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In this paper, we describe the permeability of vesicles prepared with various synthetic cholesterol derivatives. 
Cholesterol derivatives with side-chains ending in hydroxyl groups reduced the permeability of unilameilar 
vesicles. However, addition of cholesterol derivatives with terminal amino groups makes the vesicles more 
permeable. Vesicles prepared with a short-chain amino-cholesterol derivative were found to be less permeable 
in phosphate-buffered saline, but not in bovine serum, while long-chain amino-cholesterol-containing vesicles 
were very permeable in both media. Studies in vivo indicate a rapid clearance rate for intravenously 
administered amino-cholesterol-containing vesicles with a concomitant increase in liver uptake. However, no 
difference was found in either the clearance or tissue distribution of control vesicles and the less permeable 
hydroxyl-cholesterol-containing vesicles. 

Introduction 

Phospholipid bilayer vesicles, originally devel- 
oped by Bangham et al. as model membranes [1], 
have become a focus of research interest in recent 
years because of their potential as carriers for a 
variety of biologically active materials. Thus, for 
example, enzymes [2], chelating agents [3], viral 
nucleic acids [4] anti-tumor drugs [5], antibiotics 
[6], immunogens [7] and hormones [8] have been 
successfully encapsulated within liposome systems. 
A major obstacle, however, to the use of circulat- 
ing liposome carriers has been their rapid uptake 
and removal by the liver. 

* Present address: Monsanto Co., 800 No. Lindbergh Blvd., 
St. Louis, MO 63167, U.S.A. 

** To whom correspondence and reprint requests should be 
addressed. 

Abbreviat ions:  PC, phosphatidylcholine; DPPC, di- 
palmitoylphosphatidylcholine; DSPC, distearoylphosphati- 
dylcholine. 

Several approaches have been taken to deliver 
selectively liposome-encapsulated materials to 
specific organs or types of tissues. For example, it 
has been shown that vesicle size, altered by soni- 
cation, can result in an increased uptake by kidney 
[9]. Modification of lipid acyl groups, to alter the 
liposome phase-transition temperature, can induce 
the preferential release of encapsulated materials 
at sites of mild hyperthermia [10]. Liposomes, 
sensitive to pH, have been prepared and shown to 
release materials at sites of inflammation and in- 
fection, where the pH is slightly below the physio- 
logical level [11]. 

Alternatively, one can change the surface prop- 
erties of liposomes so that they well interact 
specifically with cell surface groups on the targeted 
tissue. Successful demonstrations of this approach 
include the attachment of tumor cell-specific anti- 
bodies to a vesicle surface [12] and incorporation 
of lipid-containing charged groups [13-15] or 
carbohydrates [5,15,16], which alter the liposome 
surface and tissue distribution. 
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In previous work from this laboratory, it was 
shown that carbohydrate-containing cholesterol 
analogues incorporated into liposomes can effect 
both stability and tissue distribution [17-19]. In 
order to obtain a better understanding of the basis 
for these effects, we have prepared a series of 
cholesterol derivatives, varying in their length, 
charge and polarity. In this report, we compare the 
permeability and tissue distribution of phospholi- 
pid vesicles containing these derivatives. 

Materials and Methods 

Reagents. 1,2-Dipalmitoyl- and 1,2-distearoyl- 
sn-glycero-3-phosphocholine, stearylamine, 
cholesterol and cholesteryl-p-toluenesulfonate were 
obtained from Sigma Chemical Co., St. Louis, 
MO. Desferroxamine was purchased from CIBA 
Pharmaceutical Co., Summit, NJ. Amersham/ 
Searle Corp., Arlington Heights, IL was the source 
of radioactive iron in the form of 59FEC13 in 0.1 M 
HCI (1 mCi/ml) and D-[1-3H]glucose (4.5 
Ci/mmol). Sephadex G-50 fine (20-80/~m diame- 
ter) was obtained from Pharmacia, Uppsala, 
Sweden. 

Synthesis. The following chemicals were 
purchased from Aldrich Chemical Co., Milwaukee, 
WI, and purified by distillation just before use: 
ethylene glycol (b.p. 65-68°C/0.5 mmHg); trieth- 
ylene glycol (b.p. 113-115°C/0.01 mmHg); ethyl- 
enediamine (b.p. 28-30°C/1  mmHg); 1,6- 
hexanediamine (sublimated, m.p. 38-40°C); N- 
(2-aminoethyl)-l,3-propanediamine (used as re- 
ceived); and t r i e thy lene te t ramine  (b.p. 
136-137°C/0.5 mmHg). Dioxane was purified by 
re fluxing over lithium aluminum hydride for 
several hours followed by distillation prior to use. 
Thin-layer chromatography (TLC) was performed 
on Merck (Darmstadt, F.R.G.) precoated silica gel 
60/Kieselguhr F-254 plates and visualized with I z 
or HzSO4/charring of ninhydrin spray. Infrared 
spectra were recorded with a Beckman IR-4240 
spectrometer. Proton nuclear magnetic resonance 
(1H-NMR) spectra were obtained on a Varian 
XL-200 MHz spectrometer. Optical rotations were 
measured with a JASCO DIP-181 digital polarime- 
ter. 

The method for the preparation of cholesterol 
derivatives in this paper is essentially the same as 

257 

that for the synthesis of cholesterol derivative II 
(3,6,9-trioxa-octan-l-ol-cholesteryl-3~-ol) as re- 
ported recently by us [20]. The isolated products 
were characterized by infrared spectroscopy, NMR 
and TLC and were pure enough to be used directly 
without further purification. The reactions of 
cholesteryl-p-toluenesulfonate with substrates is 
summarized in Table I. 

Preparation of vesicles. Liposomes containing 
desferroxamine with a trace amount of 59Fe in the 
aqueous compartment were prepared according to 
methods described by Patel et al. [20]. DPPC or 
DSPC, cholesterol and stearylamine, in the molar 
ratio of 1.54 : 1.0 : 0.43, respectively, were dried in 
a round-bottom flask. When liposomes were pre- 
pared with various synthetic derivatives, half of 
their cholesterol amount was replaced with indi- 
vidual cholesterol derivative. An aqueous phase 
containing 75 mg desferroxamine and a trace 
amount of 59Fe/ml water was added in the flask 
and stirred for 10 min. The weight ratio of lipids 
to desferroxamine was approx. 1:2. Liposomes 
containing DPPC were prepared at 50°C and 
DSPC at 60°C. Small unilamellar vesicles were 
prepared by sonication of the multilameUar vesicles 
for 30 min in a water-bath sonicator (Model G l l  
2SPIT, Laboratory Supplies Co., Hickville, NY). 
Nonencapsulated 59Fe-tagged desferroxamine was 
removed from the vesicles by the method of Fry et 
al. [21]. Liposomes containing [3H]glucose were 
prepared by a method similar to that for 
liposome-encapsulated desferroxamine. 

The permeability of the vesicles was assessed by 
the dialysis method. Vesicles, approx. 8-15 mg 
total lipids, were suspended in 1 ml of either 
phosphate-buffered safine or fetal calf serum and 
placed in a dialysis bag. The dialysis bag was 
placed in 40 ml phosphate-buffered saline. Dial- 
ysis was carried out at 37°C; aliquots of the dial- 
ysis solution were removed at various times and 
the percent leakage of the 59Fe-tagged desfer- 
roxamine was determined using a Beckman Bio- 
gamma counter. 

Injection of vesicles and analysis of radioactivity 
in mouse tissue samples. Vesicles, approx. 1.5-2 mg 
total lipids, were injected by a single intravenous 
injection of 0.2 ml into 2-3-month old Swiss Web- 
ster female mice. Groups of mice (four mice per 
group) were killed 2 h after injection. Blood from 
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TABLE I 

SUMMARY OF REACTIONS OF CHOLESTERYL-p-TOLUENESULFONATE WITH SUBSTRATES 

Reactions were carried out with 4 mmol cholesteryl-p-toluenesulfonate and 25-30 molar equivalents of substrate in refluxing dioxane 
for 2-4 h under N 2 with stirring [20]. All isolated produces were colorless syrup, except I, m.p. 103-104°C (petroleum ether, 
30-60°C) Lit. [40] 93-105°C. The infrared spectrum of I was taken in nujol mull. Isolated products showed a single homogeneous 
spot on TLC and complete disappearance of starting material cholesteryl-p-toluenesulfonate and the substrate. TLC was performed in 
solvent system for products: I (R F 0.30) in chloroform, II (R v 0.43) in chloroform/ethylacetate (1:1, v/v), III (R v 0.43) in 
chloroform/methanol/ammonium hydroxide (2:2: 1, v/v), IV (R v 0.77) in chloroform/methanol/ammonium hydroxide (3 : 2 : 1, 
v/v), V (R v 0.58) and VI (R v 0.79) in chloroform/methanol/ammonium hydroxide (2:2: 1, v/v). For product VI, no attempt was 
made to obtain maximum yield. Abbreviations used are s = singlet, d = doublet, m = multiplet, and b = broad. Products I-VI have 
similar chemical shifts at 4.50-4.70 (m, 1H; C-6), 9.00-9.07 (s, 3H; C-19), 9.07-9.15 (d, 3H; C-21), 9.12-9.21 (d, 6H; C-26 and C-27), 
and 9.28-8.38 (s, 3H; C-18). 

Products Specific rotation Infrared spectrum (neat) I H-NMR (CDCI 3, ~') 
(% isolated yield) [a]~ 5 (CHC13) Vma x (cm -1 ) 

1 (81) -30.95 ° 3470 (medium-weak) 6.78 (m,b,lH,OH) 
800 (weak) 6.28,6.39 (m,4H,CH 20) 

1 110, 1060 (medium-weak) 
II (92) -25.38 ° 3 460 (strong) 6.84 (m,1H,OH) 

1640 (weak) 6.35,6.38 (s,12H.CHzO) 
865 (medium-strong) 

1 112 (strong) 
1II (75) - 6.56 ° 3 310, 3 370 (medium-weak) 7.34,7.37 (m,4H,CH 2 N) 

1615 (weak) 
800 (medium) 

1 115 (medium-weak) 
IV (78) -7.25 ° 3 380, 3 310 (weak) 4.74 (b,IH,NH) 

1 665 medium,sharp) 6.29 (s,12H,CH2N) 

V (65) - 5.0 ° 

VI (25) - 13.85 ° 

875 medium,sharp) 
1 125 medium-sharp) 
3 300 medium-weak) 
1665 medium-sharp) 

800 medium-weak 
1 123 medium-weak 
3 300 medium-weak 
1580 (weak) 

800 (medium) 
1 120 (medium-weak 

4.74 (m,b,IH,NH) 
6.37,6.38 (s,IOH,CHzN) 

6.35,6.38 (s,12H,CH2N) 

the  j u g u l a r  ve in  was  co l lec ted .  T h e  a m o u n t  o f  

ves ic le  u p t a k e  in the  to ta l  b l o o d  was  ca l cu l a t ed  by  

p r e s u m i n g  tha t  b l o o d  c o m p r i s e s  7.3% of  the  to ta l  

w e i g h t  o f  the  an ima l s  [17]. F o r  b o n e  m a r r o w ,  two  

r ea r  t ib ias  f r o m  each  m o u s e  were  c o u n t e d  for  

r ad ioac t iv i ty .  T h e  a m o u n t  o f  ves ic le  u p t a k e  in the  

to ta l  b o n e  m a r r o w  was  e s t i m a t e d  by  m u l t i p l y i n g  

the  r a d i o a c t i v i t y  in the  two  t ib ia l  s egmen t s  by  a 

f ac to r  o f  44 [22]. O t h e r  t issues were  r e m o v e d  and  

r a d i o a c t i v i t y  was  d e t e r m i n e d  wi th  a g a m m a  coun -  

ter. 

Results 

T h e  c h e m i c a l  s t r u c t u r e s  o f  the  v a r i o u s  

cho le s t e ro l  de r iva t ives  are  s h o w n  in Fig.  1. D e r i v a -  

t ives I and  I I  h a v e  a t e rmina l  h y d r o x y l  g r o u p  and  

I I I ,  IV, V a n d  VI  have  t e r m i n a l  p r i m a r y  a m i n e  

g r o u p s  and  d i f f e r en t  n u m b e r s  of  s e c o n d a r y  a m i n e  

g roups .  T h e  s ide-cha ins  on  de r iva t ives  I, and  I I I  

a re  shor te r  t h a n  on  the  o t h e r  der iva t ives .  

Effect  o f  various cholesterol derivatives on the per- 
meability o f  D P P C  vesicles 

T a b l e  II  shows  the  e f f i c iency  of  e n c a p s u l a t i o n  
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TABLE II 

EFFECT OF VARIOUS CHOLESTEROL DERIVATIVES ON THE LEAKAGE OF 59Fe-DESFERROXAMINE ENCAPSU- 
LATED IN DPPC VESICLES 

Abbreviations: CHOL, cholesterol; SA, stearylamine; PBS, phosphate-buffered saline (pH 7.4); DF, desferroxamine; 1.54 : 1 : 0.43, 
molar ratio of PC/Chol/SA; 1.54 : 0.5 : 0.5 : 0.43, molar ratio of PC/Chol/Chol derivative/SA. 

Lipid composition % Encap- Leakage 
sulation in 

% Leakage of S9Fe-DF measured by dialysis method et 37°C 

0.5h l h  2h 4h  19h 24h 

Unencapsulated 59Fe-DF - PBS 33.3 55.0 77.2 91.0 - 92.0 
serum a 30.0 50.0 73.2 90.4 - 93.0 

DPPC/Chol/SA 3.4 PBS 4.3 7.8 14.8 18.8 - 21.4 
serum 5.6 9.7 16.2 20.2 - 22.4 

DPPC/Chol/ChoI-I/SA 2.7 PBS 0.3 2.4 2.2 2.5 3.1 3.5 
serum 0.4 1.6 4.3 3.7 4.0 4.8 

DPPC/Chol/ChoI-II/SA 4.8 PBS 1.9 2.2 2.3 4.0 4.1 - 
serum 1.2 1.8 3.0 4.4 4.3 - 

DPPC/Chol/Chol-III /SA 3.3 PBS 7.2 10.8 12.5 15.5 14.6 - 
serum 14.2 31.7 48.0 58.1 55.7 - 

DPPC/Chol/ChoI-IV/SA 0.6 PBS . . . . . .  
serum 32.0 42.9 58.5 65.3 67.9 65.5 

DPPC/Chol/Chol-V/SA 0.2 PBS . . . . . .  
serum 21.9 31.3 51.4 59.3 62.3 56.8 

DPPC/Chol/ChoI-VI/SA 0.4 PBS 21.9 36.9 48.0 57.0 60.9 56.5 
serum 23.5 49.3 64.0 66.7 70.2 68.9 

a Fetal calf serum. 

WHERE 

I 

i"r 

Tn" 

-~r 

R = 

H O ~ / ~ O /  

H O ~ o ~ O ~ o /  

H 2 N ~ N /  
I 
H 

I 
H 

H 2 N ~ N ~ N /  
I I 
H H 

of  the  59Fe- tagged d e s f e r r o x a m i n e .  Vesic les  pre-  

p a r e d  in the  absence  of  any  de r i va t i ve  o r  in  the  

p r e s e n c e  o f  de r iva t i ve  I, II ,  o r  I I I  were  ab le  to 

e n c a p s u l a t e  a b o u t  3 - 5 %  of  the  to ta l  de s f e r roxa -  

mine .  V e r y  p o o r  e n c a p s u l a t i o n ,  less t h a n  1% of  the  

d e s f e r r o x a m i n e ,  r e su l t ed  w h e n  de r iva t ives  IV, V, 

o r  VI  were  used.  

T a b l e  I I  a lso  shows  the  p e r m e a b i l i t y  of  59Fe- 

t agged  d e s f e r r o x a m i n e  f r o m  D P P C  vesicles.  U n e n -  

c a p s u l a t e d  d e s f e r r o x a m i n e  is los t  ve ry  r ap id ly  f r o m  

the  dia lys is  b a g  (90% wi th in  4 h). T h e  p r e s e n c e  o f  

fe ta l  cal f  s e r u m  has  n o  ef fec t  on  the  l e akage  o f  

u n e n c a p s u l a t e d  d e s f e r r o x a m i n e  f r o m  the  dia lys is  

bag .  E n c a p s u l a t i o n  o f  d e s f e r r o x a m i n e  in vesic les  

p r e p a r e d  f r o m  D P P C ,  cho le s t e ro l  a n d  s teary la-  

m i n e  r e su l t ed  in s ign i f i can t ly  less l eakage  o f  de -  

s f e r r o x a m i n e ;  thus,  a f te r  4 h o n l y  1 8 - 2 0 %  of  the  

e n c a p s u l a t e d  d e s f e r r o x a m i n e  was  los t  f r o m  the  

vesicles .  T h e  p r e s e n c e  of  s e r u m  aga in  h a d  no  e f fec t  
o n  the  p e r m e a b i l i t y  of  these  c o n t r o l  vesicles .  

As  s h o w n  in T a b l e  II,  the  p r e s e n c e  o f  cho les t e ro l  

H a N ~ N ~ N I ~ N , /  Fig. 1. Chemical structures of various synthetic cholesterol 
/ ~ H H H derivatives. 
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derivatives I and II provides reduced permeability 
of vesicles with a significant reduction in the 
leakage of desferroxamine. Only 3-4% of en- 
capsulated desferroxamine was lost at 4 h. Also 
serum had no effect on the leakage of vesicles 
containing cholesterol derivative I or II. The pres- 
ence of cholesterol derivatives III, IV, V or VI 
results in very permeable vesicles, with 60% of the 
encapsulated desferroxamine being lost from the 
vesicles after only 4 h of dialysis in the presence of 
serum. However, vesicles prepared with derivative 
III were less permeable in phosphate-buffered 
saline, and only 15% of encapsulated desferroxa- 
mine is lost from these vesicles after 4 h of dial- 
ysis. 

Effect of various cholesterol derivatives on the per- 
meability of DSPC vesicles 

Table II shows that the encapsulation of desfer- 
roxamine in vesicles containing cholesterol deriva- 
tive V or VI is very low, less than 1.0%. The 
encapsulation in the absence of any derivative or 
in the presence of derivative III or IV is 1-4%. 

DPPC vesicles prepared with cholesterol deriva- 
tives III, IV, V and VI were very permeable in the 
presence of serum. In order to reduce the permea- 
bility of vesicles, we replaced DPPC with DSPC. 
As shown in Table III, the permeability of vesicles 
prepared with DSPC, cholesterol and stearylamine 

was not much different from DPPC vesicles. Also, 
serum had no effect on the leakage of these vesicles. 
However, replacing DPPC with DSPC for either 
cholesterol derivative III- or VI-containing vesicles 
results in significantly reduced permeability. The 
rate of loss of desferroxamine for cholesterol de- 
rivative III- and VI-containing DSPC vesicles is 
less than half the rate of loss for the corresponding 
DPPC vesicles. Replacing DPPC with DSPC in 
cholesterol derivative IV- or V-containing vesicles 
has no effect on their leakage in serum. Vesicles 
prepared with cholesterol derivative III or IV are 
tess permeable in phosphate-buffered saline. 

Effect of cholesterol derivative I I  on the leakage of 
[-¢H]glucose encapsulated in DPPC vesicles 

The results in Table II show that replacing half 
of the cholesterol with cholesterol derivative II 
reduces the permeability of DPPC vesicles en- 
capsulating desferroxamine. We used [3H]glucose 
to explore these effects with DPPC vesicles with a 
different tracer encapsulated in the aqueous com- 
partment. Table IV shows that 68-70% of the 
[3H]glucose is lost from the dialysis bag after 4 h 
of dialysis and serum has no effect on the leakage 
of unencapsulated [3H]glucose. When DPPC 
vesicles are used to encapsulate [3H]glucose, their 
permeability in phosphate-buffered saline is simi- 
lar to that seen for desferroxamine, with 17% of 

TABLE III 

EFFECT OF VARIOUS CHOLESTEROL DERIVATIVES ON THE LEAKAGE OF 59Fe-DESFERROXAMINE ENCAPSU- 
LATED IN DSPC VESICLES 

For abbreviations and molar ratios see Table I1. 

Lipid composition % Encap- Leakage 

sulation in 
% Leakage of 59Fe-DF measured by dialysis method at 37°C 

0 .5h  l h  2 h  4 h  19h  24h  

DSPC/Chol/SA 3.6 PBS 3.5 6.5 11.7 14.1 - 14,6 

serum a 3.7 6.1 11.0 13.1 - 13.5 
D S P C / C h o l / C h o I - I I I / S A  2.1 PBS 5.7 10.2 13.0 14.7 16.1 1%2 

serum 10.8 15.9 19.0 21.0 21.1 22,5 
D S P C / C h o l / C h o I - I V / S A  1.2 PBS 5.9 8.6 9.4 11.7 14.3 15,2 

serum 28.9 41.6 54.4 58.8 58.5 59,6 
D S P C / C h o l / C h o I - V / S A  0.3 PBS . . . . .  

serum 28.5 38.8 39.9 50.3 51.3 53,5 
D S P C / C h o l / C h o l - V I / S A  0.2 PBS . . . . .  

serum 8.0 8.9 10.4 9.3 12.7 14,1 

a Fetal calf serum. 



TABLE IV 

EFFECT OF CHOLEST E R OL  DERIVATIVE II 
VESICLES 

For abbreviations and molar ratios see Table II. 
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ON THE L E A K A G E  OF [3H]GLUCOSE ENCAPSULATED IN DPPC 

Lipid composition % Encap- 
sulation 

Leakage 
in 

% Leakage of [3 H]glucose measured by dialysis method at 37 °C 

0 .5h  l h  2 h  4 h  19h  2 4 h  

Unencapsulated [ 3 H]glucose 

DPPC/Chol/SA 4.1 

D P P C / C h o l / C h o I - I I / S A  2.9 

PBS 44.6 63.8 68.5 67.8 65.4 67.0 
se rum" 47.4 63.2 69.8 69.1 66.7 69.2 
PBS 4.6 6.9 12.8 17.4 29.4 33.3 
serum 9.1 18.4 32.9 43.4 52.4 53.5 
PBS 4.0 5.4 8.9 10.5 2l .5 22.8 
serum 3.3 5.7 9.4 11.1 20.6 22.1 

a Fetal calf serum. 

the encapsulated [3H]glucose being lost after 4 h 
of dialysis. However, when these vesicles are in- 
cubated in serum, glucose leakage is 2-2.5-times 
higher than in phosphate-buffered saline. When 
half of the cholesterol is replaced with a cholesterol 
derivative II, the permeability is reduced, with 
vesicles being equally permeable in both phos- 
phate-buffered saline and serum, and only 11% of 
the glucose leaking out after 4 h. 

Effect of derivative H or I I I  on the tissue distribu- 
tion of vesicles in vivo 

Table V shows the tissue distribution of unen- 
capsulated and liposome-encapsulated 59Fe-tagged 
desferroxamine in mice. Unencapsulated desfer- 
roxamine is removed from the body very rapidly 
and only 13.1% of the injected dose is recovered 
from blood, bone marrow, heart, lung, liver, small 
and large intestine, spleen, kidneys, stomach and 

TABLE V 

MOUSE TISSUE DISTRIBUTION AT 2 h AF T E R  I N T R A V E N O U S  INJECTION OF U N E N C A P S U L A T E D  A N D  PHOS- 
PHOLIPID-VESICLE-ENCAPSULATED SgFe-DESFERROXAMINE 

Each value represents an average of four mice±  the standard error of the mean. For abbreviations and molar ratios see Table II. 

Tissue % Injected dose of vesicles 

Unencapsulated D S P C / C h o l / S A  D S P C / C h o l / C h o I - I I / S A  D S P C / C h o l / C h o l - I I I / S A  

Blood a 3 .0±0.6 54.6±1.4  43.3±2.3 4 .7±0.9  
Bonemar row b 4 .7±0.9 7 .9±0.4  8.9±1.3 5 .7±1.2 
Heart 0 .1±0.0  0 .4±0.0  0 .4±0.0  0 .1±0.0  
Lung 0 .1±0.0  0.8±0.1 0.7±0.1 0.3±0.1 
Liver 1.5±0.2 17.3±1.1 18.4±0.4 41.3±2.0 
Small intest ine c 1.1±0.2 3 .5±0.4 2 .9±0.2  1.3±0.2 
~ d n e y  0.9±0.1 2.1±0.3 1.8±0.2 0 .8±0.2  
Spleen 0 .9±0.3  1.7±0.3 1.5±0.1 2 .0±0.2 
Brain 0 .1±0.0  0 .2±0.0  0 .2±0.0  0 .1±0.0  
Stomach ~ 0 .1±0.0  0.5±0.1 0.4±0.1 - 
L a r ~ i n t e s t i n e  ~ 0 .9±0.2  1.5±0.3 2 .1±0.4  - 

% Recove~  13.1±4.7 90.4±3.0 80.7±3.6 56.5±3.2 

a The amount  of radioactivity in total blood was obtained by presuming that blood comprises 7.3% of the total weight of the animals 
[171. 

b The amount  of radioactivity in total marrow was obtained by multiplying the amount  of radioactivity measured in the marrow of a 
pair of tibias by the factor of 44 [22]. 

c Values are calculated including internal contents. 
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brain. However, encapsulation of desferroxamine 
in vesicles results in 60-90% recovery of desfer- 
roxamine from the above organs. At 2 h after 
intravenous injection, 54.5% of the injected dose of 
vesicles was still circulating in the blood, and 7.9 
and 17.3% of the injected dose of vesicles was 
recovered from bone marrow and liver, respec- 
tively. Replacing half the cholesterol with 
cholesterol II reduces the permeability of vesicles 
(Tables II and IV). However, Table V shows that 
cholesterol II has no effect on the tissue distribu- 
tion of vesicles. When half of the cholesterol is 
replaced with derivative III, three major dif- 
ferences in tissue distribution are observed. The 
total recovery of encapsulated desferroxamine in 
cholesterol Ill-containing vesicles is only 56.5% 
among all these organs. Also, cholesterol Ill-con- 
taining vesicles are removed very rapidly from the 
blood, with only 4.7% of the initial dose in the 
blood after 2 h. This is accompanied by signifi- 
cantly higher liver uptake. 

Discussion 

Our results show that vesicles encapsulating 
desferroxamine prepared either with DPPC or 
DSPC are equally permeable in phosphate- 
buffered saline or bovine serum. The permeability 
of vesicles containing DSPC appears to be slightly 
less than that of DPPC-containing vesicles. Mauk 
and Gamble [18] have reported similar results 
using the T-ray-perturbed angular correlation tech- 
nique. Replacing half of the cholesterol with syn- 
thetic derivatives having a hydroxyl terminal group 
on the side-chain, (I and II) reduces the permeabil- 
ity of DPPC vesicles. However, addition of syn- 
thetic derivatives with terminal amino groups (III, 
IV, V and VI) increases the permeability of DPPC 
vesicles. The four amino-containing derivatives also 
caused marked permeability differences. This be- 
havior appears to correlate with the length of the 
groups separating the terminal amine from the 
sterol nucleus. Thus, the ten-bond derivative VI in 
DPPC vesicles was very permeable in both phos- 
phate-buffered saline and serum, encapsulating 
only 0.4% of the desferroxamine, while the shortest 
(four-bonds) derivative III encapsulated 3.3% and 
was as permeable as the control vesicles in phos- 
phate-buffered saline, although markedly permea- 

ble in serum. The two eight-bond derivatives (IV 
and V) behaved similarly to the ten-bond deriva- 
tive VI. The poor encapsulation and higher per- 
meability of the longer derivatives may relate to 
either steric effects or charge interactions with the 
phospholipids [23-26] or serum proteins [27-30]. 
The greater spacer length of these derivatives could 
result in longer range, more stable electrostatic 
interactions among neighboring lipid phosphate 
groups and the amino-cholesterol moiety. Such 
effects could influence the lipid distribution re- 
lated to volume effects and inside/outside ratios, 
possibly introducing instability through defect for- 
mation [31,32] or perturbations in bilayer elasticity 
[33]. The decrease in phosphate-buffered saline 
permeability and increase in the volume of en- 
capsulation seen for the short-chain derivative III 
could be the result of weaker electrostatic interac- 
tions, allowing the lipids greater motional freedom 
to form a more stable bilayer structure. The higher 
permeability of derivative Ill-containing vesicles 
in serum is overcome when the higher melting 
DSPC is used (see Table III). This result may be 
related to an increase in vesicle size [34] thus 
reducing strain, or a decrease in fluidity which has 
been shown to modulate vesicle-protein interac- 
tions such as vesicle lysis by the serum-comple- 
ment system [35]. 

The marked reduction in vesicle permeability 
seen when hydroxylated cholesterol analogs are 
used may be due to improved steric interactions at 
the vesicle surface. A role for lipid shape in de- 
termining membrane structure has long been con- 
sidered important [36,37]. The larger, hydrophilic 
'headgroups' of derivative I and II may provide a 
better balance than cholesterol for interacting with 
the phospholipids in the highly curved vesicle outer 
surface [38]. In fact, derivative II alone has been 
found to form stable membranes in aqueous solu- 
tions [20]. Consistent with this explanation is the 
observation that the reduced permeability is inde- 
pendent of the medium (either phosphate-buffered 
saline or serum), as would be expected for vesicles 
intrinsically stabilized by better lipid packing. It is 
interesting that the leakage of glucose was found 
to be more rapid than desferroxamine, for both 
control and derivative II-containing vesicles (Table 
IV). The most likely explanation for this observa- 
tion is that the reduced size and charge neutrality 



of glucose, relative to desferroxamine, allows the 
former to pass through the bilayer more easily. 
The large difference in leakage between phos- 
phate-buffered saline and serum for the control  
vesicles indicates some additional per turbat ion in- 
duced by the serum proteins, while for the stabi- 
lized derivative I I -containing vesicles the increased 
leakage is the same in both  media, consistant with 
the physical differences between glucose and de- 
sferroxamine. 

The tissue distribution results indicate that 
desferroxamine injected by the intravenous route 
is removed rapidly from the body. However,  within 
the same time period, most  of the vesicle-encapsu- 
lated desferroxamine is recovered. The presence of 
derivative II  has no effect on the tissue distribu- 
tion of vesicles. However,  the presence of  deriva- 
tive III ,  the four-bond amine-containing deriva- 
tive, drastically alters the tissue distribution of  
vesicles. These vesicles are cleared from the blood 
much faster than control  vesicles. Such a rapid 
b lood clearance is accompanied by a higher liver 
uptake. Mauk  et al. [17] have reported that 
amino-mannose-conta in ing  vesicles are rapidly 
cleared from the bloodstream with higher liver 
uptake. Wu et al. [15] later demonstra ted that the 
inclusion of  aminomannose  on the surface of  lipo- 
somes causes a high rate of  phagocytosis  by mac-  
rophages. It is possible that the more cationic 
derivative I l l -conta in ing  vesicles are also taken up 
more  rapidly by phagocyt ic  cells. 

The lack of  effect that derivative I I -containing 
vesicles have on the tissue distribution and rate of  
blood clearance is consistent with the in vitro 
observat ion that this derivative reduces the per- 
meability of  the vesicle. The practical development  
of  vesicles for in vivo drug delivery requires that 
stable formulat ions be developed in order  to pro- 
vide sufficient shelf-life for such systems to be 
economically feasible. The study of  molecules, such 
as derivative II, which intrinsically stabilize vesicles 
without  affecting their in vivo tissue distribution, 
should prove useful in complement ing the devel- 
opment  of  formulat ions for targeted vesicle sys- 
tems [17,39]. 

Acknowledgments 

We wish to thank Dr. Rober t  Ireland for the 
use of  the JASCO-DIP-181  digital polarimeter and 

263 

Dr. Rober t  Kaiser of the Southern California Re- 
gional N M R  Facility, California Institute of Tech- 
nology, Pasadena, CA for assistance in obtaining 
pro ton  nuclear magnetic  resonance spectra. This 
research was supported by grants f rom the Na-  
tional Institutes of  Health (GM-21111-11), the Na-  
tional Science Founda t ion  (CHE81-12589), and 
the Monsan to  Company.  This is contr ibut ion No. 
7037 from the Ar thur  Amos  Noyes  Labora tory  of  
Chemical  Physics. 

References 

1 Bangham, A.D., Standish, M.M. and Watkins, J.C. (1965) J. 
Mol. Biol. 13, 238-252 

2 Finkelstein, M. and Weissmann, A. (1978) J. Lipid Res. 19, 
289-303 

3 Rahman, Y.E., Rosenthal, M.W., Cerny, E.A. and Moretti, 
E.S. (1974) J. Lab. Clin. Med. 83, 640-647 

4 Papahadjopoulos, D., Wilson, T. and Taber, R. (1980) In 
Vitro 16, 49-54 

5 Patel, K.R., Jonah, M.M. and Rahman, Y.E. (1982) Eur. J. 
Cancer Clin. Oncol. 18, 833-843 

6 Fountain, M.W., Dees, C. and Schultz, R.D. (1981) Curr. 
Microbiol. 6, 373-376 

7 Gregoriadis, G. and Manesis, E.K. (1980) in Liposomes as 
Immunological Adjuvants for Hepatitis B Surface Antigens: 
Liposomes and Immunology (Tom, B. and Six, H., eds.), 
pp. 271-283, Elsevier/North-Holland Publishing Co., New 
York 

8 Deshmuk, D.S., Bear, W.D. and Brockerhoff, H. (1981) Life 
Sci. 28, 239-242 

9 Gregoriadis, G., Neerunjun, E.D. and Hunt, R. (1977) Life 
Sci. 21,357-370 

10 Yatvin, M.B., Weinstein, J.N., Dennis, W.H. and 
Blumenthal, R. (1978) Science 202, 1290-1292 

11 Yatvin, M.B., Kreutz, W., Horwitz, B.A. and Shinitzky, M. 
(1980) Science 210, 1253-1255 

12 Neerunjun, E.D., Hunt, R. and Gregoriadis, G. (1977) 
Biochem. Soc. Trans. 5, 1380-1382 

13 Schroit, A.J. and Fidler, I.J. (1982) Cancer Res. 42, 161-167 
14 Fidler, I.J., Barnes, Z., Fogler, W.E., Kirsh, R., Bugelski, P. 

and Poste, G. (1982) Cancer Res. 42, 496-501 
15 Wu, Po-shun, Tin, G.W. and Baldeschwieler, J.D. (1981) 

Proc. Natl. Acad. Sci. USA 78, 2033-2037 
16 Rahman, Y.E., Cerny, E.A., Patel, K.R., Lau, E.H. and 

Wright, B.J. (1982) Life Sci. 31, 2061-2071 
17 Mauk, M.R., Gamble, R.C. and Baldeschwieler, J.D. (1980) 

Proc. Natl. Acad. Sci. USA 77, 4430-4431 
18 Mauk, M.R. and Gamble, R.C. (1979) Proc. Natl. Acad. 

Sci. USA 76, 765-769 
19 Wu, Po-shun, Wu, H., Tin, G.W., Schuh, J.R., Croasmun, 

W.R., Baldeschwieler, J.D., Shen, T.Y. and Ponpipom, M.M. 
(1982) Proc. Natl. Acad. Sci. USA 79, 5490-5493 

20 Patel, K.R., Li, M.P., Schuh, J.R. and Baldeschwieler, J.D. 
(1984) Biochim. Biophys. Acta 797, 20-26 



264 

21 Fry, D.W., White, J.C. and Goldman, I.D. (1978) Anal. 
Biochem. 90, 809-815 

22 Rosenthal, M.W., Moretti, E.S., Russell, J.J. and Linden- 
banm, A. (1972) Health Phys. 22, 743-748 

23 Vincent, M. and Gallay, J. (1983) Biochem. Biophys. Res. 
Commun. 113, 799-810 

24 Papahadjopoulos, D. (1977) J. Coll. Interface Sci. 58, 
459-470 

25 Fraley, R., Wilschut, J., Di~zgime~, N., Smith, C. and 
Papahadjopoulos, D. (1980) Biochemistry 19, 6021-6029 

26 Wilschut, J., Diizgi~ne~, N. and Papahadjopoulos, D. (1981) 
Biochemistry 20, 3126-3133 

27 Allen, T.M. and Cleland, L.G. (1980) Biochim. Biophys. 
Acta 597, 418-426 

28 Kirby, C., Clarke, J. and Gregoriadis, G. (1980) Biochem. J. 
186, 591-598 

29 Finkelstein, M.C., Kuhn, S.H., Schieren, H., Weissmann, G. 
and Hoffstein, S. (1981) Biochim. Biophys. Acta 673, 
286-302 

30 Lelkes, P.I. and Tadeter, H.B. (1982) Biochim. Biophys. 
Acta 716, 410-419 

31 Lawaczeck, R., Kainosho, M. and Chan, S.I. (1976) Bio- 
chim. Biophys. Acta 443,313-330 

32 Govil, G. and Hosur, R.V. (1979) Int. J. Quantum Chem. 
16, 19-29 

33 Helfrich, W. (1973) Z. Naturforsch. 28C, 693-703 
34 De Kruijff, B., Cullis, P.R. and Radda, G.K. (1975) Bio- 

chim. Biophys. Acta 406, 6-20 
35 Brulet, P. and McConnell, H.M. (1977) Biochemistry 16, 

1209-1217 
36 Israelachvili, J.N., Mitchell, D.J. and Ninham, B.W. (1976) 

J. Chem. Soc. Faraday Trans. II 72, 1525-1568 
37 Israelachvili, J.N., Mitchell, D.J. and Ninham, B.W. (1977) 

Biochim. Biophys. Acta 470, 185-201 
38 Carnie, S., Israelachvili, J.N. and Pailthorpe, B.A. (1979) 

Biochim. Biophys. Acta 554, 340-357 
39 Gregoriadis, G. (1981) Lancet ii, 241-246 
40 Davis, M. (1962) J. Chem. Soc. 178. 


