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The biodistribution and immunotargetability of lilmsomes composed primarily or" dioleoylphosl~atidylethanolmnine 
(D" . '~)  or dioleoylphospbetidylcholiae (DOPC) in mice injected via the tail vein were examined and 
TI~ ,~:u~lioside GMI (7 real%) prolonged the circulation of DOPE bet  no* DOPE lilarsomes. Gougliosides Got . and 
G-, (7 moL~'~) also increased the amount of DOPC lipesomes remaining in circulation, and to a s iwilar  exit.at as 
t- .,., at  15 min post injection. However, these lignsames were cleated from the circulation by 2.5 h. M o t a t d u a i  
antibody 34A, which Sl~'cJflcally binds to a surface glyOalmotein (gp 112) of the pulmonary endothelial cell 
was coupled with N-glutarylphesphatidylethanolamine and iaeoCl~rate~l into I|pesomes by o dialysis 
These MA-immunoliposomes, composed of DOPE and GMt (7 n~,ol%), b*.~lt ~ the antibody-free lilmeomes, 
accumulated efficiently (= ?.4% of the injected dose~ in the lungs, it:r~uslan ~f cholesterol (31 mal%~ enhanced 
lung accumulation of both D O P E / G M t  immunolil~asomes and DOPC/G,~ n immqmo!igeeo~-L.es to 33% and 51% of 
the injected dose, respectively. The ttansicu! increase in DOPe lilmsama circulation provided ~y Gmn and G~mwas 
sufficient to enhance DOPE immunolip~,ome binding, where 44% and 43% of the ~njected dose of ~')P'C/C11o!/ 
Gin.  and D O P E / C h o l / G T t  b immunoliposames accumulated in lung at  !$ rain aRer injection, resl~'ctirel~, i n  
general, eholestesol-eontaining DOPE Iiposames were more targetabie than DOPE lilNeomes, and tbe d q r ~  to 
which these iipesames avoid RIgS uptake influences their  targetability. The cesnlts pzesouted here are relevant to Ihe 
design of targetable drug delivery vehicles. 

Introduction 

The use of liposomes for drug delivery is a topic of 
intense investigation. We have recently described a 
system using monoclonal antibodies to target liposomes 
to nturine lung in c ico  [1-4]. These immunoliposomes 
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have incorporated monoclonal antibody 34A to 8p112, 
a pulmonary endothelial cell a,i~/gen located abun- 
dantly on the lumenal surface of the puir,lonary capil- 
lary vessel wall [5,6]. Several physical parameters of the 
34A-immunoliposomes have been investigated to de- 
termine their effects on target binding, These parame- 
ters have included antibody/l ipid ratio, immunolipo- 
some size, injection dose, ann lipid composition [3,4]. 
Under optimal conditions, approx. 70% of the injected 
dose accumulated in i-aug [3]. 

All previous work was done with hposomes com- 
posed primarily of EPC. The present st-~-ies described 
here investigate the. targeting of J,].A-tmm~.~OllpOsonles 
composed p;imatily of DOPE. DOPE is a major func- 
tional compouent .3f pH-scnsittve attd target-sensitive 
immunoliposomes. FH-sensitive immunoliposomes de- 
liver entrapped contents to the cTtoplasm of the target 
cells [7-12]. Target-sensitive immunoliposomas become 
destabilized and release entrapped contems upon bind- 
ing to the target cell surface [13,14]. Whiie delivery of 
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antitumor [9] and anti'~iral [14] drugs, toxin [!i], and 
DNA [12] has been wel| documented in t'itro, very few 
studies have been done in viL'o [!0,15]. 

DOPE has a propensity to form the nonbilayer 
hexagonal (H n) phase under conditions of physio- 
logical temperature and pH {16]. The dynamic shape 
concept de~cloped by Cullis and De Kruijff [16], and 
expanded by Israelachvili et al. [17], proposes that the 
dynamic molecular shape- of the lipid determines the 
equilibrium configuration upon lipid aggregation. 
DOPE, a cone-shaped molecule, can be complemented 
with an inve~;.ed cone-shaped molecule to form a stable 
bilayer structure [16-18]. Acidic amphiphiles nod acy- 
|ated antibody are such DOPE bilayer stabilizers for 
pH-~nsitive and !arget-sensitive immunoliposomcs, re- 
spectively. The gangliosides GM~ [19] and GD~ a [20] 
have also proven to be potent DOPE bilayer stabiliz- 
ers. Inclusion of Gso, Gm~. or GT~ b in EPC or EPC/ 
cholestero| (Chol) liposomes greatly reduced lysis and 
content leakage upon incubation in human plasma [21]. 
RES uptake of liposomes has been a barrier for target- 
ing liposomes to tumors or organs other than liver ahd 
spleen. Inclusion of GMj in a wide variety of liposome 
compositions [22,23], including pH~sensitive liposomes 
[24], prolongs liposome circulation half-lives in mice by 
reducing RES uptake. The effect of reducing RES 
uptake on targetability was revealed when 34A-im- 
,'nunc,','~pc~me~ compo3ed of EPC/Chol/G MI showed 
higher levels of lung binding and retention than im- 
munoliposomes composed of EPC/Cho!/phospha- 
tidykerine (PS) [3], where it is well established that PS 
elevates liposome uptake by the RES [25]. Therefore, 
G~.j appeared to retain the ability of reducing RI-~S 
uptake in targeted PC immunolipo~omes, and was thus 
chosen ~s the stabilizer for the targeted DOPE im- 
munoliposomes described here. The biodistribution of 
antibody-free iiposomes of this composition was alw.) 
investigated. A comparison with GDI . and GTib-stabl- 
lized DOPE liposomes and immunoliposomc~ as well 
as with ganglioside-containing DOPC liposomes and 
immunoliposomes is also presented. The role of Chol 
in lipo~ome biodistribution and targe:ability was also 
examined. 

M~tlrlais at~d Melhods 

Materials 
DOPE, DOPC, and EPC were or,mined from Avanti 

Polar Lipids, inc. (Birmingham, AL) and Cboi was 
purchased from Sigma Chemical Co. (St. Louis, MO). 
Gangliosides GM~, GDla, and GTI h were purchased 
from Matreya, Inc. (Pleasant Gap, PA). U'ln and I'-'~1 
were from New England Nuclear. All other chemicals 
were of reagent grade. N-Glutarylpbosphatidyl- 
ethanolamine (NGPE) was synthesized as described 
[26] with modifications. Briefly, DOPE was combined 

with glutaric anhydride and triethylamine in CHCI 3 at 
a molar ratio of 1:3:1 (DOPE/glutaric anhydride/ 
triethylamine). The mixture was incubated at 20°C for 
approximately 4 h. After this time, the reaction mixture 
no longer stained positively with ninhydrin. The mix- 
ture was then subjected to water extraction followed 
sequentially by dialysis against 0.01 M sodium borate 
buffer, pH 8.5, and ddHzO to remove triethylamine 
and byproduct glutaric acid. Phospbolipid and NGPE 
purity was checked by ~hin-layer chromatography, us- 
ing CHCI 3/CH 3OH/ddH 20 (55 : 45: I0, v/v) as the 
solvent system, followed by 12 vapor detection. Phos- 
pholipid and NGPE concentrations were determined 
by paosphate assay [27]. Diethylenetriaminepentaacetie 
aci~ stearylamide (DTPA-SA) was synthesized as de- 
seribe¢~ [28]. t .  In-labeled DTPA-SA ('; i In-DTPA-SA) 
was prepared as described [3]. This lipophilie radiola- 
bel is not transferred to serum components from lipo- 
somes (unpublished data), and is not rapidly metabo- 
lized in vivo [2]. 

Antibody preparation and conjugation 
Rat monoclonal antibody 34A (lgGza) was purified 

from nu/nu mouse ascites fluid as described [29]. 34A 
was radiolabeled with I~l using lodogeii (Pierce 
Chemical Co., Rockford, IL), and purified using a 
Bid-Gel P-4 (Bid-Red, Richmond, CA) spin column. 
Conjugation of 34A with NGPE was perfonmed as 
described [3]. Briefly, NGPE dissolved in CHCI 3 was 
dried with N 2 gas, vacuum desiccated for approxi- 
mately 0.5 h, and resuspended in Mes buffer (5 mM 
Mes, 150 mM NaCI (pH 5.0)) containing 0.15 M octyl 
~-D-glucopyranoside (OG) (NGPE to OG molar ratio 
= ! : 16). 0.25 M 1-ethyl-3-(3-dlmethylamin- 
opropyl)carbodiimide (EDC) and 0.10 M N-hydroxy- 
sultosuccinimide (S-NHS) in ddH20 were then added 
to a molar ratio of  1:55:22 (NGPE/EDC/S-NHS) 
and incubated at room temperature for 10 rain. The 
pH of the mixture was then adjusted to pH 7.8 with 0.1 
M Hepes buffer (pH 7.8) and 1 M NaOH. 34A and a 
trace amount of I~l-labeled 34A were then added to a 
molar ratio of 1:0.05 (NGPE/antibody) and incubated 
at 4°C for 8 h with gentle stirring. 

immunoliposome preparation 
Immunol!posomes containing NGPE-conjugated 

34A were prepared by a detergent dialysis method as 
described [2]. Antibody-free liposomes were prepared 
by the same :ncthod without the addition of derivitized 
antibody. Briefly, lipid mixtures containing trace 
amounts of mln-DTPA-SA were dried il'onz organic 
solvent with N 2 gas and vacuum desiccat,d for 2 h. 
The dried lipid fil~ls we~'c solubilL, ed upon addition of 
0.15 M OG in PBS. pH 7.5 (lipid/OG molar ratio= 
1:9) and the conjugation reaction mixture containing 
derivitized 34A. The resulting solution (lipid/antibody 



weight r a t i o = 3 : 1 )  was vortexed vigorously and dia- 
lyzed against PBS (pH 7.5) for 36 h at 4°C. The 
immunoliposomes were extruded three times through a 
stack of two 0.6/~ra pore size Nuclepore membranes 
and sis tim~s th~'ough a stack of two 0.2/~m pore size 
membranes to geperate immunolipo~ames with a diam- 
eter of less than 200 nm. The average size of the 
immunoliposomes was measuwd using a Coulter N4SD 
suhmicron particle size analyzer (Hialeah, FL). Unin- 
corporated an,qbody was separated from the immunoli- 
posomes using a BIO-GoI Ai5M (Bio-Rad) column. 
The iiaal weight ratio of incorporated antibody to lipid 
was determined from the :adioac~ivities of ~'~! and 
m l n ,  respectively, lmmunoliposomes were diluted to 
120/zg l ipid/200 ttl  PBS (pH 7.5). 

Bicdistribution studl.es 
Liposomes or 34A-immunoliposomes (120 p.g oi 

lipid) were injected into male Ba lb /e  mice (6-8 weeks 
old) via the tail vein, At the desired time interval, the 
mice were lightly anesthetized, weighed, and bled by 
retro-orbital puncture. The mice were killed by cervical 
dislocation and dissected, in addition to blood, organs 
were collected, weighed, and analyzed for r a i n  ra- 
dioactivity [ .  a Beckman 5500B gamma co,mter. The 
results are presented as pe~cem of the total i~,ject~d 
dose for ,~ ach organ. The total radmactiv.ty in blood 
was determined by assuming that the total blood vol- 
ume was 7.3% of the body weight [30]. Blood correc- 
tion factors for each organ were determined using 
~tCr-labeled red blood cells. Briefly, red blood cells 
were isolated from male Ba lb /e  mice of the . d . ~  , e .  ~ 
and weight, washed with sterile isotonic saline soluti¢ I 
(Curtis Matheson ~'i,3n¢., Marietta, GA), and labeled 
with 5tCr at 37°C. Mice were injected with 3abeled cells 
(8.107 red blood cells in 200 p.I saline solution) and 
killed 30 min post injecuoil. Lung, liver, and spleen 
contained approx. 7%, 9%, and 1% of the total blood, 
respectively. 

Results 

Biodistrihutio~ studies of ganglioside-contaming anti- 
b~dy-~e liposomes 

Antibody-free liposomes composed of DOPC 
(DOPC-based) and DOPE (DOPE-based), with or 
without Chol, and containing 7 ntol% ganglioside GMI, 
Gel  a, or GTI b were injected by ~.:eans of the tail vein. 
The biodistribution of the ~njected tnln-DTPA-SA la- 
beled Iiposomes among various major organs was mea- 
sured at different time periods. For all lipid composi- 
tions examitied, greater than 90% of the recovered 
m l n  radioaetivi:~/ was distributed among the blood 
(Fig. 1), liver (F[~. 2), and :~pleen (F[g. 3) for each time 
point. Liposomes composed of DOPC/Chol  (b7:33 
molar ratio) showed rapid clearance from circulation 
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Fis. I. Circulation of DO?E and DOPC liposon~s, with or without 
Chol, and containing 8anslioside GMI. GDta, or GT: b. The mclar 
ratio of liposomes without Chol was 93:7 ( phospholipid/8aglk~) 
and with Chol was 62:31:7 (phospholipid/Chol/ganglioside). Upo- 
s~me..- (120/.tg of li~,id) labeled with iliIr,-DTPA-SA wefc ill.tied 
i.,, Percent injected dose in blood was measured at the indicated 
flint: intv.~'a',~, Pars re.present S.D. (n :3). (At DOPC/GMt, 92 nm 
([]): DOPC/Chol/GMt, 189 nr~ (o). DOPE/GM~, 168 not ( i t .  and 
DOPE/Chol/GMt, 178 nm (4). (B) DOPC/Gol a. 9~ Ira: (nk 
DOPC/Chol/GDi a, 165 nm (Ok DOPE/Gt, I~, 135 m ( l k  
DOPE/Chol /GDI ~" 158 nm eli, and DOPC/Chol, 2(R) not ( • ). (C) 
DOPC/GTtb, 80 nm ( [ ]~  DOPC/ChoI/Grt b. 15c, ' nm (Ok DOPE/ 

GTn ,, 16', nrn ( • k and DOPE/Chol/G rib, 1.35 niT:. (It. 

t~y the RES,. predominantly by liver (Figs. IB, 2B, and 
3B). Addition of Gut  to DOPC/Chot  liposomes 
(DOPC/Chol/Gp.II ,  62:31:7)  greatly prohmged the 
liposome residence in circulation (Fig. IA). Inclusion 
of Chol has be :n  shown to increase !i~--esomdi hail-lives 
in the bloodstream [31,32] possibly by makiag the lipo- 
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Fi&. ~ Livcr uptake of DOPE arid DOPC liimsomes, with or without 
Cho!, ".nd ,2ontaining ganl~liosid¢ GMI, GDI a. or  GTI h. Liposomes 
(120 P.8 of lipid) labeled with "IIn-DTPA-SA were injected i.v. 
Percent injected dose in ii, er was measured at the indicated time 
imervals. Bars represent $.D. (n = 3). The ~mbols in A, B. and C 

are as ind;c.trd in Fig I 

some less susceptible to destruclion by various serum 
comr~ments (for review, see Rc:f. 33) a n d / o r  by de- 
creasing phagocytic uptake by hepatic Kupff~r cells 
[34-36]. in agleement with these findings, the presence 
of  Chol in the i ipo~me corar.osition enh~.-..~ed "ihc 
circulation ha~f-r.ife in compaLrison with DOPC/G~.t ,  
(93:7)  lilx~omes (Fig. 1A). it has prcviot~sly ~ g ~  
demonstrated that the liver accumulates Chol-poor li- 
posomes more than Choi-rie.h liposomes, whereas 
spleen uptake of Chol-rich liposomes is greater  than 
that of Cho',-p~or !iposomes [34,35J. in the present 
studies of  ganglioside-containing PC liposomcs, the 

liver showed ~ greater  affinity for the Chol-free 
D O P C / G M t  liposomes (Fig. 2A) while the spleen 
demonstrated greater  t:ptake of the DOPC/Chol /G~,~t  
liposomes (Fig. 3A). This differentiation was especially 
evident by 2.5 h. The ganglios,.'des Gnl  a and GTI b 
enhanced the amount  of DOPC.based l ipo~mes  in the 
blood, regardless of the presence of  Chol, at 15 rain 
post injectir,n (Fig. IB and IC) in comparison with the 
D O P C / C h o l  liposomes. The effect of  G v l .  and GTIb. 
present at 7 tool%, on liposome circulation at  ;5 rain 
was slightly less than that of GMI, and these liposomes 
were cleared from blood by 2.5 h. The spleen conlin- 
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Fig. 3. 5plee~z uptake of DOPE and DOPC lilXY, O"nes, with or 
without Cho, and conta n ng Bang os de GH:, Gpa ~, or GTt h L po- 
~omes (I2{I #g of lipid) labeled with TI~In-DTPA-SA wnrn injected 
i.~. Percent injected dose. in .pleen was r~te,~sured at the indicated 
time intervals. Bars represent .~.D. (n - 3). The symbols in A, B, and 

C are as indicated in FIG. t. 



ued to show a greater uptake of Chol-containing lipo- 
sprees (Figs, 3B and 3C) while the liver uptake of such 
liposomes was similar regardless of the presence of 
Chnl (Figs. 2B and 2C)..indeed, when GM, w~  substi- 
tuted with GDI~ or C rl,, the uptake by liver was so 
¢~thanccd by 2.5 h that any differentiation for Chol was 
no longer observed. "~us GM~ m~y have suffici~:ntly 
suppressed liver upz~_ke for the Chot differenfia)..ion .'o 
be revealed. Alternatively, the process by which Chnl 
decreases liver uptake of DOPC liposomes may have 
been preserved upon the addition of GMI, but not of 
(~Dla or GT~b" 

The hiodistrihution of DOPE-ba~d hposomes dif- 
fered greatly from the corresponding DOPC-based li- 
posomes. The amounts of liposnmes composed of 
DOPE/G,~t (93: 7) and DOPE/Cho l /G~t  (62: 31 : 7) 
in blood were significantly higher than DOPC/Chol 
I~posomas yet greatly reduced from their DOPC-hascd 
counterparts at 15 rain (Fig. IA). By 2.5 h both lilx~ 
some compositions were removed from the circulation. 
Thus the activity of GM~ may be influenced by the 
surrounding lipid matrix or environment. Substitution 
of C,~i ~ or GTt b /or GMt in ooth liposome composi- 
tions produced similar results (Figs. IB and 1C). Lipo- 
some preparations containing DOPE/Chol  (67:3"~) 
showed massive aggregation following dialysis, likely 
indicating the predominant presence of DOPE in the 
nonbilayer H n phase. 

lnterestingl$:, Chol reduced the amounts of DOPE- 
based iiposomes in blood at i5 rain (Figs. IA, IB, and 
IC). Furthermore, by 15 rain after iajeetion, the liver 
showed greater uptake of D O P E / C h o l / G m t  lipo- 
somcs than the Chol-free DOPC/GMI liposomes (Fig. 
2A), while the spleen demonstrated greater uptake of 
the Chol-free D O P E / G u l  iiposomes (Fig. 3At. Liver 
uptake or" Got a or GTtb-Stabilized DOPE-based lipo- 
sprees was nondiscriminant between Chol-containing 

TABLE. I 

Effect o]' immunoliposome ce~upasit!ml cu! biodismbulion " 
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and Chol-free lipo~omes (Figs. 2B and 2C). Spleen 
uptake of DOPE-based liposomes, though greater in 
all cases compared to the DOPC-based liposomes, was 
similar for the, IM3PF,/Chol /Gol  . or U-NDPE/Chol/ 
GT: . liposomes and the Choi-frec D O P E / G o ,  ~ ~l 
DOPE/GTI b liposomes (Figs. 3B and 3£). This m y  
suggest that GMI influences the DOPE-based liposome 
uptake and C'hul di.~rimination by liver and spleen 
differently than Gm~ or GT, b. 

Thus, all three gangliosides increased the amount of 
antibody-free, DOPC-ha~ed !iposomes ~cmaining in 
circulation at 15 rain post injcctiou. Substitution of 
DOPC for DOPE significantly reduce0 the amounts of 
liposomcs in the circulaticr, at this time interval, and 
cltila;,ccd spleen uptake. 

Lung  targeting of GMFcontaining 34A-immunoliposomes 
The lung accumulation of DOPE-ba~d  and 

IX)PC-based, Gut-cuntainiog 34A-immunoliposomes 
at 15 rain post (ejection was examined and the results 
are presented in Table I. It has been well established 
tha~ the equilibritim phase of unsaturated PE, such as 
DOPE, at physiological temperature and pH is the 
north(layer Hn phase [16]. A mouse monocionai IgG2~ 
antibody has previously been derivitized with palm(tic 
acid and the re~ulting palmitoyblgG2a conjugate (plgG) 
alone stabilized the bilayer phase of DOPE at a mini- 
mal plgO to DOPE molar ratio of 2 .5- I0  -4 [37]. 
However, this stabile.at(on cctivity by derivifized anti- 
body alone has so far only been observed with this 
particular IgG~. Dioleoyiphosphatidic acid was l a t e r  
included in this immunoliposome formulation for im- 
proved stability (Pinnaduwaga and Huang, pers,,-mal 
communication). The DOPE-based 34A-immnnolipo- 
somcs in the present investigations included the gan- 
gliosides GMt, Grn ~, and GTi b a~ stabilize~. D O P E /  
Gut  (93: 7) as well as DOPC/GMI *r93: 7) antibody-free 

Lipid composition Antiboo~/lipid Diameter I, Percc'tt rejected dose ~ 
(w/w) (nm) lung blood Ever spleen 

EPC/Chol (75:25) 1:6.4 160 33.9 (2.1) 15.2(1.5)  2530.9) 4.0(0.7) 
DOPC/GMt (93:7) 1:6.0 138 11.1(3.9) 44.0(5.1) 15.0 (2.8) 1.2(0.8) 
DOPC/G M t (93 : / t 0 89 0.0 (0.0) 73. I (8. I ) 13.0 (4. i ) 0.4 (0.3) 
DOPE/GMt (96:4) 1:6.9 157 16.8 (0.8) 23.7 (2.0) 29.1 (0.9) 4.5 (0.3) 
DOPE/GMI (93 : 7) I : 7.5 153 24.0 (1.5) 20.8 (3.7) 27.5 (0.7) 6.0 (0.7) 
DOPE/G)at (90. I0) i:7.8 147 25.! (3.8) 16.3(3.7) 27.S 13.0) 4.5(0.9) 
DOPE/G Mt (93:7) 0 126 O.0 (0.0) 26.6 (8.6) 47.0 (5.0) 113 (3.6) 
DOPC/Chol/GMt (62:31 : 7) 1:5.8 132 41.5(0.5) 19.6 (0.6) 20.1 (I.2) 2.3(0.6) 
DOPE/Chol/G~u (62:31:7) 1:6.9 183 33.2 i2.b) 2.1 (0.2) 54.4 (3.0) 4.7 (0.6} 

" lmmanoliposomes (120 ~.ll of lipid) at' the indicated lipid compo~,ition, size, aad antibody ~.'onzent, and h~ekd with mln-DTPA-SA were 
,Jj~,ed ix. 

b Immunoliposomes o[ diam,.let < 200 nm were generated by ~xtmsion following dialysis. 
Percent injected dose ±S.D. (n - 3) Per t)rsan was measured 15 rain attar injection. 
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liposomes showeE no accumulation in lung. However, 
DOPE/GMI 34A-immunoliposomes, with the amount 
of ganglioside yawing from 4 to 10 real%, significantly 
accumulated in lung. Varying the amount of GMi in 
the immunoliposomc composition revealed a satura- 
tion effect at 7 real%, where 24% of the injected dose 
was present in lung. ,']'he half-life of retention o1 these 
immunoiiposomes hi lung was approx. 3 h (data not 
shown.~. 

The effect of Cho! on liposome targetability was also 
examined (Table I). DOPC/GM= (93:7) and DOPE/ 
GMI (93:7) immunoitposomcs revealed lung accumula- 
tions of 11% and 24% of the injected dose, respec- 
tively. Inclusion of Chol in the lipid compositions in- 
creased lung binding to 42% and 33% of the injected 
dose for DOPC/Chol/GM, 162:31:7) and DOPE/ 
ChcI/GMt (62:31 : 7) immunolipo'st~mes, respectively, 

3herefore, the results reveal that 7 real% GMt is 
~uE~cicnt for optimal DOPE-based 34A-immunolipo- 
seine lung targeting. Furthermore, the addilion of Chol 

enhanced targeting of both DOPC-based and DOPE- 
based immunoliposomcs, with a more dramatic en- 
hancement observed for the former. 

Lung targeting of  Gl, la or Grs~-conuffning 34A-im- 
m;moliposomes 
- The effect of substituting G~tt with Greta or Grin in 

the 34A-irnmunoliposomc compositions on lung target- 
ing was examined, and the results are presented in Fig. 
4. DOPC/Chol/GDja 162:31:7) immunoliposomes 
revealed comparable lung accumulatior, tc DOPC/ 
Chol/Gul (62:31:7) immunolii~o.~ontcs (Fig. 4B). 44% 
and 51% of the injected dose, respectively, were pre- 
sent in lung at 15 rain post injection. The presence of 
ehher ganglioside in the lipid composition enhanced 
!ung binding in comparison with DOPC/Chol (67:33) 
immunoliposomes, where 29% of the injected dose 
ac,:umulated 'in lung. Furthermore, Cho!-fr~=e DOPC/ 
Gut (93 : 7) and DOPC/GDt . (93 : 7) immunolipo~unles 
showed comparable lung binding with 18% and 13% of 
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GTI h. Lipid molar ratio: DOPC/Ch~I .  67: 33: phosphollpid/ganglioside, 93: 7; phospholipid/Chol/Banglioside. 62:31 : 7, Immunolipo~Jmes ~ 120 
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(~1). liver (O) .  and splet-rt (E3) ~'erc measa red 15 min after injection. Bars repro.sent S.D. (n = 3). 



the injected dose, respectively, accumulating in lung 
(Fig. 4A). The presence of either ganglioside in the 
Chol-free immunoliposomes enhanced lung accumu[a 
tion as only 4% of the iniected dose of purely DOPC 
immunoliposomcs was present in lmig. The substitu- 
tion of GM~ with GT~ n also did not dramatically affect 
lung accumulation at 15 rain post injection. 43% and 
14% ol" thc injected do,~c cf DOFC/Chol/G.r~. 
(62 : 31 : 7) and DOi'C/G-r~, (?3.7) immunolipo~mes. 
respectively, accumulated in lung. 

Substitution of GMI with G~,, or GTu, in the 
DOPE-based immunoliposomes also did not dramati- 
cally affect lung accumulation. 33%, 31%, and 28% of 
the injected dose of DOPE/Chol/GMp DOPE/ 
Chol/(Jm~, and DOPE/Chol/GT~ (DOPE/Chol/  
ganglioside, 62: 31 : 7) immunoliposomes, respectively, 
were present in lung at 15 rain post injection (Fig. 4B). 
24%, 19%, and 16% of the injected dose of Chol.free 
D O P E / G ~ ,  DOPE/Gn~, ,  and DOPE/GTB. , 
(DOPE/gangiioside, 93: 7) immunoliposomes, respec- 
tively, accumulat.ed in lung (Fig. 4A). Massive aggrega- 
tion fo'.lowing dialysis of DOPE/Chol (67:33) with 
derivitized 34A (antibody/lipid weight ratio = I : 3) was 
observed which again indicated the presence of DOPE 
in the H u phase. 

Thus, the substitution of GM~ with Gm~ or G~r~ d;d 
not dramatically reduce the targetabi!ity of DOPC- 
based or DOPE-based immunoliposomes. The pres- 
ence of Chol enhanced the targetability of all immuno- 
liposome preparations. Overall. Chol-conta~ning 
DOPC-based immunoliposomes are more targctable 
than the DOPE-based immunolipo~eamcs. 

Discussion 

Liposomes removed from the circulation ~cc~Jmulate 
in the RES, with liver and spleen as the ~ites of 
greatest uptake. While RES uptake has been shown to 
he influenced by vesicle size [38] and charge [39], two 
parameters ~uve been proposed to account overall for 
differences in the RES uptake. They are lilmsome 
hydrophobicity and suseeptibili~ to opsonizaticn. The 
two proper!~o.~ may not be mutually exclusive, a:~ it has 
been suggested that opsonins responsible for emtaneed 
RES uptake prefer to ass~iate with hydrophobic sur- 
faces [33]. Indeed, several studies suggest RES uptake 
increases with particle hydrophob~city. The clearance 
of poloxamc~-coatod polystyrene microspheres frcm the 
circulatinr:, and their accumulation in liver and sl~leen, 
decreased with iucreased particle surface hydrophilicity 
[40,41]. The reason for an apparent relationship be- 
tween Itydrophobicity and RES u~take, however, re- 
maius unclear. 

"Ihe present studies in general support the hy- 
drophobic model of particle uptake. A repulsive force 
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caused by the work of dehydra:i,m of interacting hy- 
drophilie surfaces was me~,sured fi,r ~,arious hilayer 
compositions, alzd 0-.,i~ hydration repulsive force was 
found to h,: greater for PC versus PE hilaycrs [42]. 
Therefore, substitution of DOPC with DOPE likely 
decreased ~.hc s'.rength of hilaycr hydratior, whk-h i~. 
turn ma~/have iqcreascd liposome clearance. A greater 
hydration repulsive force or water barrier of the PC 
lilt:some surt~ce may reduce opsonin association 
and/or RES phagocytic cell interaction. The large 
hydrated ganglioside headgroups [43] would be ex- 
pected to increase the ::urfacc hvdiophilicity of r,tms- 
pholipid bilayers. Therefore, '~hc results presented in 
which GMI prolonged DOPC-based lipou~me circula- 
tion agree with the hydrophobicity model. Substitution 
of GMI with Gol ~ or G'rlb would increase the amount 
of sialie acid content and would be expected to further 
increase the liposomal surface hydrophilicy. However, 
the reasons for the failure, of these gangiioside~, to 
further increase liposome circulation is at present un- 
clear. 

The susceptibilit:~" of liposomes to opsonizatio.n by 
plasma proteins and subsequent binding and uptake by 
RES cells may be related :o biiayer ri,,=.idip/. Rigid 
liposome formulations arc more resistant ~.o phospho- 
lipid exchange with HDL [44], and display elevated 
levels in circulation [45]. Inclusion of Chol in PC lino- 
sprees tightens the phosp:lolipid packing [4~] and pre- 
vents dcstabilization caused by insertion of HDL-r~sso- 
elated apolit:oproteins and subsequent lipid transfer 
[47]. lach~sion of GMI in PC/Chol liposomes further 
reduces lipid transfer witll HDL [23]. Gangliosides .'-Iso 
decreased plasma-induced content leakage synergisti- 
cally with Chol [21]. Our results support this model in 
that GMI enhanced DOPC/C!:ol Igposome circulation, 
and DOPC/Chol/GM~ lil~J~mes remained in circula- 
tion longer than Chol-free DOPC/GMI iiposomcs. 
GDI,, and GTIb may also have reduced opmnizo!ion 
and subsequent RES uptake, yet to a much ier.ser 
exten~.. According to this model, substitution of DOPC 
with DOPE may render the lioosemes more suscepti- 
ble to opsonizatlon as ob:,crved by rc,Juced circulation. 

In vitro studies suggest that serum contains organ- 
specific opsonins [48]. Liver-specific op,amin enhances 
phagoojtosis of Chol-poor liposomes by Kupffer cells, 
while spleen-specific opsoniu enhances ph~gocytosis of 
Chol-rich liposomes by spleen macro0~ages [46]. Fur- 
thermore, liver-specific oosonin(s) app~-arcd m have a 
reduced affini~ for rigid liposome c,.,:;;posit/ong [49]. 
Increasing lip3some hydrophobicity enhanced spleen 
macrophage uptake, possibly as a result of increased 
spleen-sp,:cifie opsonin affinity [49]. ,',,'cording to this 
model, our results would suggest that Grin, and to a 
lesser extent GD,~ and GTtt,, may have reduced liver- 
specific opsonin(s) affinity an,; subsequent Kupffer cell 
phagoCytosis. Substitution o! DOPC with DOPE may 
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have fnrther modified opsonin affinity, and this in- 
crease in liposome hydrophobicity may account for the 
enhanced spleen uptake. The existence and charac- 
terization of organ-specific opsonins in vivo await elu- 
cidate, :n. 

The rapid clearance of lipusomes from the circula- 
tion by the RES is an obstacle for the targeting of 
liposomes to tumors or to organs other than liver and 
spleen. ".)ur labora~:ory has recently demonstrated that 
3-qA-immunoliposomc formulations which reduce RES 
uptake allow cnhanced lung target binding [3]. The 
present results further examine this relationship be- 
tween prolonged liposome circulation and targetability. 
D O P C / C h o l / G u t  liposomes circulate longer than 
DOPC/Chol  or DOPE-based liposomes, and in tnrn 
demonstrated greatel target binding. Inclusion of {'/Din 
and GTt b also increased the amount of DOPC/Chol  
liposomes in blood at 15 min post injection, with re- 
duced liver uptake, l~inctic binding studies usiJlg our 
mode[ system suggest that target binding is rapid, 
reaching steady state within 5 rain [3]. Thus the effect 
of GDI ~ and G'rlb on l ipo~mc circnlation was within 
this short time period and allowed enhanced target 
binding. The relationship between l ipo~me circulation 
and target binding is less clear among tile Chol-free 
lipo~mes, and such targetability may reflect other 
influencing factors. Results from our 34A-immuno- 
liposome model system may differ from other systems, 
for example tumor models with low vascularization, 
reduced binding affinity, a n d / o r  reduced antigen ex- 
pression, where prolonged circulation by Gol a and 
GTI b may not be sufficient for increased target binding. 

lmmunoliposome stability is also important for tar- 
get binding. As noted above, Chot prevents PC lipo- 
some destabilization by HDL. At high concentrations, 
Chol also stabilizes PE liposomes [50]. Inclusion of 
Chol in large D O P E / O A  liposomes prepared by ~'!ia!y- 
sis was r, hown to reduce content leakage upon incuba- 
tion in human plasma [51]. The present studies demon- 
strate that 31 tool% Chol enhances the binding of all 
DOPC-based and DOPE-based immunoliposome for- 
mulations. Chol may prevent interaction with proteins 
which destabilize the immunoliposomes or sterically 
hinder target binding. 

In summary, we have described the biodistribution 
properties of ganglioside-stabilized DOPE-based lipo- 
sprees in comparison with ganglioside-containing 
DOPC-based liposomes. A positive correlation be- 
tween liposome circulation and (argetability was re- 
vealed among Chol-containing liposomes. Further- 
more, Choi increases liposome targetability for both 
DOPE-based and DOPC-based liposomes. DOPE plays 
a major functional role in target-sensitive and pH-sen- 
sitive immunoliposomes. Thus, the immunoliposome 
parameters studied here should prove useful in the 
design of drug carriers which release their contents at 

or near the target cell surface or to the target cell 
cytoplasm in vivo. 
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