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Some negatively charged phospholipid derivatives prolong 
the liposome circulation in viva 
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A series of negatively charged pho~phnlipid derivatives has been synthesized by coupling aliphatic dicarlmxylic acids, 
HOOC(CH2),,COOH, to diolcoylph~phatidylethanolaminc (DOPE). The individual derivatives were incorporated into egg 
phosphatidylcholine/cholesterol lil~Sn~,~s 1,2: t, molar ratio) and injected into mice to test its effect on liposomc circulation in 
vil.,-o, The effccti~'eness of DOPE derivatives was dependent on the hydrocarbon chain length between the terminal carbt~l 
group and the amide bond. N~Glutaryl DOPE and N-adipyl DOPE v,.¢re effective in prolonging the circulatlon time of 
liposomes. On the other hand, liposom¢ uptake by the liver and spleen was increased by the addition of N-malonyi DOPE or 
N-succinyl DOPE, svhile it was not changed by the addition of N-pimelyl DOPE and N-subcffl DOPE. Our observation 
suggested thai not all negatively charged phospholipids enhance liposomc uptake by RES, some even reduce the uptake. 

Clearance of liposomes from circulation in viva de- 
pends on the rate o~" uptake by RES cells in liver and 
spl¢cn [1-51. The rate of liposome uptake by the RES 
is belie~ted to be related to the process of opsonization 
(for a review, see Ref. 6) or dysopsonization of lipo- 
seines [7]. There arc two different ways with which 
liposomes may interact with macrophages. Liposomcs 
may directly interact with the surtaee receptor~s) at 
macrophagcs, or indirec|ly via certain serum proteins. 
How~,er, the diversity and complexity of the opsoniza- 
tion process of liposome make it difficult to assess the 
role of various proteins attd lipids in the RES uptake 
of liposomes, it has been observed that lipo~rnes 
containing negatively charged phospholipids are re- 
moved more rapidly from the circulation and localized 
mainly in the liver and spleen [8-11]. Phosphatidyl- 
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serine (PS), phophatidylglyeero] (PG), and other nega- 
tively charged phospholipids are known to enhance 
liposome uptake by the RES cells [11,12]. However, 
ganglioside GM~, ~ul[atides, and phosphatidylinosito| 
(PI), which are alsf, negatively charged, inhibit the RES 
uptake and prolong the circulation time of liposomes 
[~:,3]. It has been proposed that the negatively charged 
carboxyl group of L~mt which is shielded by a bulB, 
neutral hydrophilic sugar moiety may contribute to 
RES avoidance by de:reasing or preventing opsoniza- 
tion, i.e., the 'shielded negative charge' hypothesis [2,3]. 

]n this study we prepared ][posomes containing neg- 
atively charged synthetic phospholipid derivatives and 
assayed the biodistribution of these liposomcs in mice, 
We found lhat some of the phospholipid derivatives 
showed the ability of prolonging the liposome circula- 
tion time, yet others showed an opposite activity of 
enhancing the uptake by the RES. These unusual 
findings have left questions on the generalized idea 
about the fate of negatively charged liposomcs in viva 
and the validity of the 'shielded negative charge' hy- 
:.othesis. 

Some of the DOPE derivatives were prepared by 
coupling diearboxy] ligands to DOPE via dicyc[ohexyl- 
carbodlimidc (DEC) activation [13] DOPE [n dry eth- 
ylaeetate was mixed with malonic acid, adipic acid, 
pimdie aeid, or suberic acid. The mixtures were incu. 
bated at 45°C for 4 h, The final molar ratio of DOPE, 
ligand, and DCC was 1 : 1,2:1,3, The conversion yield 
was approx. 60% after 4 h incubation, The rest of 
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DOPE derivatives were prepared from anhydridez of 
dicarbox3,1ic acid and DOPE as previously described 
[14]. DOPE in dry chloroform was mixed with succinic 
anhydride or glutaric anhydride and incubated [n the 
presence of t~ethylamine at room temperature for 4 h. 
The final molar ratio of DOPE, ligand, and trieth- 
ylamine was 1: 2 '  1. The conversion yield of each reac- 
tion was over 95%. The reaction progress was con- 
firmed by thin-layer chromatography (TIE) with a 
solvent system of CHCI3/MeOH/H20 (70:30:5, 
v/v). The fir,a! r~ction mixture was dried in a rotatory 
evaporator and then dissolved in methanol. The lipid 
solution was applied to DEAE-Sephadex which was 
pretreated with 03 M ammonium acetate in methanol 
and equilibrated with methanol. The DOPE derivatives 
were ehted by a gradient of ammonium acetate 0 to 
0.2 M and tractions containing DOFE dcrieaiives ~c~c 
extensively dialyzed against water and lyophilized. 
Phosphaie assay was pcrfuhncd for qu.q~titation of 
DOPE derivatives [15]. Partial characterization of 
DOPE derivatives was done by HPTLC and infrared 
spectroscopy, The purified DOPE derivatives appeared 
to be single spots on HPTLC plate with the solvent 
system mentioned above. Rf values of DOPE deriva- 
tives were 0.24, 0.26, 0.27, 0.29, 0.30, 0.31, and 0.51 for 
NMPE, NSPE, NGPE, NAPE NPPE, NSBPE, and 
DOPE, respectively. The appearance of O-H stretching 
of earboxylic acid was indicated by infrared absorbaoce 
at 3000 cm -1. 

Liposomes were prepared from egg PC, cholesterol, 
and each DOPF derivative (10:5:1, molar ratio) with 
a tracer marker ~"In-DTPA-SA. The s~thesis of 
DTPA-SA has been described [16]. The mIn-DTPA- 
SA was prepared by mixing 1 #l uf mlnCl3. HC] with 
600 #l of t m M  DTPA-SA in ethanol at 8ff'C with 
brief sonication. Lipids were dried under a stream of 
]q2 gas and than vacuum-dedicated for over ] h to 
remove any trace of organic solvent. PBS (oH 7.4) was 
added and the lipid mixture was allowed to hydrate for 
1 h at room temperature. Alter rigorous vortexing the 
suspension was extrnded through two stacked Nude- 
pore polycarbonatc filter (five tim~ through filters of 
0.4 #m pore size and ten times through filters of 0.2 
~m pore size). Liposome diameter measured by a 
Codter N4SD submicron particle analyzer (Hiaieah, 
FL) was approx. 175 rim. 

rain.labeled liposomes (0.2 nlg/mouse) was in- 
jected i.v. into female ICR mice which were anes- 
thetized with Metofane (Pitman-K, oor¢, N J) and killed 
by cervical dislocation at 3 h p.,st injection. The 3 hour 
time point was chosen because tl/z of liposome clear- 
ance are generally between < 1 and 7 h for liposomes 
composed of egg PC and cholesterol, and having an 
average diameter of approx. 200 nm [17]. m In radioac- 
tivity of each internal organ was counted in a gamma 
counter. Weight of mouse blood was assumed to be 

TABLE l 

BiodboOmrim~ of liposomes comammg negatively ct, arged DOPE 
detlz.micm 

Lilmsomes oomp've.d of egg PC/cholesterol/DOPE derivative 
110:5:1) ~ t e  labelled wilh mln-DTPA-SA and i.v, injected into 
mio¢ which w¢~ kitIed 3 h later, Data leprescnl re©an (S+D+), n = 3. 

Lipids m In distr~ution (% injected dine) 

blood spleen liver 

DOPE 6.2 (2.1) 13.1 11.9) 61.g (4,4) 
N-Malonyl DOPE 1.6 (0.4) 14.111.9) 81.¢ (1.9) 
h'-Succinyl DOPE 1.8 (0.2) 10.8 (5.0) 81.3 (2.2) 
N-Glutat~l DOPE 31.1 (3.8) 9.2 t0.9) 43.8 (1.7) 
N-AdiwI DOPE 28.6 I0.41 9.0 (0.2) 51.4. (1.6) 
N.Pimelyl DOPE !1.6 0.1) 11].2 (I.6) 57.5 (5.7) 
JV.Sub,:ryl DOPE 6.3 C0.7) 10.4 (I.I) 60,6 (I.9) 
Gut .513 L5.4) 6.8 (2A) 28,8 {4,4) 
None g.! (2.4} I 1.4 (2.0) 68.4 i5.6) 

7.3% of the body weight. Blood contamination in each 
organ was corrected [18]. 

Generally it has been observed that liposomes con- 
taining negatively charged phospholipids are morz 
rapidly removed from c[reufation and localized in the 
RES cells of liver, splean, end bone marrow than the 
neutral or positively charged liposomes [8-12]. Such a 
generalization was found to be the case for liposomes 
containing some of the DOPE derivatives, lncorpora- 
lion of NMPE and NSPE into egg PC/cholesterol 
liposomes appeared to enhance the liposome uptake by 
RES cells while incorporation of DOPE itself did not 
(Table I). Liver uptake of liposomcs containing NMPE 
and NSPE was about 81% of injected dose as com- 
pared to about 68% for liposomes containing no DOPE 
derivatives. Unexpectedly lipmomes containing NGPE 
or NAPE were retained longer in the circui ltion with 
concomitant decrease in the RES uptake compared 
with egg PC/cholesterol liposomes. Incorporation of 
NPPE and NSBPE into liposomes had little effect on 
either liposome circulation or RES uptake. Therefore, 
the effectiveness 01 negatively charged DOPE deriva- 
tives, HOOC(CH2),CONH.DOPE, in prolonging lipo- 
some circulation was dependent on the chain length of 
hydrocarbon between the amide and the terminal car. 
boxyl group (Fig. 1). DOPE derivatives with r = ! or 2 
accelerated the clearance of liposomes from circulation 
while those with n = 3 or 4 delayed the clearance. 
Derivatives with a longer hydrocarbon chain than n ~ 4 
appeared not to affect the liposome clearance in either 
way. 

Gabizon and Papahadjopoulos [3] have divided van. 
otis negatively charged lipids in two categories. A di- 
acetylphosphate type of lipid has negatively charged 
groups which are exposed to the aqueous environment. 
The exposed negative charge promotes opsonizalion of 
liposomes via charge-mediateo interaction with certain 
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~![,. 1. Eff~'~ of DOPC, d¢~,'~',i~cs 9~ lipoe, ome e.~neenlratin~ in the 
blood. ~pommc~ composed o[ eg$ PC/cholest©rol/DOPE deriva- 
tives (In:S: I) were la~'.:d with nuIa-DTPA-SA and injeCted into 
m~c. Percent injected dose in blood was measured 3 h post injection 
and plotted against the hydrocarbon number (u) o~ the general 

formula, HOOC(CH 2)nCONH-DOPF.L 

proteins in serum. The other type of lipid is some 
glycolipids such as OM. phosphatidylinositol (Pl), or 
sulfatides, which have a negative charge shielded by 
surrounding bulky, neutral, h),drophilic groups. ~C- 
and tH-NMR studies indicate that the GMt structure is 
stabilized by an interaction between stalin acid and the 
galactosamine residue [19,20]. Other evidence on head- 
group conformation of GM~ suggests that the carbo~1 
group of stalin acid and some hydroxyl groups of the 
galactose residue form an internal complex [21]. On 
the basis of these previous reports, it has been sug- 
gested that the shielded negative charge of G ~  may 
be responsible for the prolonged circulation of lipo- 
somes containing Gs, t [2,3]. A similar hypothesis has 
been made for the activities of PI and sulfatides [3]. 
The hypothesis has accurately predicted the activity of 
prolonging liposome circulation time of poly~ethylene 
glycol).phospholipid conjugates [5] which contain a 
negatively charged phosphate group shielded by a 
poly(ethylene glycol) chain. However, our observation 
is not consistent with the hypothesis, I~cause nega- 
tively charged phospholipids with the exposed and un- 
shielded carbox~,lie group such as NGPE and NAPE 
show considerable activity to prolong the circulation 
time of iiposomes. 

It has been suggested that she hydroxyl groups of 
GMI and the poiy(ethylene glycol) chains of the phos- 
phoiipid conjugates confer a hydrophilic barrier to 
prevent opsonization [2,22]. In order to see whether 
there is any possibility to form asteric barrier on the 
liposomt: surface by the ~tegatively charged DOPE 
derivatives, the effect of these derivatives on liposome 

agglutination was measured, Liposomes were prepared 
from egg PC/cholesterol/DOPE derivatives or GMt 
(10:5:1, molar ratio) and 2.5 mot% N.biotinyl PE 
(Avauti Polar Lipid). 50 #I liposomes (I mg lipid/ml) 
were mixed with 0.5 ml PBS in a microcuvette, and 5 
~,g streptavidin was added, Increase in turbidity was 
monitored as the optical density at 440 nm. We have 
previously shown that such measurement sensitively 
reveals the steric barrier activity of GMt and the 
poly(ctbylene glycol) derivatives of phospholipids [4,171. 
Liposome agglutination mediated by streptav[din was 
not inhibited by the pre~nce of NGPE and NAPE 
v:hile it was significantly inhibRed by GMt (Fig, 2). 
Therefore, the possibility of asteric barrier presented 
by NGPE and NAPE :an b¢ excluded as an explana. 
tion for the action of NGPE and NAPE. to prolong the 
liposom¢ circulation time. 

It is nor simpic to present a molecular model for the 
observation described here. For the derivatives with a 
short hydrocarbon chain, i.e., NMPE and NSPE, the 
position of the carboxylic group is close to the inteffa- 
cia! surface of lipesome, Non.specific adsorption of 
opsonins responding to the surface negative charges 
may he responsible for the increased RES uptake of 
liposomes containing these two derivatives, much simi- 
hr  to the liposomes containing negatively cilarged 
pbogpholipids such as PS and PG. Chonn et al. [231 
have reported that liposome adsorption of the acti- 
vated complement component C3, a liposome opsonin 
[24,25], is significantly enhanced with the presence of 
negatively charged phospholipid. It is difficult m imag- 
ine that such nonspccifie adsorption of the opsonin(s) 
would be completely inhibited when the length of 

0.4[. 
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Fig. 2. Effect o~ NGPE and NAP~ on the sUeptavidin-tndueed 
agglutination of lipo~.omc containing N.NolinyI,PE. The tmbidity 
increase (optical density at 440 am) was measured with time for 
liPmomes ¢untainill8 none (*), GMt (el, ICGPE (11), and NAPE 

(o). 
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hydrocarbon chain increases by only one methylene 
unit, An alternative mechanism, despite speculative, 
would involve the ad~rpt ion  of ~'~l~s6nin to the 
liposome surface, which might require that the termi- 
nal carboxylic group should b:  located a certain dis- 
SaRee from the liposome surface. The activity of dysop- 
sonin is to decrease the uptake of the liposomes by the 
RES [7[ DOPE derivatives with the longer hydrocar- 
bon chain such as NPPE and NSBPE did not prolong 
the circulation time of liposomes. A simple explanation 
for this observation is that the terminal carboxyIie 
group may be H-bonded with a nearby phosphate 
headgroup due to the flexibility of the longer hydrocar- 
bon chain. These carbox'yl groups would not be avail- 
able for the dysopsonin recognition. 

This work was supported by NIH grant CA24553. 
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