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Effiwts to overcome rapid uptakt~ of liposorncs by cells ol' tile mononuclcar plmgocytic system (MPS) have identified that lipids 
derivatized with the hydrophilic polymer poly(cthylene plycol)(PEG) have many advantages. The structure-function rclationshil~ 
of PEG-dcrivatizcd phosphatidyle!laa~a(flaminc (PEG-PE) has been examined by studies of blood lifetime illltl tissue distribution 
in both mice and rats. Liposomes composed of phosplu~tidylcholine (PC). cholesterol, and 7.5 molq~ of PEG-PE show prolonged 
circulation and reduced MPS uptake when the PEG has a molecular weight in the range of 10111) to 511110. Up to 35q¢~ of Ihc 
injec!ed dose remains in the blood and less than 10% is taken up by the MPS (liver plus spleen) after 24 h in the best cases as 
compared to i% and 40%, respectively, for liposomes without PEG-PE. Prolonged circulation with PEG-PE is indcpcndcnt of 
cholesterol, degree of saturation in either the PC or the PE lipid anchor, lipid dose, or addition of other negatively charged 
lipids, phosphatidylglycerol or cholesterol sulfate. This versatility in lipid composition and dose without alteration of blood 
lifetime or tissue distribution is essential for controlling drug dosage and release properties in a liposomc-bascd therapeutic 
agent. 

Introduction 

Liposomes have proven valuable both for model 
studies of :;tructut'e-function relationships in biological 
membranes, as well as a carrier system for drug deliv- 
ery. However, rapid uptake following intravenous ad- 
ministration by cells of the mononuclear phagocytic 
system (MPSL originally referred to as the ~'eticulo- 
endothelial system (RES), has greatly limited drug 
delivery efforts (for review articles see Refs. !-3). 
Advances in prolonged circulation and reduced MPS 
uptake have been achieved only within the last few 
years through incorpora!ion of a few specific natural 

Abbreviations: M-PEG. methoxypoly(ethylene glycol); PEG. 
poly(ethylene glycol): IV. iodine value; EPC. egg phosphatidyl- 
choline. PttEPC. partially hydrogenated egg phosphatidylcholine; 
ItSPC, hydrogenated soy pho,~phatidiylcholine: EPG. egg phospha- 
tidylglycerol; EPE. egg phosphatidylethanolamine; POPE, palmityl- 
oleylphosphatidyiethanolamine; DSPE, distearoylphosphatidyleth- 
anolamine; HSPE. hydrogenated soy phosphatidylethanolamine; C. 
cholesterol; CS, sodium cholesterol sulfate; ~'7Ga-DF. C'7gallium des- 
feroxamiae. 

Correspondence: M.C. Woodle, Liposome Technology. Inc. 11)511 
Hamilton Ct., Menlo Park. CA t~4025. USA. 

glycolipids [4-6]:'These compositions showed markedly 
improved characteristics compared with the best previ- 
ous altecnative, small neutral unilamellar vesicles 
(SUV) composed of distearoylphospl,atidylcholinc and 
cholesterol [2]. Such SUV have li1~dtations for drug 
delivery in several respects: a low encapsulated aque. 
pus volume [71 .  poor particle stability du~ to the lack of 
charge stabilization [8], and a dependence on saturated 
acyl chains of the phospholipid. These properties make 
liposome preparation difficult and control of drug re- 
lease impossible. The new liposome tormulations, re- 
ferred to as Stealth ~''' * liposomes [9], have been shown 
recently to provide substantial impro',ements in thera- 
peutic applications [10,11]. However, these formula- 
tions also may be limffed with respect to pharmaceuti- 
cal development. This results from the fact that they 
employ natural glycolipids, such as the monosialogan- 
slips|de (GM~) or hydrogenated plant phosphatidyl- 
inositol (HSPI), in combination with bulk lipids having 
a high temperature phase transition. A specific limita- 
tion of GMt is that it only occurs in relatively small 

* Stealth" is a registered tradem;,rk of Liposom¢ Technology. inc. 
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quantities and is difficult to purify or synthesize. In the 
case of HSPI, it has a reduced solubility in many 
solvents complicating the formation of uniform lipo- 
sprees and making their preparation difficult. In any 
event, the findings with these lipids led to a search for 
the underlying mechanism of action and thereby the 
development of better alternatives. The efforts have 
culminated in recent reports of synthetic iipids deriva- 
t~zed with the hydrophilic polymer poly(ethylene gly- 
col) (PEG) showing that their incorporation in lipo- 
sprees results in prolonged circulation and reduced 
MPS uptake [12-16]. The term 'sterically stabilized' 
has been proposed for a whole variety of liposomes 
which show prolonged blood circulation and dose inde- 
pendence in their pharmacokinetics mediated by lipids 
with specific hydrophilic groups [16-18]. 

in this report we are presenting data on the compo- 
sitional requirements of PEG lipid deriwltivcs in reduc- 
ing MPS uptake and prolonging the blood circulation 
of liposomes in mice, as well as in rats. An efficient 
method for blood lifetime measurements in rats was 
developed [19] giving results comparable to those ob- 
tained in mice, indicating that the pharmacokinetic 
properties of these novel lipids are not species-depen- 
dent. The results show that synthetic lipids with poly- 
meric headgroups, amenable to large scale pharmaceu- 
tical processing, can be optimized to improve the prop- 
erties of long circulating liposomes. These new proper- 
ties include compositional flexibility and dose-indepen- 
dent kinetics that will be valuable assets in the devel- 
opment of liposomes car~ing therapeutic agents. 

Materials and Methods 

All reagents purchased wcrc of analytical grade 
purity, Several methoxypoly(ethylene glycol) (M-PEG) 
derivatives of phosphatigylethanolaminc (PE} were 
prepared as follows, The derivatives were prepared by 
first drying I() rumples of M.PEG (Aldrich Chemical, 
Milwaukee, WI) in 75 ml of benzene by reflux with a 
Dean-Stark moisture trap. Then 11 mmoles of car- 
bonyldiimadazole (Aldrich)was added and refluxed for 
2 h. Finally, 9.36 rumples of 99% pure distearoylphos- 
phatidylethanolamine (Calbiochem, San Diego, CA) 
and 20 rumples of triethylamine were added and re- 
fluxed for 20 h. The impure product was obtained as a 
syrup after evaporation of the solvent. The product was 
purified by chromatography on C-18 reversed phase 
silica gel (J.T Baker, Phillipsburg, N J). The reaction 
mixture was applied to a coluntn as a solution in 4:1 
ethanol/water and the product eluted with the same 
.solvent mixture. Reuse of the column was possible 
after washing with t-butanol. Structure and purity of 
the product was determined by NMR and TLC. Sam- 
ples showing a single spot on TLC were used. Deriva- 
tives of distearoylphosphatidylethanolamine (PEG- 

DSPE) were prepared with M-PEG moieties of several 
different molecular masses: 120, 750, 1900, and 5(}(10 
daltons. In addition, derivatives with ~'~"~}M-PEG were 
prepared with egg PE (Avanti Biochemicals, Birming- 
ham, AL) (PEG-EPE), l-palmityl-2-oleyl PE (Avanti 
Biochemicals) (PEG-POPE), and hydrogenated soy PE 
(Natterman, Koln, Germany)(PEG-HSPE). All these 
derivatives, M-PEG carbamyi PE (PEG-PE), are nega- 
tively charged molecules in aqueous solution at neutral 
pH due to ionization of the phosphate and have been 
purified as either the imidazole or sodium salts. 

Extruded multilameilar liposomes were prepared ac- 
cording to procedures already described [20,21]. Briefly, 
thin films of lipids were prepared by roto-evaporation 
of lipid mixtures in chlorol'orm using one or more of 
the lollowing lipids: 99% egg phosphatidylcholine 
(El'?) (Avanti Biochemicals), 9t, l~  partially hydro- 
genated egg phosphatidylcholine (PHEPC)with iodine 
wdues from 1 to 40 (Asahi Chemicals, Japan) [22]; 
hydrogenated soy phosphatidylcholine (HSPC)(Natter- 
man, Koin, Germany); 95% egg phosphatidylglycerol 
(EPG) (Avanti Biochemicals); USP cholesterol (C) 
(Croda, Fullerton, CA); cholesterol sulfate (CS) (Sigma 
Chemical, St. Louis MO) and PEG-PE prepared as 
described above. In some cases the liposomes were 
labeled by incorporation of small traces of t'~C-labeled 
cholesterol oleate (New England Nuclear, Boston, MA) 
into the lipid film. The lipid films were hydrated with 
().9~, saline (injection grade) containing 25 or 5 mM 
desferoxamine mcsylate (DF) (Sigma) by shaking above 
the phase transition temperature (22°C for EPC or 
PHEPC IV 20-40 and 6()°C for HSPC or PHEPC IV 
I-I11) followed by three cycles of freezing in a solid 
CO,-acetone bath and thawing in warm water before 
extrusion through Nuclcopore defined pore filters [20] 
with 0.4 0.2 and 0.1 /.era pores. TypicaUy, the extrusion 
was repeated until the mean diameter was below 1(10 
nm and the standard deviation of the distribution _< 30 
nm its determined by dynamic light scattering (Gaus- 
s(an distribution analysis with NICOMP model 2(11) 
using 'vesicle' mode). The samples gave good fits with 
a unimodal population. The liposomes were labeled 
with '°Ga (New England Nuclear) as in previous meth- 
ods [23,24] with modifications and determination of 
free label by gel permeation chromatograpl~y described 
elsewhere (Woodle, M.C., J. Nuclear Med. Biol., sub- 
mitted). Samples with 9()c~ or greater entrapped label 
were used. 

Studies in mice were performed with normal female 
Swiss-Webster mice 6 to 8 weeks old as before [6]. 
Briefly, groups of three mice were injected in the tail 
vein with 0.2 to 0.3 ml samples containing approx. 105 
to 10 ~' cpm of ~'TGa-DF 
phospholipid, typically 
the tissue distribution 
counting entire organs 

encapsulated in 0.1 to 2 #mole 
1 ~mole. At designated times 
of label was determined by 

and the remainder of the an(- 



mal. The tail was counted separately and blood content 
correction factors previously determined were used [6]. 
Total label remaining in vivo (total recovery) excludcd 
excreted label and gives an indication of label leakage 
during circulation since frec "TGa-DF is removed 
rapidly from blood by the kidneys. 

Studies in rats were performed with male and fe- 
male adult Sprague-Dawley rats as described [12,19]. 
Animals of 250-400 g were maintained under standard 
conditions with faod and water ad iibitum. The animals 
were surgically prepared for intravenous administra- 
tion and arterial blood sampling using a mixture of 
nitrous oxide 21(1(I cm~/min, oxygen 41111 cm3/min, and 
2-5% lsoflurane (Acrrane) for ancsthesia. A 31)0--4110 
~1 sample was administcrcd via a l~moral venous can- 
nula, which was removed and the vein tied off. Whole 
blood samples of 400 p.I were obtained at various times 
which has little elTcct on blood pror~ertics [25] via a 
chronically implanted femoral arterial cannula exter- 
nalized at the back of the neck. The animal was awake 
and unrestrained during the blood drawing procedures 
except h~r the initial two time points, I and 15 rain. 
The blood samrflcs were distributed into l()()-/.t I aliquots 
for measurements of ~'TGa by gamma counter (Beck- 
man model 5111}111. When '4C containing cholesterol 
oleatc was included the blood levels of label remaining 
were determined by scintillation counting of 10(}-/11 
aliquots of the bh)od samples bleached by addition of 
(1.1 mi 3()f~ hydrogen peroxide 1 h before addition of 
scintillation cocktail (Beckman ReadyGel). In some 
stu,:;es, a chronic jugular venous cannula was ina- 
planted surgically (the day before) for blood sampling, 
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and the dose administered by tail vein injection; no 
differences were observed in the results. Tissues were 
rem{wcd surgically after the final blood sample was 
obtained and the levels of ~'TGa radioactivity deter- 
mined by gamma counter. 

Results 

Tissue distribution measurements in mice after in- 
travenous administration of liposomes were performed 
using samples labeled by "7Ga-DF in the aqueous com- 
partment as described previously [6]. MPS uptake is 
approximated by the sum of label in liver and spleen, 
neglecting the bone marrow which represents very little 
uptake when expressed as percent of injected dose 
(Woodle, M.C. and Newman, M.S., unpublished obser- 
vations). The results, given in Table !, show that incor- 
poratiorh of I'J'"}PEG-DSPE into liposomes results it1 
13rolongcd circulation and reduced MPS uptake com- 
parable or exceeding that found with fommlations con- 
taining Gm~ [5,6]. Since the earlier studies revealed a 
striking dependence of prolonged circulation on 'rigid' 
bilayers composed of high temperature phase transi- 
tion lipids [6], tests for a similar dependence with 
"m"PEG-DSPE were perhmned by incorporation into 
liposomes prepared from a series of partially hydro- 
genated egg PC. Increasing the extent of hydrogena- 
tion, characterized by a decreasing iodine value, results 
in an increase in the phase transition temperature f rom 
below room temperature at an iodine value of 411 to 
roughly 5(I°C at an iodine value of 1 (fully hydro- 
gcnatcd) [22]. The results show that thc prolonged 

" i 'A i ]L I i  i 

7"issue dislrilnaum 24 h a.l'ler iltlrav(',otts i,j('('lhm ill SWiss-j,l"el)slCr mice 

Lipid compo.sition " "; in jec ted  dose per  tissue " 

blood liveJ + spleen total d 

L +  S " /bh )od  

E PG : PC:  (" ~' 
I)SI)(": ( '  (I11:51 

Gmt : E P ( ' : ( "  
( ;ml  : DSI)( ' :  (" 
G m t : I)G : PC: (" ( I : I : I 1) : 51 
PEG-DSI)E : i )SP( ' :  (" t 
P E G - D S P E  
P E G - D S P E  
P E G - D S P E  
P E G - D S P E  
P E G - D S P E  
P E G - D S P E  

: l ISP( ' :  C 
: I I E P C  (IV I ) : C  
: P l lEP("  (IV 2(I):C 
: PI IEP(" ( IV  411}: (" 
:EP( ' : ( "  
: E P G : E P C : ( ' 1 1 : 1 : 1 0 : 5 1  

0.7 7- f'.3 38.9 :!- 3.8 59.3 + 5.9 55.0 
I 1.0 ~ 2.() 25.7 ~ 3.4 60.11 +_ 3.4 2.3 
13 ~ I .(~ 15.4 ± 2.3 53.5 _+ 6.0 i .2 
17.5 + 1.5 111.54 1.2 61 .6+ 6.~) 0.6 
8.8 ± 2.7 19.8 + t).7 59.0 ¢- 2.1) 2.3 

21.5 ± 5.9 18.11 _+ 3.8 711.3 +_ 2.11 1.2 
20.5 _+ 6. i 7.2 :t- 0.6 55. I _+ 4.9 0.4 
19.1 +_ 1.9 7 .2+0 .5  61.1 +0 .2  1).4 
24.11 +_ 3.5 7.5 _+ 2.3 O1.9 ~ 4.8 11.3 
17.2 + 11.4 9.4 ± 11.7 57.6 ± 5.2 (I.0 
18.t) + 1.8 13.11± 1.11 t~3.4 + 3.3 ().7 
12.~ ~- 1.3 111.2 _+ 110 56.5 + 3.3 0.8 

" Molar  ratio is I :  10:5 except where indicated; 80 nm mean diameter particle size distr ibut ion: IV  value in parenthesis dcscribc.~ dcgrcc of acyl 

chain unsaturation determined from iodine uptake Value [le)]. 
b Results are based on G a - D F  aqueous entrapped label and expressed as Ihe nlcan ± S.D. frolll a! least Illlr¢c aninl.'ds. 

~ L + S refers to Ihe sum of  label in liver and spleen. 
d Total  is the sum of label in all organs and Ihc remaining carcass. 
c Data from earl ier work (Gabizon and Papahadjopoulos (1988) [6]). 
t Results obtained with nine animals. 
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TABLE I! 

Effect of lipid do~e on tissue distnmmon of liposome label 24 h after 
intravenous injection in Swiss-Webster mice 

Lipid ~ Injected dose per tissue t, L + S " /  

compositions" blood liver q- ttaal d blood 

spleen 

D S P C : C  
4 p m o l / k g  3.1 _+0.7 42.0-+ 4.4 72.4_+2.1 13.5 
40 p.mol /kg 7.6 +_ 6.1 23.7-+4.3 56.4-+3.4 3.1 

PEG-DSPE:  I)SPC: C 
4/.Lntol/kg It)A± 1.7 19.7-+0.9 t)l.7 ± 4.8 I.(} 
4(l ~ m o t / k g  18,1 ± 1.5 17.6~0.8 76,4± 1.2 I,I} 

" Molar ratio is 10:5 (I)SP( '  : ('} and I : 10:5 ( Iq-G-I)SPE:  DSP( ' :  ('): 
80 nm ntran diamt:ter particle size distribution, 

t, Results ~l'¢ lxtscd on ( ia°OF ~lqtlOOtlS cntl"apl~cd hlbcl and ex- 
pressed ll~i lilt: nlcan ± S,I), from ill h:ast three animals. 

" I. + S rcl'ers to the sum of label ill liver and spleen, 
d Total is : hc sum of label in all organs and the remailfing carcass, 

blood ci':culation and rcduccd MPS uptakc is com- 
pletely independent of the bulk lipid phase transition 
temperature. 

Additionally, investigation of the lipid dose over the 
range from 4 to 40/.tmol lipid per kg was performed 
comparing DSPC:C with and without PEG-DSPE. The 
results, ~hown in Table ll, demonstrate a striking de- 
pendence of MPS uptake and Blood circulation of 
DSPC:C on lipid dosc. in contrast, addition of PEG- 
DSPE eliminates this lipid dose dependence. 

Simi!ar measurements, but also including blood cir- 
cuhttion kinetics over the first 24 h, wcrc pcrl'ormcd 
with rats. The blood circulation kinetics, using the 
Ga-DF labeling method, obtained with I)EG-I)SPE 
containing liposomc formulations are shown in Fig, I 
along with those from two control formulations. The 
results show that clearance of PEG-DSPE containing 
tbrmulations from the blood occurs its a single-ex- 
ixmential process. Prolonged circulation with it single 

c-~ lo.o "0 
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H o u r s  
Fig. I. Blood circuhltion in rats of "7Ga-desfcral lal~elcd l iposomes 
after intravenous administlation. Solid circles: t '"Hq)E(bDSI)E: 
P I IEPC (IV 4(t}:(': opelt squares: ~t~"DPEG-I)SPE:PllEP(" {IV 
4(I}: (': solid triangles: I211pEG,DSPI=: PI IEP(" (IV 411): {': lind opt,qt 
triangles: E P G : P i l E P ( "  (IV 4(1):(' till at (l.15:1.85:1 nlolc ratio. 

Opel1 d ian londs :  PI IEPC (IV 411}:(' i l l  2: I nlole I 'alit). 

clearance rate and tip to 36'~, of the injected dose 
remaining in the blood after 24 h has been observed 
consistently in many studies using several preparations 
of I'"HJPEG-DSPE in the same liposome composition. 
in some cases, a biexponential fit was obtained even 
with formulations containing a PEG derivative, Table 
i11. in these cases, the fit gave a small component with 
it much l'astcr rate. This could result from a srnall 
population with a faster clearance or, inert likely, from 
small amounts of l'ree label either present or released 
immediately upon dilution into the blood, in prelimi- 
nal a, studies, prior to completion of the method used 
for removal of unentrapped label, the presence of 
unentrapped label resulted in a significantly greater 
component with a first clearance which was not ob- 
served in samples with 10% or less uncntrappcd label. 
in addition, in vitro measures of plasma induced re- 
lease have shown that these novel liposomes arc resis- 
tant to plasma, but initial release occurs at a low level 
(Lasic, D.D., unpublished rcsults}. Thc combination ot" 

TABLE I I I  

In rive tissue diso'ilmfion and Idood lifetime Or" lily,some label 24 h alh'r ino'a, cmm,~ injectum in Spra,~ue-Dan'h'y rat,~ 

Lipid comf~)sttion" r; injected dam: per tissue t, 

blood liver + spleen L + S ' / b l o o d  

Lifetime (h )d  
( I t  . )  

PG : PC': (" 0,2 + I),112 14 7 + I. I 73.5 0.17, 2.tJ 
P(':(" (2: I ) I),~ + 0,6 31).7 ± 1.3 38.4 3.4 
I ISi~C': C" (2: I } 2(~.8 + 2.tJ 24.¢~ ~ (~.2 (1.92 !.!.3 
P E ( b D S P E : I l S P ( ' : ( '  21,1 ¢ 1,3 24,t)±3,(| 1.2 i l l7 ,  14.2 
PECbDSPE:  PC': (" 

711 ~u mol /kg  2 i .2 + (~,8 7.3 + 0.9 (I.38 ! 5.8 
3 v m o l / k g  ..3,4 + ,,tJ 8,4 + 1.5 0.36 12.4 

" Molar ratiu is ! : 10:5 except where indicated: particle size distributkm _< I{ltJ nm mean diameter: P(" refers !,,) PIIEP(" (IV 40). 
t, Results are bawd on Ga -DF aqueous entrapped label and expressed as the mean _+ S.D. from tit least three animals. 
" L + S refers to the sum of  label in liver and spleen. 
'J llalflife of  blood levels from fit to a single exponential or in some cases to a biexponrntial in which two halflives are reported (RSTRIP,  

MicroMath 1987, SLC, UT)  least squares program polyexponential curve stripping. 



these two sources of unentrapped label may have con- 
tributed to observations of biphasic kinetics in those 
samples. In any case, the results obtained do not per- 
mit a detailed pharmacokinetic analysis due to the 
limited number of time points but rather a comparison 
of the blood clearance kinetics obtained with the vari- 
ous formulations. The data indicate that the lipid com- 
positions can be divided up into two general categories: 
either with or without prolonged circulation. Only small 
differences in clearance within these categories are 
observed. 

With these same preparations, usually less than 10% 
was taken by the major organs of the MPS alter 24 h, 
as shown in Table !!!. This level of uptake by the MPS 
after 24 h is relatively low compared with that obtained 
with Gml, Table !, typically not lower than 13%. Table 
Ill shows a number of studic,~ pcrfl~rmcd to relate the 
results obtained in rats with those ohtaincd in mice. 
The formulations studied show results generally com- 
parable to those obtained in mice (Tables I and il 
versus !!1). An examination of the lipid dose depen- 
dence of t'mqJPE(J-I)SPE : PHEPC (IV40):C showed no 
effect on the blood clearance or MPS uptake over the 
range fi'om 3 to 70 /.tmol iipid/kg. Also reported in 
Table !!1 is the blood circulation halflife (calculated 
from data as shown in Fig. 1) and a ratio of the label 
recovered in the MPS to that remaining in the blood 
which decreases with prolonged circulation and /o r  
reduced MPS uptake [5,6]. 

Frec 'TGa-DF label is rapidly excreted into the 
urine ( I l l ,  - for aqueous "7Ga-DF = 3 ra in)  and there- 
fore, any free Ga-DF originally present in the formula- 
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lion or  that leaked during circulation can be deter- 
mined. The studies in mice rely on an indirect mcasurc 
of the label excreted in the urine by accessing total 
label remaining in viw), typically between 55 and 75C~ 
of the injected label after 24 h, which is determined by 
adding the label fl~und in each tissue measured with 
that remaining in the carcass [5,6]. When this recovery 
level dropped below about 40% the results were con- 
sidered inaccurate. In one case, a higher total recovery 
was observed, the low lipid dose with PEG-DSPE 
shown in Table 11. The explanation for this difference 
is not clear especially since leakage might be expected 
to increase with a greater dilution of the liposomes in 
the blood. Note, though, that both the I )SPC:C and 
the liposomcs containing PEG-DSPE show increased 
recovery at the lower dose, Table !!. Nevertheless, the 
potential for misinterpretation of the results occurs 
only when the total recovery is low. Consequently, no 

c~msi~tent c,,~rrelation of the total htbel recovered, and 
thus leakage rate, is found with iiposomc composition; 
the leakage remains within a fairly m~rrow range. In 
the studies with rats, mcasut'e.s of Icakagc wcrc per- 
formed by determination of the label excreted in the 
urine over 24 h, using either metabolic cages or cages 
with metal walks rather than bedding. Excretion of 
typically 5 to 10%, with a high of 20%, of the injected 
label in the urine and up to 3% in the feces was 
observed, in agreement with the consistent total recov- 
cry regardless of lipid composition in mice, Table !, 
and previous results [23]. 

Further investigation of sew:ral aspects of liposomc 
comp(~,~ition and structure of the PEG lipid derivative 

TAI]I .I-  IV 

l:il.'l't'c't ,~I' PI-(; moh'cuho" height on m t'it'o ti.~sue dixtrihutio, 24 h after inlrat'en,~t~ in.h'c turn aml hhurl I~li'time in rats 

l.ipid ¢ompositi tm Size i, g; In jected dose per  tissue ' Lifetime (11) " 

P E G - P E  : P( ": (" " (nm)  bhmd liver + spleen 1. + S , i /b l tmd ( t i , :  ) 

t : " P E G - D S P E  

i :qipi .G. i )SPE 
(11.3 : 1.7: I ) 

?st~PEG.l)SPl: I 

I,~mPEG.l)SPE 

i,~l,i PEG-!  ISPE 

s " "  P E G - D S P E  

II)ll I.II± 1.3 12.9± 1.4 12.9 5.t~ 

11111 4.7 ± ll.3 14.2 ± 1~.2 3.112 11.7. ~'~.11 

II111 3.2 ± 1.3 t}. 7 + t). I 3.113 I).IP~, h.4 

I1111 21.2 ± t~.8 7.3 ± 0.t) 11.38 15.8 
1511 i 14.4 ± 4.2 25.11 + 3.t~ ! .74 I(1.0 

2511 8.7_+2.1 18.4±2.5 2.11 7.3 

i1111 15.5 ± 2.h 17.11 ± 3.h I. Ill t;.2 

Hill 21.11_+_ 1.5 tJ.h+ 2.11 11.4h 12.7 

" Lipid ¢ompc~sition and Inolar ra:it~ ((1.15: 1.85: I) was held constant except where indicated: P(" represents PI I[-P(" ( IV 41)). 
I, Mean diameler measurenlenl of particle size dislribuli~m. 
~ Resulls  are based on G a - D F  aqueous  etllrapped label and expressed as the mean  ± 5.11. I'r~ml tht'e¢ animals excepl as ilolutl. 
d L +  S refers  to the suln of  label in liver and spleen. 
c l talf l ife of  bkmd levels from fit to a single exptmenlial  or  in some cases to a biexponential  in which two hail'lives are reported (RSTRIP .  

Mic roMalh  1987, SLC, Utah) ,  least squares program polyexponential  curve stripping. 
Average  and range results f rom two animain. 
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Fig, 2. Blood circulation in rats of cholestenfl [t4C]oleate labeled 
liposomes after itltravenous admini~tn~tion. All samples contained 
the PEG derivative or a negatively charged lipid witll i~hosphatidyl- 
choline and cholesterol in a lipkl mole ratio of I).15: 1.85: I, respec- 
tively. Circles: t '~N~PEG,DSi'E:IISPC:C with a mean diameter  of 
228 nm; squares: I,~,~pE(bpOPE: Pl iEPC ( IV 4Il l :(" with a mean 
diameter  of I10 rim; and triangles: I I E P G : l i S P ( ' : C  with a mean 

diamet,er of 231~ nnl, 

were undertaken through studies of blood litctime and 
tissue distribution in rats, shown in Fig. 2 and Table 
IV. Fig. 2 shows blood circulation kinetics of formula- 
lions labeled with a lipid marker, cholesterol [t4C]- 
oleate, also demonstrating independence of the results 
from method of liposome labeling. One important is- 
sue is the role of the acyl chains of the PEG deriva- 
tized lipid. A PEG derivative of POPE (PEG-POPEL a 
lipid with a low temperature phase transition [26], was 
incorporated in a 'fluid" liposome composed of PHEPC 
(IV 40) and cholesterol. The results with this formuht- 
tion, shown in Fig. 2 using the lipid htbel cholesterol 
oleate, shrew no significant difference with those de- 
scribed earlier (Fig. I) utilizing a PEG derivative of the 
'solid' lipid (DSPE) and labeled with the aqueous 
Ga-DF marker. 

Studies on the effect of varying the length of the 
PEG moiety are described in Table IV. An increase in 
blood clearance was found when the PEG molecular 
mass was decreased to 750 daltons or less. Increasing 
the PEG molecular mass from 1900 to 51)1)1) dahons 
had no effect. While a PEG molecular mass greater 
than 750 daltons appears essential for prolonged circu- 
lation, increasing the mole content of lower molecular 
mass derivatives may also increase blood circulation as 
shown by the results obtained with the 120 dalton 
derivative in Table IV. Based on these results, the 
t'~HJPEG-DSPE has been used for all further studies 
and the molecular mass superscript for that derivative 
will be dropped. 

Several other parameters of the liposome compos- 
tion c:m also be varied wh.2n the PEG-derivative is 
incorporated without adversely reducing their blood 
circulation (Table V). Two important aspects of lipo- 
some composition besides phospllolipid phase transi- 
tion temperature are cholesterol content and the pres- 
ence of other charged lipids. Results obtained with it 
PEG-DSPE containing fi~rmulation lacking cholesterol 
shows no dependence ot" prolonged circulation on 
cholesterol presence. Addition of other negatively 
charged lipids, either EPG or cholesterol sulfate, to 
liposomes containing PEG-DSPE also showed no ad- 
verse effect on blood circulation or MPS uptake. This 
was true even when EPG was added at 15 tool%, three 
times more than that of the PEG-DSPE. 

Another issue is the importance of particle size. The 
effect of increasing particle size was examined using 
the Ga-DF aqueous label and the results are shown in 
Table IV. The blood levels after 24 h are 14.4 and 9% 
of the injected dose for samples with mean diameters 
of 1511 and 2511 nm, respectively (Table IV). The results 
also show an increase in the MPS uptake with increas- 

TABLE V 

l~li'c't ~ l  addil6mal m'gati, 'e lipid,~ with PI'(I.I)M~E on in r iro tissue chsoilmlion after 24 h aml bhmd lili'time m rats 

Lipid comoosititm ~' Size t, ¢i injected dose per t issue" l.ifetime (h i "  

(lint) Illood liver + spleen L + S , i / b h m d  ( t t ,2 ) 

PEG.PE:  PC': C lIHI 21,2 :~ h.8 7.3 ± 031 0.38 15.8 

PEG.PE:  PC 80 223  ~ 2.tt 14. i ~: i.'~: 0.63 14.7 
(0.15: 1,85) 

PEG-PE:  PG: PC': C" 58 3cL7 t 11.2 tL8 ~ 0.9 0.25 14.q 
(0,15:0,45 : 1,4: I) 

PEG-PE: IK": CS :C f~2 24.~ ± 2, t} ').t)t o.h5 0.40 1.5, 18.2 
10,15: 1,8,~ :0,15 :(k85) 

" Molar ratio is I : 10:5 except where indicated, PC refer,~ to PIIEPC IV 40 and PEG-PE to v~*"*PEG-DSPE. 
b Mean diameter  of  particle size distribution. 
" Results are the mean _+ S.D. from at least three animals. 
d L + S refers to the sum of  label in liver and spleen. 

Halflife of  bl(~cl levels from fit to a single exponential  or in some cases to a biexponential in which two halflives are reported (RSTRIP,  
MieroMath 1987. SLC, Utah}, least squares program I~flyexponential curve stripping. 



ing particle size above 15(I nm. Also shown in Fig. 2 
using the lipid label are the results of PEG-DSPE 
incorporated in a 'rigid" liposome composed of HSPC 
and cholesterol with a larger mean particle size, 228 
nm. These results are consistent with slight increases in 
blood clearance when the mean particle diameter is 
greater than 150 nm. In addition, they indicate that the 
results are independent of the liposome label method. 

Discussion 

Results obtained with two animal species d,ad a wide 
variety of lipid compositions show that liposomcs con- 
taining PEG-derivatized lipids invariably have sharply 
reduced MPS uptake and prolonged blood circulation. 
A single rate for removal Ii"om the blood has been 
observed indicating that a single proces:s may be re- 
sponsible for their clearance from the plasma. The 
process (or processes if in I'act there are more than 
one) is apparently dependent only on the PEG coating 
rather than the liposorne bilayer composition as shown 
by a consistent finding of about 15 h halflife for the 
clearance regardless of phospholipid phase transition 
or cholesterol content (with the same particle size and 
mole content of I~""~PEG-DSPE, Tables i and 111). 
Further evidence is provided by the virtually identical 
results obtained when POPE was used as the lipid 
anchor for the PEG (Fig. 2). A similar effect appears 
to apply even when additional negative surface charge 
is present by incorporation of either EPG or choles- 
terol sulfate (Table V). 

Studies with different PEG derivatives slmwed that 
a molecular mass greater than 750 daitons is required 
when incorporated in the liposomes at 5 tool%. At the 
relatively low levels used, increasing the PEG molecu- 
lar mass from 2000 to 5000 gives no significant increase 
in circulation or decreased uptake. Increasing the tool% 
of the higher molecular mass PEG derivatives is not 
expected to have a dramatic effect, or else increasing 
the molecular mass would have further increased circu- 
lation. Perhaps more importantly, a tool% of ~'""JPEG- 
DSPE higher than 2[)% leads to bilayer destabilization 
and at very. !rich con!e_n!s mixed mice!!e,~ [27] Wi!h the 
low molecular mass PEG derivative, though, the same 
low levels as used with higher molecular masses only 
marginally increase circulation compared with PC:C. 
Increasing the mol% to 10% with the smallest deriva- 
tive, ~""PEG-DSPE, increased the circulation slightly, 
from 1.6 to 4.7% of the injected dose remaining in the 
blood after 24 h. In this case, a limited circulation was 
obtained which could also be useful for some therapeu- 
tic agents. For example, in some diagnostic regimens a 
limited duration in the blood followed by clearance 
may be preferred. 

Liposome particle size is known to have a substan- 
tial role in determining blood clearance, especially with 

199 

the neutral and 'rigid' D S P C ' C  formulation [28]. Such 
striking "- ~ - u~.pcnden~,c on pa=ticlc size was not observed 
when the ~""~PEG lipid derbative was incorporated at 
5 tool%. Nevertheless, the blood levels after 24 h show 
a reduction from more than 20% to about 10% of the 
injected dose when the mean particle diameter was 
increased from ' ""  "~'~ I u u  t o  - ' - Ju  i l n l .  

The extent of prolonged circulation achieved in these 
studies by incorporation of ~""JPEG-DSPE is substan- 
tially greater than some reports using other PEG lipid 
derivatives [13,15]. A possible explanation for a rela- 
tively shorter circulation time in the case of PEG 
coupling to the surface of existing liposomes [15], is 
that complete surface coating may not ]'lave been 
achieved by tltat method, in the other case [13], it is 
more likely that a larger particle size contributed It) a 
shorter circulation time. Although particle size was not 
reported [13], the extrusions were pert'ormed with ().2 
/.tin pore l'ilters which should result in an approx. 2[)0 
nm mean diameter liposomes. An alternative may be 
dilTcrcnces due to the coupling chemistry utilized and 
their stability in vivo. This latter explanation appears 
unlikely, though, since results obtained by Blum and 
Cevc [14] using a different coupling chemistry are in 
good agreement with our results. 

The wide range of versatility in liposomc composi- 
tion without affecting the extent of MPS uptake in viw~ 
may be explained, at least partially, as the result of the 
unique properties of the PEG derivatives [27]. The 
poteotial for colloid steric stabilization by the PEG 
coating achieved has been proposed recently by Lasic, 
D.D. and co-workers [17,29,30]. Steric stabilization 
could be expected to reduce MPS uptake by reducing 
interactions with cells as well as with biological 
molecules and phtsma conlponents [ 17, ! 8,31 ]. Evidence 
of' the latter can be found in the results reported here, 
with the PEG-DSPE containing lip sprees lacking 
cholesterol, in agreement with the p r "  ~ous investiga- 
tions of PEG coating on in vitro stability [14,15]. The 
formulation lacking cholesterol showed no reduction in 
circulation, (Table V) or increased loss of liposome 
label contrary to earlier findings with GM~-DSPC mix-- 
l l l r t ~  [ ~ ]  N='vor~rto[o~ ~tori~" ~t;Ihillv,~titxrt n~,=tl I1,~t 

explain fully the dependance on particle size and it ts 
possible that other processes may be operating with 
particles greater than 2(1[) nm. Many aspects of the 
steric stabilization model remain to be explored such 
are role of PEG as compared with other hydrophilic 
polymers. These are currently being investigated. 

A variety of long circulating hposome formulations 
have been identified with substantial advantages tkn 
therapeutic applications. They are based on a synthetic 
lipid which is not only easier to prepare and therefore 
pharmaceutically realistic, but also provides substantial 
improvements compared with the best previous formu- 
lations containing GMt. These include a reduced MPS 
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uptake and essentially complete flexibility regarding 
the composition of the other lipid components. In fact, 
recent results with these new liposome formulations 
have shown substantial therapeutic benefits [16]. By 
eliminating the requirement for lipids with a high tem- 
perature phase transition, tlae~e formulations allow 
greater control of leakage rates and other important 
bilayer properties. The ability to use fluid bilayers also 
has many advantages in terms of preparation, drug 
compatibility, and stability. Addition of other nega- 
tively charged lipids, such as EPG or cholesterol sul- 
fate, provides further advar~tages. For example, ionic 
interactions are commonly used for increasing drug 
loading and particle stability. Use of different PEG 
molecular mass derivatives and lipid formulations can 
provide control in blood circulation, allowing adjust- 
ment from short to long circulation as dcsircd, and in 
release rate of therapeutic agents, both of which may 
prove essential Ibr therapeutic applications. 
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