Study of the Kinet
ics of the Granulo pectic Activity of the R. E. S. in
relation to the Dose of Carbon Injected. Relationship
between the Weight of the Organs and their Activity.
Br. J. Exp. Pathol., 34, 441–457, 1953.

Rabinovitch, M. , The Dissociation of the Attachment
and Ingestion Phases of Phagocytosis by Macrophages.
Exp. Cell Res., 46, 19–28, 1967.

Donald, K. J. , The Role of Plate lets in the Clearance
of Colloidal Carbon from Blood in Rabbits: A Light and
Electron Microscopic Study. Pathology, 4, 295, 1972.

Bangham, A. D. , Standish, M. M. and Watkins, J. C. , Dif
fusion of Univalent Ions across the Lamellae of Swol
len Phospholipids. J. Mol. Biol., 13, 238-252, 1965.

Tanford, C., The Hydrophobic Effect: Formation of
Micelles and Biological Membranes, (2nd Ed.). Wiley
Inter science, New York, 1980.



1 A 8

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Marineti, G. V., Lipid Chromatographic Analysis. M.
Dekker, New York, 1969.

Fiske, C. H. and Subba row, Y. , The Colorimetric Deter
mination of Phosphorous. J. Biol. Chem. , 6.6, 375,
1925.

Papahadjo poulos, D. and Miller, N., Phospholipid Model
Membranes: I. Structural Characteristics of Hydrated
Liquid Crystals. Biochim. Biophys. Acta , 135, 624
638, 1967.

-

Bangham, A. D., DeGier, J., and Gre ville, G. D., Osmotic
Properties and Water Permeability of Phospholipid
Liquid Crystals. Chem. Phys. Lipids, l, 225–246,
1967.

Stamp, D. and Juliano, R. L., Factors Affecting the
Encapsulation of Drugs with in Liposomes. Can. J. Phy
siol. Pharmacol., 57, 535–539, 1979.

Papahadjo poulos, D., Nir, S. and Ohki, S., Permeabil
ity Properties of Phospholipid Membranes: Effect of
Cholesterol and Temperature. Biochim. Biophys. Acta ,
226, 561–583 1971.

Blok, M. C. , Van Der Neut-Kok, E. C. M. , Van Deenen,
L. L. M. and De Gier, J., The Effect of Cha in Length and
Lipid Phase Transitions on the Selective Permeability
Properties of Liposomes. Biochim. Biophys. Acta , 406,
187-196, 1975.

-

Demel, R. A., Kinsky, S.C., Kinsky, C. B. and Van
Deenen, L. L. M., Effects of Temperature and Cholesterol
on the Glucose Permeability of Liposomes Prepared with
Natural and Synthetic Lecithins. Biochim. Biophys.
Acta, 150, 655–665, 1968.

Inoue, K., Permeability Properties of Liposomes
Prepared from Di palmitoyl Lecithin, Dimyr is toyl Lec
ithin, Egg Lecithin, Rat Liver Lecithin and Beef Brain
Sphingomyelin. Biochim. Biophys. Acta, 39, 390-402,
1974.

DeGier, J., Manders loot, J., and Van Deenen, L. L. M.,
Lipid Composition and Permeability of Liposomes.
Biochim. Biophys. Acta , 150, 666-675, 1968.

Lee, Y. and Chan, S.I., Effect of Lysolecith in on the
Structure and Permeability of Lecithin Bilayer Vesi
cles. Biochem., 16 (7), 1303–1339, 1977.



1 49

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Demel, R. A. and DeKruyff, B., The Function of Sterols
in Membranes. Biochim. Biophys. Acta , 457, 109-132,
1976.

Papahadjo poulos, D., Jacobson, K., Nir, S., and Isac,
T., Phase Transitions in Phospholipid Vesicles.
Fluorescence Polarization and Permeability Measure
ments Concerning the Effect of Temperature and
Cholesterol. Biochim. Biophys. Acta, 311, 330-348,
1973.

Jacobson, K. and Papahadjo poulos, D., Phase Transi
tions and Phase Separations in Phospholipid Membranes
Induced by Changes in Temperature, pH, and Concentra
tion of Bivalent Cations. Biochem., 14, 152-161,
1975.

Tall, A. R. , Studies on the Transfer of Phosphatidyl
cho line from Unilamellar Vesicles into Plasma High
Density Lipoproteins in the Rat. J. Lipid Res., 21,
354-363, 1980.

-

Hunt, C. A. and Tsang, S., Preparation of Liposomes of
Different Size and Evaluation of Their Stability in
Plasma and Buffer. A. Ph. A. Abstracts, 8 (2), 88,
1978.

-

Zborowski, J. , Roerd ink, F. and Scher phof, G., Leakage
of Sucrose from Phosphatidylcho line Liposomes Induced
by Interaction with Serum Album in. Biochim. Biophys.
Acta, 497, 183-191, 1977.

Black, C. D. V. and Gregoriad is, G., Interaction of
Liposomes with Blood Plasma Proteins. Biochem. Soc.
Trans., 4, 253–256, 1976.

Allen, T. M. and Cleland, L.G., Serum-Induced Leakage
of Liposome Contents. Biochim. Biophys. Acta , 597,
418-426, 1980.

Kirby, C., Clarke, J. and Gregoriad is , G., Effect of
the Cholesterol Content of Small Uni lamellar Liposomes
on their Stability in vivo and in vitro. Biochem. J. ,
186, 591-598, 1980.T

-

Gregoriad is, G. and Davis, C., Stability of Liposomes
in vivo and in vitro is Promoted by their Cholesterol
Content and the Presence of Blood Cells. Biochem.
Biophys. Res. Comm., 89, 1287-1293, 1979.

Finkelstein, M. C. and Weissmann, G., Enzyme Replace
ment Via Liposomes. Variation in Lipid Composition
Determines Liposomal Integrity in Biological Fluids.



150

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Biochim. Biophys. Acta, 587, 202-216, 1979.

Scher pof , G., Morsett, H., Req t's, J., and Wilschut,
J. C., The Involvement of the Lipid Phase Transition in
the Plasma- Induced Dissolution of Multi lamellar
Phosphatidylcho line Vesicles. Biochim. Biophys. Acta ,
556, 196-207, 1979.

Diplock, A.T., Lucy, J. A. , Verr inder, M., and
Zieleniewski, A., Alpha-Tocopherol and the Permeabil
ity to Glucose and Chromate of Unsaturated Liposomes.
FEBS Lett. , 8.2, 341-344, 1977.

Hunt, C. A. and Tsang, T., Alpha-Tocopherol Retards
Autoxidation and Pro longs the Shelf Life of Liposomes,
in preparation.

Konings, A.W. T., Damen, J., and Trieling, W. B., Pro
tection of Liposomal Lipids against Radiation Induced
Oxidative Damage. Int. J. Radiol. Biol. , 35 (4),
343–350, 1979.

Gregoriad is, G. , Silip randi, N. and Turchetto, E. ,
Mini Review. Possible Implications in the Use of Exo
genous Phospholipids. Life Sci., 20, 1773–1786, 1977.

Huang, C., Studies on Phosphatidylcho line Vesicles.
Formation and Physical Characteristics. Biochem. , 8,
(1), 344-352, 1969.

Barenholz, Y. , Gibbes, D., Litman, B. J., Goll, J. ,
Thompson, T. E. and Carlson, F. D., A Simple Method for
the Preparation of Homogeneous Phospholipid Vesicles.
Biochem. , 16 (12), 28.26–2810, 1977.

Rhoden, V. and Gold in, S. M., Formation of Unilamellar
Lipid Vesicles of Controllable Dimensions by Detergent
Dialysis. Biochem., 18 (19), 41.73-4176, 1979.

Enoch, H.G. and Strittmatter, P., Formation and Pro
perties of 1000-A Diameter, Single-Bilayer Phospholi
pid Vesicles. Proc. Nat. Acad. Sci., 76 (1), 145,
1979.

-

Milsmann, M. H., Schwendener, R. A., and Weder, H.-G. ,
The Preparation of Large Single Bilayer Liposomes by a
Fast and Controlled Dialysis. Biochim. Biophys. Acta,
512, 147-155, 1978.

Deamer, D. and Bangham, A. D., Large Volume Liposomes
by an Ether Vaporization Method. Biochim. Biophys.
Acta , 443, 629–634, 1976.



151

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Batzri, S. and Korn E. D., Single Bilayer Liposomes
Prepared Without Sonication. Biochim. Biophys. Acta,
298, 1015–1019, 1973.

Kremer, J. M. H. , Esker, M. W. J. , Pathmamanoha ran , C. ,
and Weirs ema, P. H. , Vesicles of Variable Diameter
Prepared by a Modified Injection Method. Biochem. , 16
(17), 3932–3935, 1977.

Barenholz, Y. , Amselem, S., and Lichtenberg, D., A New
Method for Preparation of Phospholipid Vesicles (Lipo
somes) - French Press. FEBS Lett. 99, 21%–214,
1979.

-

Hamilton, R. and Goerke, R. J., J. Lipid Res., in
press, 1980.

Szoka, F., Jr. and Papahadjo poulos, D., A New Pro
cedure for Preparation of Liposomes with Large Volume
and High Capture by Reverse Phase Evaporation (REV).
Proc. Natl. Acad. Sci., 75, 4194-4198, 1978.

Olson, F. , Hunt, C. A., Szoka, F. C., Vail, W. J., and
Papa had jopoulos, D., Preparation of Liposomes of
Defined Size Distribution by Extrusion through Poly
carbonate Membranes. Biochim. Biophys. Acta , 557, 9–
23, 1979.

-

Szoka, F. , Olson, F., Heath, T., Vail, W. , Mayhew, E. ,
and Papahadjo poulos, D., Preparation of Uni lamellar
Liposomes of Inter mediate Size (0.1-0.2 microns) by a
Combination of Reverse Phase Evaporation and Extrusion
through Polycarbonate Membranes. Biochim. Biophys.
Acta, 601, 559–571, 1980.

Wicksell, S. D., The Corpuscle Problem. A Mathematical
Study of a Biometric Problem. Biometrika, 17, 84–99,
1925.

Brendzel, A. M. and Miller, I. F., Liposome Filtration.
Dependence on Transition Temperature. Biochim.
Biophys. Acta , 596, 129–136, 1980.

Brend zel, A. M. and Miller, I. F. Effects of Lipid
Soluble Substances on the Thermotropic Properties of
Liposome Filtration. Biochim. Biophys. Acta, 601,
260–27 Ø, 1980.

Sharma, P., Tyrell, D. A., and Ryman, B. E., Some Pro
perties of Liposomes of Different Sizes. Biochem.
Soc. Trans. , 5, 1146–1149, 1977.



152

7 Ø .

71.

72.

73.

74.

75.

76.

77.

78.

79.

80 .

Kirkland, J. J. , Yau, W. W., Doerner, W. A., and Grant,
J. W. , Sedimentation Field Flow Fractionation of Macro
molecules and Colloids. Anal. Chem. , 52, 1944–1954,
1980.

Pidgeon, C. and Hunt, C.A., Calculating the Number and
Surface Area of Liposomes in any Suspension. J.
Pharm. Sci., in press, 1980.

Reeves, J. P. and Dowben, R. M., Formation and Proper
ties of Thin-Walled Phospholipid Vesicles. J. Cell
Physiol. , 73, 49, 1969.

Papahadjo poulos, D., Vail, W. J., Jacobson, K., and
Poste, G., Cochleate Lipid Cylinders: Formation by
Fusion of Unilamellar Lipid Vesicles. Biochim.
Biophys. Acta, 394, 483–491, 1975.

Hargreaves, W. R. and Deamer, D. W., Liposomes from
Ionic, Single-Chain Amphiphiles. Biochem. , 17, 3759–
3768, 1978.

Hunt, C. A., Rustum, Y. M., Mayhew, E., and Papahad
jo poulos, D., Retention of Cytosine Arabino side in
Mouse Lung Following Intravenous Administration in
Liposomes of Different Size. Drug Metabolism and
Disposition, 7 (3), 124-128, 1979.

Hwang, K. J., Luk, K.-F. S., and Beaumier, P. L., Hepatic
Uptake and Degradation of Uni lamellar
Sphingomyelin/Cholesterol Liposomes: A Kinetic Study.
Proc. Nat. Acad. Sci., 77 (7), 4030-4034, 1980.

Ostro, M. J. , Lavelle, D., Paxton, W. , Matthews, B. ,
and Giacomini, D., Parameters Affecting the Liposome
Mediated Insertion of RNA into Eucaryotic Cells in
Vitro. Arch. Biochem. Biophys. , 201 (2), 392–402,
1980 .

Fidler, I.J., Therapy of Spontaneous Metastases by
Intravenous Injection of Liposomes Containing Lymphok
ines. Science, 208, 1469–1471, 1980.

Juliano, R. L. and Stamp, D., The Effect of Particle
Size and Charge on the Clearance Rates of Liposomes
and Liposome Encapsulated Drugs. Biochem. Biophys.
Res. Comm., 63, 651–658, 1975.

McCullough, H. N. and Juliano, R. L., Organ-Selective
Action of an Anti tumor Drug : Pharmacologic Studies of
Liposome-Encapsulated Beta-Cytosine Arabinoside Admin
istered via the Respiratory System of the Rat. J.
Natl. Cancer Inst., 63 (3), 727-730, 1979.



153

81.

82.

83.

84.

85.

86.

87.

88.

89.

9 Ø .

91.

Juliano, R. L. , and McCullough, H. N. , Controlled
Delivery of an Anti tumor Drug : Localized Action of
Liposome Encapsulated Cytosine Arabino side Admin
istered via the Respiratory System. J. Pharmacol.
Exp. Therap., 214 (2), 381-387, 1980.

Papahadjo poulos, D. and Schaeffer, B. E., Fusion of
Mammalian Cells by Uni lamellar Lipid Vesicles: Influ
ence of Lipid Surface Charge, Fluidity and
Cholesterol. Biochim. Biophys. Acta, 323, 23-42,
1973.

Papa had jopoulos, D., Poste, G., and Mayhew, E., Cellu
lar Uptake of Cyclic AMP Captured with in Phospholipid
Vesicles and Effect on Cell Growth Behavior. Biochim.
Biophys. Acta. , 363, 404, 1974.

Papahadjo poulos, D., Poste, G., Vail, W. J., and
Biedler, J. L., Use of Lipid Vesicles as Carriers to
Introduce Actinomycin D into Resistant Tumor Cells.
Cancer Res., 36, 2988–2994, 1976.

Pagano, R. E. and Huang, L., Interaction of Phospholi
pid Vesicles with Cultured Mammalian Cells. II. Stu
dies of Mechanism. J. Cell Biol. , 67, 49-60, 1975.

Poste, G., and Papahadjo poulos, D., Lipid Vesicles as
Carriers for Introducing Materials in to Cultured
Cells: Influence of Vesicle Lipid Composition on
Mechanism (s) of Vesicle Incorporation into Cells.
Proc. Natl. Acad. Sci., 73 (5), 1603–1607, 1976.

Papahadjopoulos, D., Wilson, T., and Taber, R., Lipo
somes as Vehicles for Cellular Incorporation of Bio
logically Active Macromolecules. In vitro, 16, 49-54,
1980.

Allison, A. C. and Gregoriad is, G., Liposomes as Immu
nological Adjuvants. Nature, 252, 252, 1974.
Yatv in , M. B., Weinstein, J. N., Dennis, W. H., and
Blumenthal, R. , Design of Liposomes for Enhanced Local
Release of Drugs by Hyper thermia. Science, 202,
1290–1293, 1978.

-

Alving, C. R. , Steck, E. A., Chapman, W. L., Jr., Waits,
V. B., Hendricks, L. D., Swartz, G. M., Jr., and Hanson,
W. L., Liposomes in Leishmanias is: The rapeutic Effects
of Antimonial Drugs, 8-Aminoquinolines, and Tetracy
cline. Life Sci., 26, 2231-2238, 1980.

Alving, C. R., Steck, E. A., Chapman, W. L., Waits, V. B.,
Hendricks, D., Swartz, G. M., and Hanson, W. L., Therapy



154

92.

93.

94.

95.

96.

97.

98.

99.

10 0 .

of Leishmaniasis: Superior Efficacies of Liposome
Encapsulated Drugs. Proc. Natl. Acad. Sci., 75, (6),
2959–2963, 1978.

Weinstein, J. N., Maq in , R. L., Cysyk, R. L. and Zahar ko,
D. S. , Treatment of Solid Ll210 Murine Tumors with
Local Hyper thermia and Temperature-Sensitive Liposomes
Containing Methotrexate. Cancer Res., 40, 1388-1395,
1980.

Weinstein, J. N., Mag in, R. L., Yatvin, M. B., and
Zahar ko, D. S., Liposomes and Local Hyper thermia :
Selective Delivery of Methotrexate to Heated Tumors.
Science, 224, 188–191, 1979.

Mayhew, E., Rustum, Y. M., Szoka, F., and Papahad
jo poulos, D., Role of Cholesterol in Enhancing the
Anti tumor Activity of Cytosine Arabino side Entrapped
in Liposomes. Cancer Treat. Rep. , 63, 1923–1928,
1979.

Hwang, K. J. and Mauk, M. R., Fate of Lipid Vesicles in
vivo: A Gamma Ray Perturbed Angular Correlation Study.
Proc. Nat. Acad. Sci., 74 (11), 4991–4995, 1977.

Jonah, M. M., Cerny, E. A., and Rahman, Y. E., Tissue
Distribution of EDTA Encapsulated with in Liposomes
Containing Glycolipids or Brain Phospholipids.
Biochim. Biophys. Acta , 541, 321–333, 1978.

Jackson, A. J., The Effect of Route of Administration
on the Disposition of Inul in Encapsulated in Mul
tilamellar Vesicles of Defined Particle Size. Res.
Comm. Chem. Pathol. & Pharmacol., 27 (2), 293–304,
1980.

Rustrum, Y. M., Dave, C., Mayhew, E., and Papahad
jo poulos, D., Role of Liposome Type and Route of
Administration in the Anti tumor Activity of Liposome
Entrapped l-Beta-D-Arabino furanosylcytosine Against
Mouse Ll210 Leukemia. Cancer Res., 39, 1390–1395,
1979.

Kobayashi, T., Kataoka, T., Tsukagoshi, S., and
Sakurai, Y., Enhancement of Anti-Tumor Activity of 1–
Beta-D-Arabino furanosylcytosine by Encapsulation in
Liposomes. Int. J. Cancer, 20, 581–587, 1977.

Hinkle, G. H., Born, G. S., Kessler, W. V., and Shaw,
S. M. , Preferential Localization of Radio labeled Lipo
somes in Liver. J. Pharm. Sci., 67 (6), 795–798,
1978.

-





155

101.

102.

103.

104.

105.

106.

10 7.

108.

109.

110.

Juliano, R. L. and Stamp, D., Pharmacokinetics of
Liposome-Encapsulated Anti-Tumor Drugs. Studies with
Vinblastine, Actinomycin D, Cytosine Arabino side, and
Daunomycin Biochem. Pharmacol., 27, 21–27, 1978.

Jonah, M. M. , Cerny, E. A., and Rahman, Y. E., Tissue
Distribution of EDTA Encapsulated with in Liposomes of
Varying Surface Properties. Biochim. Biophys. Acta ,
401, 336–348, 1975.

Gregoriad is, G. and Neer unjun, E. D., Homing of Lipo
somes to Target Cells. Biochem. Biophys. Res. Comm.,
65 (2), 537-544, 1975.

Gregoriad is, G. and Ryman, B. E., Fate of Protein
Containing Liposomes Injected in to Rats. An Approach
to the Treatment of Storage Diseases. Eur. J.
Biochem. , 24, 485-491, 1972.

Segal, A.W., Wills, E. J., Richmond, J. E., Slavin, G. ,
Black, C. D. V. and Gregori ad is, G., Morphological
Observations on the Cellular and Subcellular Destina
tion of Intravenously Administered Liposomes. Br. J.
Exp. Path. , 55, 320–327, 1974.

Kimelberg, H. K., Tracy, T. F., Jr., Biddlecome, S. M.
and Bourke, R. S., The Effect of Entrapºent in Lipo
somes on the in vivo Distribution of ["Hl Methotrexate
in a Primate. Cancer Res., 36, 2949-2957, 1976.

Mayhew, E., Papahadjo poulos, D., Rustum, Y. M., and
Dave, C., Inhibition of Tumor Cell Growth in Vitro and
in Vivo by 1-beta-D-arabino furanosylcytosine Entrapped
within Phospholipid vesicles. Cancer Res., 36, 4406–
4411, 1976.

Haynes, D. H. and Kang, C. H., Saturation of Uptake of
Liposomes by the Reticulo-End othelial System: Possible
Use for Increased Tumor Specific i ty. Ann. N. Y. Acad.
Sci., 308, 440, 1978.

Oyarzun, M. J., Clements, J. A., and Bari tussio, A. ,
Ventilation Enhances Pulmonary Alveolar Clearance of
Radioactive Dipalmitoyl Phosphatidylcho line in Lipo
somes. Ann. Rev. Resp. Dis., 121 (4), 709–721, 1980.

Gregoriad is, G., Neer unjun, D. E., and Hunt, R., Fate
of a Liposome–Associated Agent Injected in to Normal
and Tumor-Bearing Rodents. Attempts to Improve Local
ization in Tumor Tissues. Life Sci., 21, 357-370,
1977.



* º ‘. . - * - *- x - º - - - r.- ºf
--> º º ~, - - --- ■ - - - -* * * , º º * s -- - - -- * -cººl■ 1. * \- - - * * * * f : . . . -: * ~ * º * -

\- * > -- -\
* . º -- - -

--- * º a “. . . . . . . . . - ** – - ~ * C Yº! / / Jº '… .
- ~ *
º // .*. * - - - - - - - * - * , º

/ 4. —" *N' ■ º → . . I. I tº * * * * º -- | " ' ". ... " ' -–" , ■ º- º, L ■ º. RA R_ * |
a

■ * - º
- -

". . . . . . º * f --- . . * , , - . Sº “
. º > * > . . . . " " --- --- . , 3. º ■ sº ~ : * > !... | º º

* , - *. A. º. v. . . . . * * - * * ■ : * * sº .*, *, v J Q T. º, º- --- * - -
* . . - -> -

“. . . . * f "... → : sº * * * -- - . . . 2- . º, >
-

*
- - , , -, * * * * * * * * .** * -- * - *, * * * * * - * . * -- - -

: * ~ * º t". . . . . . . . . . . * * º
-

* ... : - , , , , -- * * * * ... -- ºpiº A/ ** \ º .." 3.
. . . .” . . . ; --- *- -

*. * ' ' ' ' - / **** { … . . º: –4. *- .Nº *... *~

--> * - \ , a º *- ... " * -
Dyn - * ºr,* * * - - - - º º * º - * -

-- * , , ; ; ; , . – º – -- ", Li tº P. A ■ ºlº */~' s r. º.* --

-- |
º - 4. -

| | - -
|

- º .* T *s -----
- * - -- * --,--- o - . . " -- ’2.

-

- r- - - - " -
L

- sº ■
-* * -* y - -

t º - - - - - - *
l -- - º . T sº

-* / . . . Tº Y \, : I -- - , , º, ' ' ' . . ºf v \, g in
tº º - º - * - *.* * : *- º, º

- * - º - --> -- - ~ * ~,
* . º * -- ~~ * : " , * * * * , , , . " * > -s; r * … * , , , , , , ,- º , º f * * -

º "..., º/º . ." º * - - - * * * * * \- ~ * º 7... . ... Willº º t". " . . . . . . . . º -

- *- t ~
-

-- -- *- -- " : -
-* * * º “. . - --- * - * * * *

f : . . . . . . . . . . . ‘. . . -----> 1 ■ i■ ■ º * * * • '4 Y ºn
*- - *

| º • ' --- tº º * , * -
º Lil º º '' – ■

; ! -- a * , ■ º
-- -

º, |
-

J - º * -

■ º ºr- ". * -- -- - --a - . A - --- ** - - -- ". *---- *. *** - , ■ º - - -. . . . . . . . * // ºvº º in º. --- . * // * . . . . . . . *

* . - • *** - * , • * * : *- * , -* * --> - *- --> * . º - - -
4. *

, - "… --> º r- † -- º, `... ." * / º º 2 º' º --
-

º, º 4."
- * * * • . * \ * * **- : , , -, . . . . * * l \

- * V.'■ . * * * * * *: º () - - *
*- - * * * * . . . . . . / . . . . . . . . . . -- -". -- *- … ".. *... . . . . . ■ * * * * * ºr º * ,

* º *--- --> º, - * " * , *- * * *.

* s -
1. tº ■ º a ºn ‘. // * , º ‘. Lin R A R Y º º º

-- º r– -- " . = y = * *
-

sº Y * . t *- --- -*-- º: * * R_*. jº Y º * * * * > . r =º - - º - * - - -

- - - º *

-
| -* | º, º - -- * – > ■ º º _ _ ! * , * ~ * ~ -, * ... -

- - º u * * *. . . . . . . . . . . . . . . . . . . . . . . . . . ■
-

* M \, \, , ; ; , , , ºrv - * /. * -
sº ºur º’s * - /

-

- * - .." * * º . .* - a * *- - --"
- - - ~ *- --"

… º. 1: ... / , , , ... -- -y *
º, sº * : * > . . / / , , ;" * -

* : * * * * * * * * * * * * * * * - " -\ * : * : - - - - - - l'...' ...” “ . . . . . . . . . .
- * A y ºr - - - - - - - - -

º * * . . ." f * , ºf , , , * . –4 * - * / **, *, *.
-- *- º- º: º * / . . . . . * * * * * --> ~)

- - *- * * * * *** * * * * * *
-

º, e - º *-- - * -- D. … . . *-- º -

º '' – -*--- º L. : :: * * * * . . . . . º ! ~" *.* - * ~, L■ ■ º ■ º A fº º
. º ■ º `` t Tº **-

-" * - - * * - -- - * .* - - th ■ - r ->
* * º |

- - * * * -". - - - - - .* º *-*. * ** … ->
-

"... - º --

- t
- -

* Nº v. *; ; ; ; ; *
-- * // * - ■

- -
R. vºj º; T •. *- º

- _* - - y *
- *- -

-* - * º - - - *. *

-
* - * * *** }. W. N. - º, -- ~, º º:

-
* - " ); /* / º , , -, º, ...Sº

- - - - - . !' … . . . . . . . f. a f \- --
-\ ! ºf /* º, * * * * * - . \". i/". A º \- 2. -\

-- . . . - º - *- º . . . . . * * * * * -> f – --" *.. *~

* * * -
. . . Dº * -- ty * , j : " , ;" º ''', ) sº * , *

• * ■ | * - 4 * * -- sº re----, -, jº Y sº *
j º –2 - ■ º- 2. * *

- - tx -------> ". . - * -- - | º

- * - - - a - * -
** * * * * * * -

* : *- º x . Sº ■ t ". . º ºvºid in
- ~ - * - * -

• * --- - : * * * , , , , , , , / s * : … º * * º º * , ", , ; , , , , ~ ºº - - - º - - sº
-

* . . . . . . . . . . . . 2. -\º ■ º, º º■ º.
-

*- *- *- .." º; --- -" … * , *-* * * * * ºf . , , , , , .." * : -- º * -
- .* º ---" * *

---> * º _ º **

º - r º, º ! --> º _a º tº R A R Y . … • r º■ º º' L
- -*

| ] . . .
.* - r *

** - --- ~ * **-* … x * : ■ - --- *- - - -
º | - ** ** a :

. . . tº ºf g : - - - - - • , ■ º *
º --, - .* \ º sº * -

~, -
--" º * : *- g

- A - * -- . . ."
s * - tºº, º/ / /*T. • * ~ * * -\

-
~\ ; , ; * * * *, * > * . . ) -- * * * - * * * - -

* \ * , a - * * * * *
*- - 2 - * : / fººt ºr . . . - 4. Y . . . . J. Yº ■ º, J

-- º *- º º, º, * 'º *--- --** º " ; * * : * ~ * - *- **, j * * - - * * * - -

• -º ■ º
º * -

1. * > R- ■ º Y sº L
re-

| º, * f —" ... --> º º, L | i y RA ■ º Y * º* - * - * , r- º ---- º, -*- -- º w - S
- - - - * : --sº - L. . . . . . . . s.

-
1. Njº T. º º -*. * ■ º . * * .*, *, *, *, *) I Tº º º Sº* - ---- º º -

- -, -- º * * * * * - - * - .*
- -

. . º.º. / º; ... " * - C. 7-- * , º, º '■ }, , , ºn *** -.' 2-y
* * * * * * * * * * * * c. * º º, I.'". fº - . . . ** **, *, * º * - - - * * * * * * * * º º' - -\- O sº cºº -- - -- * : *-

-

- * y
}} º º º l ■ ** * * * * - * º º, Y 1-y

-
.*

- º ».
- º ■ º

- º

. * ' ' --> tº is ■ ººn º '' – 's Tº L i B R A Rºy
* - __* º -* * * , | -". --- **. _* ** -*. * , - - - --* - * - * * : º ~[ ] is . . . . […] – ºn -º tº yºu º -- . * * * *2. ºvº■ I in a ... *

* - . -- º * f \ . - * * - º ---" *
- -- º, ‘. . - 4. ** --
** *. *. - • * * * * * . . . . " * - f -- • * * * * - * *, *

-

* , a * - ºº/º . * , º, * -. º/ºr Q .* - -- . . vº .S. º -º- *- ºr * , *- " . . . / ! . . .'; . • * * º *...* - ---º- *-* .." *.. *-
* * * - -

º ; --- s º *-- º º º ~, jº -º- º º
* * - * * -- . - - º - .*

-
-> * - •.

º ºn tº * — s ■ º
*

- - - n -
- - *- - *

----- º ■ º
- a - | º sº - * -

■ º -* * - *y * - a *. --- s º -> **** y - - ~
- -

- - * * * * ~ * * * - - - 4. */ * - - ** - -

* … -
4. *: \' *: *-* I : º --, º - sº º: C * .* ºf v º: -: |

º - - * *- -

* : -. * * ... … tº . . *... --> --
-- - - - - * -

º * - - -* * * * - - - - - - ** * * *



Tººl■ ■ º º, sº -y X- *s ºn / 2 º, sº * * * > ”, sº
yº, -1.J. ºº' - -

\
º --- - - - *. ----- --- º - -

\
- - -: *- -* -º Sº Sº, C).7//, //, //, (■ o Sº 4

-
º is *z, Cº■ fº■ /lcºd. º “..

º ". s" º t- J. º -

O■ ) * - Lºs RARY [. jº O/l, sº tº RARY * [.4.7’ 4–2 sº […] * , ~~~ º r ”, --~ * *- º […] º RA *- º
> * , --- - * … […] > - O C

o º r
-
A" o ~ ºf *

* | |
- - …” | | º y - º 4.

º, º AQ: vº 9. IT º, º º º (C ”, ------ sº AT&; vº■ G |T º, L. J sº C ( /**, ºr º s
-

º, tº- º, s *-

º > º/*
- º º S. y - *** -, -- º, .* º/ºr C. ºs- -- ** --S º

º
Nº º Cº■■ º) º &

-

y sº tº , ■ º ■ º. A
º º O/ 7 sº º Y. *~~ º º, O)) º º,º

- --

º º, *** - º […] °, Li BRARY º | %, *A* –? º […] º, L. B R &L. º- ~
- º- -

c o & º

* - O r- - * -
[…] c O

o - - -
-

º -y * r - º º y L~ (C D. ls ºvºº gº º L. J is º (C º'-' ºvº gº º
- *4 Nº. f -º-

-
+, sº º,

-* - 2. º. * ... Nº "' – º, º º * --
* .. 4 -- º jº º, ■ º º

- - - - - - - * S \' ), ■ º y ■ ºjº (T *> -º
is©■ º () sy & 0.º º' - & 2) ºf 77//cºo º dºi/11//ºC º' tºsº º sº º * †, Sº ºtº ■ º. Ole tº tºº tº Ole tº

L. J & -- º,
- -> 2 —--- *o --r- º º - sº —-

'… & cº- (C - […] sº ºvuginº Lºl TO ºf lºvº- -- - ºº - - º º- º -Y -2% sº L *, ºf º ”, sº *, *ºf cºnciº, º º■ ”Sº º cºncº gº tº
.Nº º, C).7////ºc■ , ■ co is 4.

- -
A- sº tº ■ ºciº & 4

-
–

-º- "º. ~ º º º tS
-

º o
º

o
* º º 6. O) n º º ºº O

s T- °, Ll 6 RA RY Sº | r- º, *** A-2 º | | * 1_ ! B. RA R_Y º | | º, ...” .
–– 'o > º, […] o

-
•o

-
s *—

ºvº gº º, L. J. sº ~/C º'-' ºva 91- º, L. sº - C º T
-

º s
~ - - -1 ~ º, sº

-
!. :*/º º

-
º (ºjº. A■ ºf Q 2. ~

-
º, S.

- *Y" ºr c) tº francºco Nº. 2, -- . º s & C ºutcº º-> º *- <!" */ - “.. sº*-º ( c l - --> C

..)/ le sº -
--

* Leº sº -- º, O/2 sº tº Li BRARY is L–~ y - J -sº
-

(2 -- ~~ - ~ > *) -- º
- º -

ºr - C- ~
-

"…
-
[…] sº As ºf vº 9. ! T %, L. º - (C %2. […] s A.Tº vº; G ITI º, L. º cº-r zn O ->c 2, - ■

Nº.
.** º

- - * -, *, * º, sº * : *-* *- * º - * --> -
- -

* - 0.05"; } //". ■ º
-

* - - - 7 jº/* / / /*(T) 2 º'
-& Cº. - - - C), 17, fºci...) sº dºl■ !" A■ ºf º - 49. *Y.,'", ■ 7.

º 1. p 1) º º, - s' %. 4– sº º ~_* -- " ■ º ~ º - º ºp. 2 C º

º Lº | ”, t / º y sº […] º, LI B RA R_Y s’ L. º, O) s °, L! º R_*
--- --- e-

sº T |
- º,

--
º S^ --

'2 ~

.Nº º

-

(). - ~
- -

* - º

**
|

- w) ~Y º,
- -

- ºr--
* 7 º, LL J . Sº ~g v. N. º, L. lsº C, – Sº . º º |

-(IC º, sº A. ºf v ºf 9 || º, º C (/C % -- ºvug in º. --
* -

tº sº º ~ 72, -º
-

7, ■ º * - cº- º {}_1\ pº■■ *C. º.º. ..Q. ---------ºf 77.1/■ ci■■ o Nº 4. 4- tº *S sº, C).7////nº■■ o
- - - ~ --

*~~
º *. º ~ º - ..º ".

L. B R A * riº, O) ls sº
---- %, Li BRARY º º, O/2- sº ■ º

- º . -
%. Sº yº / / /* % -
Nº- cºlº■ wº & º-

~
- º

: ) Q
- - -* -

L. s sºC º […] sº [] º sºC º […] sº Tº
-
º

- - ** º, &
º

72 N
º º -y *... sº º

-

*... sº -y
-

1. Nº ºr n : , , , , ,ºil ºncº º dº A■ ºº "o S Sº fºci 4.- 0. yº'º º, *** (ºr,º $ 2 ~
º Nº. 42 C 1//, Pºli■ cº § 4.

-
–

º- - - --- *k, *- º
- -

*. *-* , ~º º cº ºs ”, L■ B RA R_Y sº —r- º, O) 4–2 º
s ”. B. RA R_Y sº *. t- // ºº

-

º
---- sº cº L. / º º, º

-
[...] º,

-
º s’ [...] A º,

-
Tºvºi g in º. L. sº cº-º/ . º, [I] sº ºvºº gº º L. sº * –

- - º /C
~ *. C ~y sºC

º

º
º sº 42 *

~y F-º- º, sº gº/1. ■ º º \
*º/7 ºf Cº■ o ~~~~ * S- Sº, Cºº■ fºrt, ■ º º 4.

Nº. 4
-- 4, - ! - -9.5 -**

J […] º, L! º RA R_Y s L.
-

■
-

T _º º
-

*) ----- &
-sº. For REFERENCE sºon”. L. J.s ºr

º º Li

-

*—
J. -- -- -**

-
A

- º, L) - *"

t / / ~2 º […] º, L | B. RA Q_Y s fºrm º, ..) º y sº

* e
-

7 -12 Nº - º

| º tº A//ºC, */º ºs º ris *. J
-

is *. Cº/ * … "
..º *.. ) jº d º * , - -

sº | || º, ..) ~ s NOT TO BE TAKEN FROM THE ROOM O) 5 s ”, Ll G R_*
º | C

* ºvºi ç in º. º- ---
- + y

* º- tº º -- - - - , " - º; e. º

º, º § car. Nº. 23 D-2 º: ** * , -r-, * [T] is "." -- ~~" [I] sº . . ." [.[[C º' -- * -- ~/C ºvus in º






