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Some negatively charged phospholipid derivatives prolong
the liposome circulation in vivo
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A serics of ncgatively charged phosphelipid derivatives has been synthesized by coupling aliphatic dicarboxylic acids,
HOOC(CH,),COO0H, 10 dioleoylphosphatidylethanalamine (DOPE). The individuat derivatives were incorporated into egg
phosphatidvicholine /cholestero) liposares {21 1, molar ratio) and injected into mice to test its cffect on lipasome circulation in
vive, The effcctiveness of DOPE derivatives was dependent on the hydrocarbon chain length between the terminal carbexyl
group and the amide bond. N-Glutaryl DOPE and N-adipyl DOPE were cffective in prolonging the circulation time of
liposomes. On the other hand. liposome uplake by the liver and spleen was increased by the addition of N-malonyi DOPE or
N-succinyl DOPE, while it was not changed by the addition of N-pimelyl DOPE and N-suberyl DOFE. Our abservation
suggested that not all negatively charged phospholipids enhance liposome uptake by RES, some cven reduce the uptake.

Clearance of liposomes from cieculation in vivo de-
pends on the rate of uptake by RES cells in liver and
splezn [1-5]. The rate of liposome untake by the RES
is believed ta be related to the process of opsonization
(for a review, see Ref. 6) or dysopsenization of lipo-
somes [7]. There are two diffcrent ways with which
liposomes may interact with macrophages. Liposomes
may directly interact with the surface recepton(s) of
macrophages, or indirectly via certain serum proteins.
Howgver, the diversity and complexity of the opsoniza-
tion pracess of liposome make it difficult to assess the
role of various proteins and lipids in the RES uptake
of liposomes. It has been obscrved that liposomes
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), phophatidylglvcerol (PG, and other nega-
tively charged phospholipids arc known to enhance
liposome uptake by the RES cells {11,12}. However,
ganglioside G, sulfatides, and phosphatidylinositol
(PD), which are alsc negatively charged, inhibit the RES
uptake and proloag the circulation time of liposomes
[2,3). It has been proposed that the negatively charged
carboxyl group of Gy, which is shielded by a bulky,
neutral, hydrophilic sugar moiety may contribute to
RES avoidance by decreasing or preventing opsoniza-
tion, i.c.. the ‘shielded negative charge’ hypoihesis [2,3)

In this study we prepared liposomes containing neg-
atively charged synthetic phospholipid derivatives and
assayed the biadistribution of these liposomes in mice.
We found that some of the phospholipid derivatives
showed the ability of prolonging the lipaseme 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 nepatively charged liposomes in vivo
and the validity of the ‘shielded negative charge’ hy-
rothesis.

Some of the DOPE derivatives were prepared by
coupling dicarboxy! ligands to DOPE via dicyclohexyl-
carbodiimide (DCC) activation [13] DOPE in dry eth.
ylacetate was mixed with malonic acid, adipic acid,
pimelic acid, 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 yicld
was approx. 60% after 4 h incubation. The rest of



258

DOFE dcrivatives were prepared from anhydrides of
dicarboxylic acid and DOPE us previously described
[14}. DOPE in dry chloroform was mixed with succinic
anhydride or glutaric anhydride and incubated in the
presence of triethylamine at room temperaturg for 4 h.
The final melar ratio of DOPE, ligand, and trieth-
yvlamine was 1:2: 1. The conversion yield of each reac-
tion was over 95%. The reaction progress was cone
firmed by thinlayer chromatography (TLC) with a
solvent system of CHCl,/MeOH/H,0 (70:30:5,
v/v). The fina! reaction mixture was dried in a rotatory
evaporator and then dissoived in methanol. The lipid
solution was applied to DEAE-Sephadex which was
pretreated with 0.5 M ammonium acetate in methanol
and equilibrated with methancl. The DOPE derivatives
were eluted by a gradient of ammonium acetate 0 to
0.2 M and tractions containing DOFPE derivaiives weic
extensively dialyzed against water and lyopkilized.
Phosphaic assay was perfuined for quantisation 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 solvemt
system mentioned above, R, values of DOPE deriva-
tives were (.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 carboxylic acid was indicated by infrared absorbance
4t 3000 em ™.

Liposomes were prepared from egg PC, cholesterol,
and eack DOPFE derivative (10:5: 1, molar ratio) with
a tracer marker *'In-DTPA-SA. The synthesis of
DTPA-SA has been described [16). The !''In-DTPA-
SA was prepared by mixing 1 pl of '"'InCl, - HCI with
600 ul of 1 mM DTPA-SA in cthanol at 80°C with
brief sonication. Lipids were dried under a stream of
N, gas and them vacuum-dessicated for over 1 h 10
remove any trace of organic solvent. PBS (pH 7.4) was
added and the lipid mixture was allowed to hydrate for
1 h at room temperature. After rigorous vortexing the
suspension was extruded through two stacked Mucle-
pore polycarbonate filter (five time. through filters of
0.4 pm pore size and ten times through filters of 0.2
um pore size). Liposome diameter measured by a
Coulter N4SD submicron particle analyzer (Hialeah,
FL) was approx. 175 nm.

"Minlabeled liposomes (0.2 mg/mouse) was in-
jected iv. into female ICR mice which were anes-
thetized with Metofane (Pitman-Moore, NJ) and killed
by cervical dislocation at 3 h post injection. The 3 hour
time poink was chosen because 1, , of liposome clear-
ance are generally between <1 and 7 h for liposomes
ccmposed of egg PC and cholesterol, and having an
average diameter of approx. 200 nm [17]. *''In radioac-
tivity of each internal organ was counted in 2 gamma
counter. Weight of mouse blood was assumed to be

TABLE1

Biodisiribution of liposomes containing negatively charged DOPE
derivaiives

Liposomes compased of egg PC/chol I/DOPE d
{10:5:1) wete labelled with "*In-DTPA-SA and iv. injected into
mice which were kitled 3 b later, Data represeni mean (S.D.), n=3,

Lipids W[ distribution (% injected dose)
blood spleen liver
DOPE 62(2.1) 13.1(1.9) 61.8 {4.4)
N-Malonyl DOPE 1.6{(04) 14.1{.9 81.4(1.9)
N-Succinyl DOPE 18(0.2) 10.8 (5.0) 81.3(2.2)
N-Glutaryl DOPE 3L1(3.R) 9209 438(1.7)
N-Adipyl DOPE 28.6(0.4) 90{0.2) S1.4(1.6)
N-Pimelyl DOPE 11.6(3.1) 10.2(1.6) 51557
N-Suberyl DOPE 63(0.7) 104 (L1 60.6{(1.9
ot 51364 634 285
None 81(24) 114020 8.4 (5.6)

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

Generally it has been observed that liposomes con-
taining negatively charged phospholipids are mor:
rapidly remaoved from circufation and localized in the
RES cells of liver, splecn, end bone marrew 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. Incorpora-
tion of NMPE and NSPE into ¢gg PC/ cholesterol
liposames appeared to enhance the liposome uptake by
RES cells while incorporation of DOPE itself did not
(Table I). Liver uptake of liposomes containing NMPE
and NSPE was about 81% of injected dose as com-
pared to about 68% for liposomes containing no DOPE
derivatives. Unexpectedly liposomes contzining NGPE
or NAPE were retained longer in the circuiation 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 of negatively charged DOPE deriva-
tives, HOOC(CH,),CONH-DOPE, in prolonging lipo-
sorne circufation was dependent on the chain length of
hydrocarbon between the amide and the terminal car-
boxyl group (Fig. 1). DOPE derivatives with » = 1 ar 2
accelerated the clearance of liposomes from circulation
while those with 1 =23 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 Papahadjopotlos [3] have divided vari-
ous 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 opsonization of
liposomes via charge-mediaten interaction with certain
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Fig. L. Bfext of DOPE derivatives on lipo:ome cancentration in the
blood. Liposomes composed of egg PC/cholesterol /DOPE deriva-
tives (10:5:1) were labe!2d with V'In-DTPA-SA and injected into
mice. Percent injected dose in blood was measured 3 b post injection
and plotted against the hydrocasbon number (n) of the general
formula, HOOC(CH ;) ,CONH-DOPE.

proteins in scrum. The ather type of lipid is some
glycolipids such as G, phosphatidylinositol (P1), or
sulfatides, which have a negative charge shielded by
surrounding bulky, neutral, hydrophilic groups. **C-
and 'H-NMR studies indicate that the G, structure is
stabilized by an interaction between sialic acid and the
galactosamine residue [19,20). Other evidence on head-
group corformation of G, suggests that the carboxyl
group of sialic 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 shizlded negative charge of Gy, may
be responsible for the prolonged circulation of lipo-
somes containing Gy, [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 polylethylene
glycol)-phospholipid conjugates [5] which contain a
negatively charged phosphate group shielded by a
poly(ethylene glyeal) chain. However, our observation
is not consistent with the hypothesis, because nega-
tively charged phospholipids with the exposed and un-
shielded carboxylic group such as NGPE and NAPE
show considerable activity to prolong the circulation
time of liposomes.

It has been suggested that she hydroxyl groups of
Gy and the polylethylene glycal) chains of the phos-
pholipid conjugates confer a hydrophilic barrier to
prevent opsonization [2,22] In order to se¢ whether
there is any possibility to form a steric barrier on the
liposome surface by the negatively charged DOPE
derivatives, the effect of these derivatives on liposome
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agglutination was measured, Liposomes were prepared
from egg PC/cholesterol/ DOPE derivatives o Gy,
(10:5:1, molar ratio) and 2.5 mal% N-biotinyl PE
(Avanti Polar Lipid). 50 . liposomes (1 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 G,y and the
poly(cthylene glycal) derivatives of phospholipids {4,17].
Liposome agglutination mediated by streptavidin was
not inhibited by the presence of NGPE and NAPE
vhile it was significantly inhibited by Gy, (Fg. 2).
Therefore, the possibility of a steric batrier presented
by NGPE and NAPE :an be excluded as an explana-
tion for the action of NGPE and NAPE to profong the
liposome circulation time.

It is not simpie o present a molecular model for the
abservation described here. For the derivatives with a
short hydrocarbon chain, i.c., NMPE and NSPE, the
position of the carboxylic group is elose to the interfa-
cial surface of liposome, Non-specific adsorption of
cpsonins responding to the surface nepative charges
may be responsible for the increased RES uptake of
liposomnes containing these two derivatives, much simi-
lar to the liposomes comvaining negatively ciiarged
phospholipids such as PS and PG. Chonn et al. [23]
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 to imag-
ine that such nonspecific adsorption of the opsenin(s)
would be completely inhibited when the length of
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Fip. 2. Effect of NGPE and NAPE on the streptavidin-induced
aggiutination of liposome containing N-biotinyl-PE. The turbidity
increase {oplical density at 440 nm) was measured with time for
lipasomes cuntaining none (8), Gy, (0), NGPE (8), and NAPE
()
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hydrocarbon chain increases by only one methylene
unit. An alternative mechanism, despite speculative,
would involve the adsorption of dysopsomin o the
liposome surface, which might requive that the termi-
nal carboxylic group should b2 located a certain dis-
tance 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 cxplanation
for this observation is that the terminal carboxylic
group may be H-bonded with a nearby phosphate
headgroup due to the flexibility of the longer hydrocar-
bon chain. These carboxyl groups would not be avail-
able for the dysopsonin recognition.
This work was supported by NIH grant CA24553.
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