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S U M M A R Y  

Liposomes containing ethylenediaminetetraacetic acid (EDTA) were prepared 
with different surface properties by wtrying the liposomal lipid constituents. Posiii,,elx 
charged liposomes were prepared with a mixture ol" phosphatidylcholine, cholesterol, 
and stearylamine. Negatively charged liposomes were prep~ued with a mixture of 
phosphatidylcholine, cholesterol, and phosphatidylserine. Neutral liposomes were 
prepared with phosphatidylcholine alone, dipalmitoyl phosphatidylcholine alone, or 
with a mixture of phosphatidylcholine and cholesterol. Distributions of '4C-labeled 
EDTA were determined in mouse tissues From 5 rain to 24 h after a. single intravenou~ 
injection o1" liposome preparation. Dilt"erences in tissue distribution were produced b\ 
Ihe different liposomal lipid compositions. Uptake oF EDTA by spleen and l-narrow 
v, as highest from negatively charged liposomes. Uptake of EI)TA by lungs was high- 
est from positively charged liposomes; lungs and brain retained rehttively high level> 
of EDTA From these liposomes between I and 6 h alter injection. Liver uptake ol 
EDTA from positively or negatively charged liposomes was similar: the highest EDTA 
uptake by liver was fiom the neutral liposomes composed ol 'a  mixture o1" phosphati- 
dvlcholine and cholesterol. Liposomes composed of dipalmito>l phosphatidylcholinc 
produced the lowest liposomal EDTA uptake observed in liver and marro~ but rood- 
rate uptake by lungs. Tissue uptake and retention of EDTA From all of the liposomc 
preparation~ ~ere greater than those of non-encapsulated EDTA. The resuhs pre- 
sented demonstrate that the tissue distribution ol 'a  molecule can be modilied by en- 
capsulation of that substance into liposomes of difl'erent surface properties. Selecti,~c 
delivery of" liposome-encapsulated drugs to specific tissues could be effectively used in 
chemotherapy and membrane biochemistry. 

IN T R O I ) U ( T I O N  

Direction of biologically active molecules to specilic target tissues is an i m p o f  

Abbre'~ialion: I)TF'A, dieihyienctrian~inel-~Cl~iaacctic acid. 
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rant problem in chemotherapy. Many drugs are metabolized and eliminated fronl the 
animal body, often before reaching the desired site of action. Some substances, p:,.rtic- 
ularly the antibiotic and anti-tumor agents, may also cause systemic toxic efl'ects. 
Furthermore, not all drugs can penetrate cellult:r membranes. Enct~,psulating a partic- 
ular drug within a specific carrier could reduce these difficulties by incre~,,sing cellular 
penetrability and greater selectivity of tissue interactiol~. 

The polyaminopolycarboxylic acid chelating agents ethylenediaminetetra- 
acetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA), which are used 
in treatment of heavy metal poisoning, do not appreciably penetrate cell membranes 
[I. 2]. Attempts have been made to increase their cellular penetration, primarily by 
esierification. However, the esterified chelating agents were toxic and almost insoluble 
in aqueous media [3, 4]. Artificial lipid spherules, liposomes, have been recently used 
to encapsulate EDTA and DTPA. The liposome-encapsulated chelating agents were 
retained longer and in higher concentrations in mouse tissues than the corresponding 
non-encapsulated EDTA or DTPA: they were also more effective in removing toxic 
metals fronl mouse tissues [5 7]. Intracellular penetration of liposomes containing 
EDTA has been demonstrated in mouse liver, spleen and lung [8, 9]. Increased cellular 
penetration and, in some cases, increased biological activity have also been shown for 
liposome-encapsulated actinomycin D [10, II] ,  penicillin [11], and cyclic AMP [12]. 

A drug can be incorporated either into the lipid phase or into the aqueous 
phase of liposomes, depending on its solubility in organic or aqueous media. In the 
case of a water-soluble substance, such as EDTA, a phospholipid film is dispersed in 
an aqueous solution of the drug, and the dissolved drug molecules tire trapped in the 
aqueous compartments enclosed by the lipid bilayers. The surlitce properties of lipo- 
somes, such as charge or bilayer fluidity, can be wtried by addition of lipids bearing 
charged functional groups, by alteration of liposomal phospholipid fatty acid content, 
or by addition of cholesterol. 

EITects of liposomal membrane charge and fluidity have been studied in vi lro 

by a number of other workers. For example, aggregated {"membrane ac t ive") immu-  
noglobulin G has been shown to interact preferentially with positively charged lipo- 
somes [I 3]. A calcium-dependent fusion of cells in culture has been induced by negati- 
vely charged liposornes that possess fluid bilayers [14]. However, no in ~'iro examina- 
tion of interactions between specific, competing tissues and liposornes of various lipid 
compositions has been made. In this investigation, the specificities of in ~ivo uptake by 
various mouse tissues of EDTA encapsulated in the aqueous compartments of lipo- 
somes with varying lipid compositions and surface characeristics are presented. 

MAFERIALS AND METHODS 

Phosphatidylcholine was obtained as Type VI I -E egg lecithin from Sigma 
Chemical Co., St. Louis, Mo., or as the chromatographically pure preparation from 
Grand Island Biological Co., Grand Island. N. Y. Synthetic dipahnitoyl-i.-c~-phospha- 
tidylcholine was purchased fl'om Schwarz/Mann, Orangeburg, N. Y. Phosphatidyl- 
serine (bovine: chromatographically pure} was obtained f.'om Applied Science Labo- 
ratories, Inc., State College, Pa. Stearylamine (95-99,,, pure) was a product of K and 
K Laboratories, Inc., Plainview, N. Y. Cholesterol (chromatographically pure) was 
purchased from Sigma. Ethylenediaminetetra [2-~4C]acetic acid. with a specific radio- 



activity of 19.~; Ci/mol, was purchased as the tetrasodium sah from Amersham~Searle 
('orp., Arlington Heights. III. Unlabeled EDTA (free acid}~as obtained from Fisher 
Scientific Co., Fair Lawn, N..1. Reagent grade chemicals and "'Spectranalyzed'" 
(Fisher) organic solvents were used in all preparations. 

Prcparulion q/ /ipo.vov~le~ colttuitli11.~, t 4 C-/ah¢'/~'d EI) T.4 

M ultilamellar liposomes ~ere prepared as described previousl 3 [7] by' mechan- 
ical stirring of dried thin films of phospholipids, to which an aqueous solution con- 
taining 80 liCi of 132 mM (5"., x~t)la('-Iabeled CaNa2EDTA (pH 7.4)had been add- 
ed. Multilamellar liposomes were u~ed because lower incorporation of encapsulated 
drugs has been consistently, found with sonicated (unilamellar)liposome preparations 
(Rahman el ~d., unpublished): this Io\x incorporation \~ould provide insufficient 
• :.tmounts of encapsulated drug for injection [5 7, 10]. All liposomes were prepared at 
37 C. except for those made ofdipalmito.vl i-~hosphatidylcholine, which were prepared 
at 60 C(above  the transition temperature for this phospholipid). Each preparation 
contained a total of approx. 30 mg of lipid and 250 mg EDTA. Lipids were used its ob- 
tained from the manufacturer: ho\~ever, care was taken to use only fresh stock solu- 
lions and to protect lipids from ox>gen ~md heat. Phospholipid stock solutions were 
monitored for evidence of breakdown b\ thin-la~er chromatography. 

Unincorporated ~aC-L.beled EI)TA ~as removed from the liposomes b\ t~o 
~uccessive centrifugation and rcsuspension procedures. (~entrifugation (g00 g, 5 
rain) was used because it does ilot dilute the liposome preparations (as does the gel 
tiltration method), it is rapid, and it ab, o conserves costl\ or scare: drugs, which can 
be recovered undiluted and re-used al'ler approprk, te extraction of residual lipid. 
Neutral liposomes were ,a~tshed in unlabeled (TaNa,EDTA, pH 7.4, or in 154 mM 
NaCI (physiological saline). Charged liposomes were usuall\ washed in unlabeled 
('aN;.l, EDTA because ~! large proportion of these liposomes did not sediment in sa- 
line. The washed liposomes were resuspended in physiological saline and used x;ith- 
out prior filtration. Liposomes were used for injection bet,aeen I and 6 h after prepa- 
ration. No special precaution ~as taken to maintain aseptic conditions because bac- 
terial growth was ilOt observed in simili~.r Iiposome preparc,,tions in thb, laboratory 
[7]. The morphology of liposomes in e~ch preparation was exltl-nined using a light 
microscope (400 x magnilication) ,a.ith a polarized light source. There wits relatively 
little influence of lipid composition upon the sizes ofliposomes formed. Previous mea- 
surements have indicated that 85",, of multilamellar liposomes containing EDTA 
are less tha.n 2 lira in diameter [7]. Any prepar~!tion ill which the liposomes had aggre- 
gated into small clumps was discarded. (See Rahman c,l a/. [7] for discussion of phos- 
pholipid qu~lity and f'orm~ttion el liposomes). Surface charges of liposomes were con- 
Iirrned by cell electrophoresis, using the technique of Bangham el a/. [15] with appa- 
ratus manufactured by Grant Instrunlents. Cambridge, U. K. 

Stearylamine wa,, used to produc~" a positive charge on liposomal surl~tce~: 
Ilhosphatidylserine was used to produce a negative charge. Lipid compositions are 
given in Table I. Lipid weights were used in preparing liposomes because of the inde- 
lerminate nature of molecular weights of phospholipids from natural sources. Pro- 
portions of lipids in the charged liposomes were chosen empirically to give the great- 
est amount of  charged species compatible with liposome stability, as measured b~ 
lests of  EDTA incorporation into the x~,ashed Iiposome preparations. 
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Injection of liposomes 
A total of 160 female CF I (Carworth Farms) mice were used; mice had an 

average age of 113 days and an average weight of 27.5 g. Each mouse was given a 
single injection, in a tail vein, of 0.40 ml of liposome suspension containing 31 000 
113 000 dpm per mouse. Radioactivity injected was 120-550 nmol CaNa2EDTA per 
mouse and 26-68 mg EDTA per kg of body weight. Liposome preparations with lipid 
compositions that consistently produced low yields and low EDTA incorporation 
(such as phosphatidylcholine-cholesterol-phosphatidylserine liposomes) were always 
prepared in several batches, which were then pooled before injection. Groups of mice 
were killed, as previously described [7], at intervals of 5 min to 24 h after injection: 
samples of liver, spleen, bone marrow, lungs, brain, kidneys, and blood, tissues previ- 
ously shown to accumulate measurable amounts of EDTA [7], were removed for 
determination of ~'*C-labeled EDTA activity. Whole organs or standard samples [7, 
16] of liver, bone marrow, and blood were taken. 

The tissue samples were prepared for ~ 4C analysis by automatic combustion as 
described [7]. The amount of ~4C-labeled EDTA injected was calculated from tripli- 
cate samples of each injection solution taken with the same injection syringe: these 
samples were prepared for combustion by the same method as the blood and bone 
marrow samples. The ~'~C radioactivity recovery of the Packard 305 sample oxidizer 
used was determined to be greater than 97 ,I; for standard samples in the activity range 
analyzed. Scintillation fluid contained 1.5 !~o 2,5-diphenyloxazole and O. 1 ";; p-bis-O- 
methylstyrylbenzene in toluene. Samples were counted in a Beckman liquid scintil- 
lation counter, either Model LS-200 B or LS-333. 

R E S U L T S  

hlcorporation of J 4C-labeled EDTA into liposome preparations 
The average EDTA incorporation into neutral Jiposomes ranged from 1.2 to 

1.8 mg per preparation (Table [). Positively and negatively charged liposomes in- 
corporated 0.9 and 0.4 mg per preparation, respectively. Lower incorporation of 
EDTA into charged liposome preparations probably reflects loss of liposomes during 
washing. 

T A B L E  I 

L I P O S O M A L  L I P I D  C O M P O S I T I O N  A N D  I N C O R P O R A T I O N  O F  ~ '*C-LABELED E D T A  

Liposomal  Weight  A p p r o x i m a t e  L iposomaI  
lipid rat io o f  mola r  rat io surface 
c o m p o s i t i o n *  lipids o f  lipids charge 

PC ~only~ (1) (1) 0 
D p P C  ( o n b )  ( I )  ( l l  0 
PC-chol I : l I : 2 0 
PC-choI -S tAm 103 : 52 : 10 35 : 17 : 10 
PC-choI-PS 53 : 19 : 10 52 : 38 : 10 

Inco rpo ra t i on  o f  
~ "~C-labeled E D T A  
(average rag /prepara t ion  

1.5 
1.2 
1.8 
0.9 
0.4 

* Abbrevia t ions :  PC, phospha t idy lcho l ine  (egg); DpPC,  d ipa lmi toy lphospha t idy ichol ine  (syn- 
thetic):  chol,  cholesterol ;  StAre,  s tearylamine;  PS, phospha t idy l se r ine  (bovine).  
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I A B L E  II 

P E R C E N - [  O F  T O T A L  I N J E C T E D  R A D I O A C T I V E I - Y  IN  M O U S E  T I S S U E S  5 M I N  A t : I F P ,  
I N T R A V E N O U S  I N J E C T I O N  O F  L I P O S O M E S  ( ' O N T A I N I N ( }  t " C - L A B E L E D  E D T A  

Values  tire mean percen t  o f  injected radioacti , , iLv the s l a n d a r d  e r ro r  u f  the mean .  Each group  
conta i r icd  four  mice.  Tile a b b r e v i u t i o n s  used as in Tale, k: I. 

l . i posoma l  l . iver  Spleen Bone Lung~, Bruin K id n es s  Blood** I o t a l  m 

lipid m a r r o w  * tissue', 
con lpos i t ion  '.,h o \ <, 11 

I}{" <on15 ) 

I )pP("  {only) 

I '{ ' -chol  

P( ' -chol-St A m 

P{ ' -choI-PS 

31.12 2.25 5.28 5.89 0.13 2.67 14.98 62.2,~ 

2.83 0.20 0.83 0.28 : 0.01 0.32 2.96 I.~I 

12+15 1.99 1.28 +3.31 0 . 1 7  ~,.tIS 2 4 . 5 6  ";~. I0  

2.34 0.27 0.14 0.78 : 0.01 0.46 1.81 1.40 

21.34 6.5~ 3.48 11.4~ I).24 L4,~ 34.53 S2.09 

4.18 2.02 0.88 0.52 0.02 0.36 5.22 I.~5 

I 7.8~; 2.22 4 3 8  19.,'49 0.29 L69 27.~5 76.11 

2.40 : 0.17 (}.7~ t).36 0.03 0.22 3.61 221 

23.08 4.82 6.2 ~+ 4.47 0.41 x.14 ~5.7i x 2 . 8  < 

1.4N 0.69 , {1.85 0.14 0.02 {). "; 5 2.12 1.24 

* Act i ' ,  ity in the e s t imu tcd  total  bone  mat' to \ ' ,  per mOLtSC, ca lcu la ted  h,, nml l ip l \  ingucti'~it5 il) (i 

slandt t rd b,olle mttrro,,,, sample taken f r om both t ib iu by a l 'actor o f  44 [16 I. 

* *  A c t i v i t y  in the est imated to ta l  b lood ",.oltlnlc per mouse. 2 cm 3. c~tlctllatcd l ' rom acti~iI> in 
d Ul plicat e 100-/tl bl,a,ad sam plu~. 

I A B E I I  I l l  

P E R C E N I  { )E  [ O T A L  I N + I E ( ' T E D  R A D I O A ( ' T I V I T ' ,  IN  M { ) U S E  ] I S S U E S  I 1t A I  l l : R  
I N F R A V E N O U S  I N . I E ( ' T I O N  O F  L I P O S O M E S  ( ' O N T A I N I N G  ~ 4 C - L A B E L E D  E I ) T A  

Vttlues arc i11Call percent o f  injected r adk )ac t i v i t )  t i le s tandard error" o f  the nlcan. Each group 
conta ined I'our mice. The abbrev ia t ions  used as in Tab le  I. 

Liposomul  Liver  Spleen Bone Lungs  Bluin Kidnc>n Blood** Tota l  in 

l ipid t11:ir roY, * tiSSLICS 
c onlr)oMtJoll ~ h o','+ n 

P (  Ionl5 ) ~7.2'~ L21 5.17 2.41 0.06 0.43 t).gt} 49.43 

1.91 0.29 0.36 O. IS 0.01 0.03 0.07 1.6& 

D p P C  (onl_,,) 26.63 4.20 1.58 5.60 0.05 0.91 2.56 41 < 

3.90 1.0I 0.14 0.42 0.00 0.04 0.58 2.41 

PC-chol  43.39 7.02 5.47 5.24 0.09 0.67 0.89 (+6.47 

1.33 1.13 0.33 0.38 0.01 0+ll 0.18 4.1{t 

P ( ' - cho I -S tA  nl 36.15 4.89 6+61 10.49 0.21 1.02 1.96 61.32 

1.80 0.47 {.).54 1.35 0.03 0. I 2 0.84 I. I I 

I}('-,..'hc, I- I'S 39.62 g.24 7.61 3.10 (). It) 1.22 t).36 60.17 
2.05 2.50 1.38 0.22 0.02 0.04 t).02 2. I 2 

* Acti,, it b in t h e  e s t m l a t c d  t o t a l  b o n e  m a r r o ' a  p e r  m o u s e ,  c a l c u l a t e d  by  m u l t i p l y i n g  act i \ ' i l5  

in a s t a n d a r d  b o n e  n l a r r o ~  s a m p l e  t a k e n  f r o m  b o t h  t ib ia  by  a [ 'uctor o f  44  [If~]. 

* *  A c t i v i t y  in the est imated tota l  b lood ~.oltlme per mouse, 2 t i n  3` calculated l'rotla acti~ it5 iu 
dupl icate 100-ld b lood samples. 
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Distribution o f  liposome-encapsulated t 4C_labele d EDTA and recoverv o f  radioactivit.v 
in ItlOlIS~" tissues 

The  percen tages  o f  ~ '~C-labeled E D T A  taken  up by ind iv idua l  t issues and the 

total  a m o u n t  o f  E D T A  recove red  in the tissues ana lyzed  5 rain and 1 h a l t e r  in jec t ion  

are  g iven  in Tab les  II and  III. These  tables  pe rmi t  c o r r e l a t i o n  o f  the percent  up take  o f  

injected l i posomal  E D T A  by an ent i re  t issue with the specific r ad ioac t iv i ty  ( d p m / m g )  

found  in tha t  t issue (Figs.  I -7) .  The  recovery  o f  labeled E D T A  in the tissues e x a m i n e d  

5 rain af ter  in jec t ion  o f  the l i p o s o m e  p r epa ra t i ons  ranged  f rom 58 to 83 % (Table  II),  

d e p e n d i n g  upon  l i posoma l  l ipid c o m p o s i t i o n .  

The  l iver  t ook  up the h ighes t  percen tages  o f  injected l i posoma l  E D T A ,  

reach ing  peak c o n c e n t r a t i o n s  I h af ter  in jec t ion ,  a l t h o u g h  the total  a m c u n t  o f  E D T A  

recove red  had decreased .  O f  the tissues ana lyzed  at  I h, the liver,  spleen,  m a r r o w ,  and 

lungs re ta ined  the largest  a m o u n t s  o f  l i posoma l  E D T A  (Table  III) .  Both  the lowest  

r ecovery  (42 o )  and  the greates t  p r o p o r t i o n a l  decrease  in r ecovery  were observed  

with l i posomes  c o m p o s e d  of  d i p a l m i t o y l p h o s p h a t i d y l c h o l i n e  a lone  (Tables  11 and 

Ill) .  

I T / I  " ~ L  LIVER i 

g ,( C cho, I.. 

r 
~: /" "/ iX" ~ "--'~ PC/ch°I/PS~"', " ~  i ] 

FREE EDTA 
" " ~  i , . ~  ~ ' I I ~ "  ~F • 1 l ]_ I 

0@~ I" 6 12 18 24 0-()5 I 6 12 18 24 
TIME AFTER INJECTION, hours 

Fig. I. Uptake and retention in mouse tissues of~'tC-labelcd EDTA at interwds between 5 hi(hand 
24 h after intravenous injection ofliposomc-encapsulated EDTA. Figures designated A show distribu- 
lion of neutral liposome preparations: phosphatidylcholine (PC) ( • - - • ), dipalmitoylphosphatidyl- 
choline (DpPC) (±', - A ) ,  and phosphatidylcholine-cholesterol ( i - I ) .  Also included lk~r com- 
parison in the figures A are distribution curves of non-encapsulated EDTA I - "). which have been 
calculated from the experiments of Rahman et al. [7]. Figures designated B sho'~ distribution of 
charged liposome preparations: PC-chol-stearylamine (StAre) ( O - I )  and PC-chol-pbosphatidyl- 
serme (PS) (Q) ()). Liposome preparations are described in Materials and Methods; abbrevia- 
tions are as in Table I. Each point represents the mean value from four mice. Vertical bars represent 
two standard errors of the mean. In the case of bone marrow and blood (Figs 3 and 7}, total radio- 
activity was calculated as described in Table I1. For clarity of presentation, data points are not 
connected for phosphatidylcholine and dipalmitoylphosphatidylcholine liposome preparations in 
graphs of brain, kidney, and blood distributions (Figs 5 7). Correction was made for differences in 
amounts of ~'*C-labeled EDTA administered in different experiments in the calculations of specific 
activity. 
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Specific radioactivil.r o./"4C-labeh, d EDTA in mouse tissues observed Jbr 24 h 
Uptake of ~4C-labeled EDTA from the different liposome preparations varied 

among the mouse tissues examined: 
Liter. Liver uptake of EDTA from charged [iposomes was relatively non-spe- 

cific (Fig. 1 ). Uptake of EDTA from neutral liposomes was highest in liver after in- 
jection of phosphatidylcholine-cholesterol liposomes, and lowest after injection of 
dipalmitoylphosphatidylcholine liposomes. However, even the lowest level of lipo- 
somal EDTA uptake in liver, as well as in spleen, marrow and lungs, was significantly 
above the level of non-encapsulated EDTA uptake (Figs 1-4). 

Spleen. The spleen accumulated the highest concentrations of EDTA from the 
negatively charged phosphatidylcholine-cholesterol-phosphatidylserine liposomes 
during the lirst 30 min after injection (Fig. 2). Intermediate EDTA concentrations, 
which changed little between the 6- and 24-h intervals, were observed alter injection 
of phosphatidylcholine-cholesterol liposomes and positively charged phosphatidyl- 
choline-cholesterol-stearylamine liposomes: the EDTA retained l\fllowing injection 
o1" negatively charged liposomes decreased during the same period. Uptake of liposo- 
real EDTA was lowest in spleen after injection of phosphatidylcholine liposome~. 

Marrow. Bone marrow also showed the highest uptake of EDTA from negati- 
vely charged liposomes (Fig. 3). Similar changes of spleen and marro~, EDTA level 
were observed with these phosphatidylcholine-cholesterol-phosphatidylserine lipo- 
somes during the first 6 h after injection. Marrow uptake of EDTA from positively 
charged liposomes and from neutral liposomes cornposed of phosphatidylcholine 
alone or phosphatidylcholine-cholesterol was at an intermediate lex, el. Unlike spleen. 
marrow accumulated the lowest amount of liposomal EDTA from liposomes com- 
posed of dipahnitoylphosphatidylcholine. 

Lunqs. In lungs, the uptake of EDTA from positively charged liposomes ~,as 
significantly higher than that from all other liposome preparations (Fig. 4). Moderate 
elevation of lung EDTA concentrations was observed after injection of dipalmitoyl- 
phosphatidylcholine liposomes. 

- - - - T - - T - - - - q D -  ..... r - r  - ! ,~ ~ i I !k T " ~ ] - l 
k [3 

- SPLEENT 

~so~ / ~ .  ' 
' I 

~ IT J, 
>_'40 - f _ 
~_ I g / \  T T te ' J - - ~ J  ~',PC,cho,,PS 

l '_ . ' -O----  T 

i i 
a_ ,~ --11-- .  [ " ' ~ "  "'~ 6/* I 
co I0 b I " ' " - ~ .  L ~  

PC I - - - -~ . . . . . . . , i . ~ .~ .  4 { 

FREE EDTA ! I | 
~ . . . 2  ~ h . .2  . . . .  J . . . !  I L ~  [ i . . . .  t F . . . . . . . .  - I .  . . . . .  ~ _ _  ~ • 

~) 0.5---- I II 6 12 t8 24 0 0 5  I l 6 12 18 24 
TIME AFTER INJECTION, hours 

F i g .  2. S e e  l e g e n d  l 'o r  F i g .  I f o r  d c l a i l s .  
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~ 9 0 ~ 7  I ~F- - "  T ~ x II "T  i ~ ' ~ 7  MARROW ! k - ~ -  W . ,  BE ~ 

~ l ~601- TT: ' I /I:pC/ch°I/PS I J 
{ !  , . ,, 

~~-~'--~''-#i k DpPC 

o ~ ~  ......... ~ ............. ,~ ......... : ............ ~ o  ~ o'~ I ~ ~ , ' ~ -  ,'~ ~'o" 
TIME AFTER INJECTION, hours 

Fig.  3. See  l e g e n d  for  F i g .  I for d e t a i l s .  
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O_ 
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~ ' " ' "  ' ........ ~ : ~ ' 6  :":':~--=I2 ........ Jl8 . . . . . . . .  24 0 01,5 II I 

TIME AFTER INJECTION, hours 

1 [ T T ~m : 1 q 
A I B 
LUNGS 

,!! 
~'~xPC/chol 

I _ _ ~  _ I I 
6 12 18 24 

F i g .  4 .  S e e  l e g e n d  f o r  Fig.  I fo r  d e t a i l s .  

Brain. Brain uptake of EDTA from all liposome preparations was relatively 
low (Fig. 5). The highest brain EDTA levels from the phosphatidy[choline-cholesterol- 
stearylamine liposomes showed a similar retention pattern to that of the lungs in the 
same group of mice. An initial high uptake of EDTA from phosphatidylcholine- 
cholesterol-phosphatidylserine liposomes was observed in brain, but these levels de- 
creased rapidly, whereas the uptake of encapsulated EDTA from liposomes composed 
either of dipalmitoylphosphatidylcholine or phosphatidylcholine alone was very low, 
similar to that of non-encapsulated EDTA. 

Kidneys and blood. Kidney and blood levels of EDTA followed similar, rapid 
decay curves (Figs 6 and 7). High EDTA uptake by kidneys and blood from charged 
liposomes were found 5 min after injection. Liposomes composed of phosphatidyl- 
choline-cholesterol also produced high initial EDTA uptakes in blood, while non-en- 
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capsulated EDTA produced high initial EDTA uptakes in kidneys. The blood and 
kidney levels of EDTA produced by the different preparations reflected changes in 
circulating liposomal EDTA as it was either incorporated into other tissues or excreted 
in the urine. 

D I S C U S S I O N  

Liposomes with different liposomal lipid compositions have produced different 
distribution patterns of EDTA in mouse tissues. These results demonstrate the influ- 
ence of liposomal membrane surface properties upon interactions of liposomes with 
tissues. 

The most striking findings of this investigation were the differences in tissue 
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uptake of EDTA between the positively and negatively charged liposomes, especially 
in spleen, bone marrow, lungs, and brain. For example, the blood-forming tissues, 
spleen and marrow, rapidly accumulated high EDTA concentrations after injection 
of negatively charged liposomes, while lungs accumulated high concentrations from 
positively charged liposomes. The lungs incorporated very little EDTA from either 
negatively charged liposomes or neutral liposomes composed of phosphatidylcholine- 
cholesterol or phosphatidylcholine alone. This selectivity of EDTA uptake from 
charged liposomes observed in spleen, marrow, and lungs suggests different types of 
interactions between liposomes and tissues. 

Other possible examples of tissue selectivity are found in these experiments. 
During the first hour after injection of positively charged liposomes, the slow increase 
in EDTA levels in spleen and marrow, and the concomitant decrease in EDTA levels 
in lungs, suggests some translocation of intact, positively charged liposomes. Because 
none of these liposomes were large enough to be entrapped [7], their temporary reten- 
tion in the lungs may be caused by a lung-specific interaction with the positively 
charged liposomal membrane. 

The higher brain uptake of EDTA from positively charged liposomes than that 
from the other preparations may represent increased crossing of the blood-brain bar- 
rier, due to a combination of the hydrophobicity and positive charge of these lipo- 
somes. Penetration of the blood-brain barrier by small molecules is generally consid- 
ered to depend more upon lipid solubility than charge: however, positively charged 
dyes have been shown to have greater ability to cross the blood-brain barrier [17]. 
This apparent specific uptake of positively charged liposomes by brain requires further 
investigation. 

The greater uptake by liver and spleen of EDTA from phosphatidylcholine- 
cholesterol liposomes than from the other neutral liposomes may indicate a preferen- 
tial interaction of these tissues with liposomal membranes stabilized by cholesterol. 
The other tissues did not show a pronounced affinity for neutral liposomes containing 
.cholesterol. 
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A specific interaction between tile lung and dipalmitoylphosphatid.xlcholir~e in 
liposomal surfaces 111;_l 5 exist. Analyses perfornled in Van Deenen's laboratory [IS) 
showed that dipalmitoxlphospllatidylcholhle was the principal plaosphatidylcholinc 
in lungs of all animals examined. Lung uptake o1" EDTA from liposomes composed 
of dipalmitoylpltosphalidylcholine alone v, as similar or slightly higher than that oh- 
m, erred with plaosphatidylclmline-cholesterol liposomes, although the dipalmitoyl- 
plaosphatidylcholine liposomes produced the lowest liposomal EDTA uptake ob- 
ser,ced in liver and marrov~. Liposomes prepared with all-saturated phospholir~id~, 
may have decreased capacity to interact with some membrane system~, as has been ob- 
served iJl rilro [14, 191, but such liposomes, although of decreased lluidit>, have been 
shown to be taken up b\ cells in culture [12]. In the present study, their degree of i_lp- 
take appears to vary among the different tissues examined. 

The rapid excretion and low recovery of non-encapsulated EI)TA [7] indicates 
that if a small amount of free EDTA were associated with the liposome preparations. 
it did not significantly contribute to the labeled EDTA levels observed in tissues after 
injection ol'liposome-encapsulated EDTA. Since EDTA is not appreciabl 3 metabo- 
lized by animal tissues [2.20], the radioactivity l'ound in these studies ~,hould represent 
the true concentrations of EI)TA in the tissues amilvzed. Previous investigations of 
tissue distribution and retention of EDTA enccipsulated in neutral liposomes com- 
posed of phosphatidylcholine-cholesterot (in a somewhat difl'erent molar rutio) 
showed 96".. of injected labeled EDTA could be recovered in mouse liver, spleen. 
marrow, lungs, brain, kidneys, and blood 5 rain after injection [7J. The lower recover- 
ies ol'injected liposomal EDTA in the present study may possibly be explained hi an 
altered tissue distribution, resulting in incorporation of EDTA into tissues which were 
not ex~mined. Because the two liposome p~eparations which showed the It+west re- 
cove,-y (dipahnitoylphosphatidylcholine and plu>sphatidylcholine) also lacked chole- 
sterol, a conlponent known to impart greater nlembrane stabilit,,, tesb ol" lil~osonlat 
leakage were performed. However. there was no correlation between in rirro release of 
liposomal EDTA and the observed iH vivo uptake and recovery lor the dilTerent lipo- 
some preparations. No measurable degradation in lipids of these liposomes x'~as de- 
tected by thin-layer chronlatography. 

Bangham and coworkers [21 ] measured greater interlametlar aqueous volume,, 
within rtegatively charged liposornes than within neutral, phosphatidylcholine lipo- 
somes. Greater interlamellar spaces should result in a greater incorporation of EDTA 
into charged liposomes: however, lower EDTA radioactivity was found in ~;ur prepa- 
rations of charged liposcmes (Tablel). As mentioned in Results, large losses ol" 
charged liposomes occurred during our washing procedure by repeated centrit'ugations. 
Therefore, the EDTA incorporation reported in Table I is a practical indication of 
EDTA radioactivity yields per liposome preparation, and ix not related to the innate 
vo!ume differences between charged and neutral liposomes. 

Because cell surfaces bear a net negative charge, greater uptake of a drug en- 
capsulated in positively charged liposomes might be expected, but this has not been 
consistently observed in the present study, or in in vitro studies [13, 14, 19, 22, 23]. 
There is evidence, however, for non-homogeneous distribution ol" negatively charged 
groups of both normal and tumor cell surfaces [24, 25], as well as for inaccessibility 
to organic reagents of charged groups ol" liposomal surfaces [26]. A mediating influ- 
ence of Ca-" ~ has been observed for fusion of negatively charged liposomes [19J and 
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for cell fusion induced by negatively charged liposomes [14]. Preferential interaction 
of immunoglobulins with positively charged liposomes requires a prior conformatio- 
nal change irt the protein [13]. Specific interaction of a tissue with liposomes of a 
certain surface charge may therefore be a specific property of particular cell surfaces 
and cell environments. Thus, lungs and brain have an apparent affinity for positively 
charged liposomes, but spleen and marrow show affinity for negatively charged lipo- 
somes. The uptake patterns of the blood-forming tissues may reflect leucocyte surface 
interactions with liposomes; preliminary evidence has indicated that liposomal EDTA 
in spleen is entirely in the leucocyte fraction (Rahman and coworkers, unpublished). 

Variations in kinetics of tissue uptake of EDTA from liposomes of different 
charges also suggest different interactions between liposomes and cell membranes. In 
;ill tissues examined but lungs, there is rapid and high EDTA accumulation from the 
negatively charged liposomes, but the highest EDTA levels decrease within I h after 
injection, while EDTA accumulated by liver, spleen, lungs, and brain from positively 
charged liposomes decreases at a relatively slow rate. 

Liposome-encapsulated drugs show greater tissue uptake and prolonged reten- 
tion than the non-encapsulated forms, allowing improved dosage regulation and in- 
creased therapeutic efficiency. Avoidance of undesirable side effects and drug inacti- 
vation by cnzymatic degradation or other reactions are additional advantages of the 
use of liposome-encapsulated drugs. It is clear that the liposomal surface is an impor- 
tant determinant of liposome interactions with cellular membranes, and that modifi- 
cation of the liposomal surface is a potential method of directing liposome-encapsu- 
lated drugs to specific tissues. The variations in specificities of liposomal uptake ob- 
served in these investigations indicate a need for additional study of i;; t'il'o and in 
vitro interactions of liposomes with other membrane systems. The specificities of drugs 
encapsuhtted in liposomes of a particular bilayer composition could be used effectively 
both in therapeutic applications and in studies of membrane receptor sites. Know- 
ledge of specific cellular-liposomal interactions and ability to prepare liposome-en- 
capsulated molecules with desired surface properties would provide powerful tools 
for chemotherapy and basic biochemistry. 

A C K N O W L E D G M E N T S  

We thank Dr Marcia W. Rosenthal for her constructive comments and valu- 
able discussions during the preparation of the manuscript. 

This work was supported by the U. S. Energy Research and Development 
Administration. 

REFERENCES 

I Catsch, A. (1964) Radioactive Metal Mobilization in Medicine, p. 59. C. Thomas,  Springlield, 111. 
2 Foreman, H. (1960) in Metal Binding in Medicine (Seven, M. J. and Johnson,  L. A., eds), 

pp. 82 94, J. B. Lippincott, Philadelphia 
3 Catsch, A. (1961) Int. J. Appl. Radiat. lsot. 11, 131-138 
4 Markley, J. F. (1963) Int. J. Radiat. Biol. 7, 405-407 
5 Rahman. Y. E., Rosenthal, M. W. and Cerny, E. A. (1973) Science 180, 300-302 
6 Rahman, Y. E. and Rosenthal, M. W. (1973) Radiat. Res. 55, 516-517 
7 Rahman. Y. E., Rosenthal, M. W., Cerny, E. A. and Moretti, E. S. (1974) J. Lab. Clin. Med. 83, 

640 647 



34~ 

R;.thm~tn, Y. E. :and Wright, El. ,I. (1973~ J. ,Cell Biol. 59, 276~i 
9 R~thmtln, Y. E. and Wright, B..I. (1975) J. ('ell Biol+ 65, 112 122 

I0 Rahman, Y. E., Cerny. E. A.. Tolhtksen, S. L., Wright, B. J.. Ntince, S. L. and Thomson,  ,I. F. 
(1974} Proc. Soc. Exp. Biol. Med. 146, 1173 1176 

II Gregoriadis, G. (1973) FEBS Lell. 36. 292 296 
12 Papahadjopoulos, D.. Posle. G. ~lnd Mayhcv,. EL. (1974) Biochim. Biophys. Acta 363, 404 41,x 
13 Weissmann, G., Brand. A. and Franklin. E. ('. (1974) J. Clin. Invest. 53, 536 543 
14 Papahadjopoulos, D., Posle, G. and Schaelt'er, B. E. ([973} Biochim. Biophys. Acttl 323. 23 42 
15 Bangham, A. D.. Heard, 1). H.. Flemans, R. rind Seaman, G. V. F. 11958) Ntiturc 182, 642 644 
16 Rosenlhal. M. W., Morelii, F. S.. Russell, ,I..I. and Lindenhaum. A. fl972~ Health Phys. 22. 

743 74~ 
17 Bakay, L. (1956)Thc Blood-Brain Barrier, ('. lhomas.  Springfield. III. 
If~ Montt'oort, A., Van Golde, L. M. G. dnd Van Deenen, L. l.,. M. (1971) Biochim. Biophys. At:l~l 

231, 335 342 
19 Papahadjopoulos, D.. F'oste, G.. Sch~leller, B. [ .  ~lnd V~lil. W. ,I. (I 974) Biociaim. Biophss. ,,%ci:i 

352, 10 28 
20 Zorn, H. (1970} Sirtthlenthcr~lpie 140, 452 459 
21 B~lnghanl, A. D., De Gier, J. and Grey(lie, G. I). (1967} C'henl. F'h,.s. Lipide, I. 225 246 
22 Hawiger, J., Korn, R. G., Koenig. M. G. anti ('ollins, R. D. (1969) Yale .I. Biol. Med. 42,  57 "7,0 
23 Magee, W. S. and Miller, O. V. 11972i N~llure 235. 339 341 
24 Weiss, L., Ziegel, R., Jung, O. g. ~.nd Bross. I. D..I. (1972) Exp. ('¢11 Res. 7(1, 57 64 
25 Weiss, L., Jung, O. S. Lind Ziegcl, R. (1972) Int. J. Cancer 9, 48 56 
26 Papahadjopoulos, D. and Weiss, L. (1969} Biochim, Biophys. Acta I.~3, 417 426 


