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Disterolphospholipids: Nonexchangeable Lipids and Their Application

to Liposomal Drug Delivery**
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Vesicles composed of lipids (liposomes) are widely used
models of biomembranes and successful drug carriers.-
Retention of the encapsulated drug in the liposome is
controlled by the lipid composition;®! the two important
lipid types are phospholipids and cholesterol. Cholesterol is
important, because its inclusion at 30 mol % eliminates the
phase transition of synthetic phospholipids,**! reduces mem-
brane permeability,”) and inhibits protein insertion into the
bilayer."¥ All these factors control liposome stability in
blood.

However, liposomes can not be formed from pure
cholesterol; in fact, above 50 mol%, a cholesterol phase
separates from the bilayer into crystals. Cholesterol can also
be transferred rapidly between biomembranes, lipoproteins,
and lipid vesicles.”) Cholesterol transfer from the bilayer
results in a decrease in liposome stability and a subsequent
loss of encapsulated contents from the liposome.”!” There-
fore, to obtain membranes with the desired properties, it is
important to regulate the sterol concentration in the liposome
bilayer.

Chemistry has played a major role in the field of liposome
research. Synthetic efforts have focused on pegylated lipids,""
cationic lipids,™? fluorinated lipids,"® lipid prodrugs,™
molecular umbrellas,™™ and, to a lesser extent, nonionic
amphiphiles.’®! Recently, we reported a new category of
lipids: sterol-modified phospholipids (SMLs)!"”", in which the
sterol is covalently linked to the lysophospholipid at either the
sn-1 or the sn-2 position. SMLs can form liposomes and do not
transfer from the bilayer. We extend this concept to disterol-
modified phospholipids (ASMLs), in which sterols are cova-
lently attached to both the sn-1 and sn-2 positions of
glycerophosphocholine (Scheme 1).

The synthesis of dSMLs is illustrated in Scheme 2 (see the
Supporting Information for a detailed procedure). Glycero-
phosphocholine (GPC) was used as the starting material for
the direct coupling of sterol derivatives, such as cholesteryl
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Scheme 1. Structures of disterol-modified phospholipids.

chloroformate, cholesterol hemisuccinate, and stigmasterol
hemisuccinate. The use of GPC in the semisynthesis of
phospholipids generally requires a transition-metal ion to
increase the solubility of GPC in organic solvents. We used
tetraphenyl borate as the organic counterion of GPC to
generate a complex that is soluble in anhydrous pyridine. This
procedure provided compounds 2 and 2a in about 50 % yield,
and compound 1 in lower yield (17 % ). The low yield of 1 may
be due to steric hindrance between the closely apposed sterols
at the glycerol moiety.

To investigate whether dSMLs can form liposomes with
diacyl lipids, we formulated 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) with dSMLs in a 2:1 molar
ratio (equivalent to 50% free cholesterol in conventional
liposomes) either in HEPES-buffered saline (pH7.4;
HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) or in 100 mm carboxyfluorescein (CF). Sonicated
DPPC/2a as a suspension had a particle diameter of around
80 nm, as measured by dynamic light scattering. Additionally,
CF could be encapsulated and retained in the DPPC/dSML
liposomes. The formation of DPPC/2 a vesicles was confirmed
further by freeze—fracture electron microscopy: Clear evi-
dence of convex (shadow behind vesicles) and concave shapes
(shadow in front of vesicles) of liposome spheres was
observed (Figure 1). Together the results suggest that
dSMLs can form liposomes with diacyl phospholipids. Lip-
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Scheme 2. Synthesis of disterol-modified phospholipids. DCC= N,N'-dicyclohexylcar-

bodiimide, DMAP = 4-dimethylaminopyridine.

Figure 1. Freeze—fracture electron microscopy image of the sonicated
liposome DPPC/2a (2:1).

osomes can also be formed from the single component
dSML 2a, but dispersions of the single component dSML 1 or
2b aggregate upon hydration.

We investigated the thermotropic phase behavior of
DPPC/dSML liposomes of various DPPC-sterol mole ratios

o\-

JW 2a: R%-H = cholesterol

2b: R%-H = stigmasterol
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by using differential scanning calorimetry

0o
\b’o\/\ﬁ/\ (DSC). The inclusion of all three dSMLs in a
o

Y 1:R'-H=

DPPC dispersion influenced the transition of
DPPC in a similar way to unmodified choles-

cholesterol
terol: A broadening of the transition peaks, a
3 0\/\,{ lowering of the midpoint of the transition

temperature, and a complete elimination of the
transition at about 40% cholesterol were
observed (Figure 2). The incorporation of
dSMLs 1 and 2b in the bilayer led to a small
transition observed at around 20°C in the DSC
traces of dSML 1 and 2b (see the Supporting
Information) when the sterol content was equiv-
alent to more than 20 mol % cholesterol. In the
case of dSML 1, the transition appeared at a progressively
lower temperature as the relative amount of 1 in the liposome
increased.

One of the major challenges for in vivo liposome drug
delivery is the propensity of serum proteins and biological
membranes to extract free cholesterol from the liposome
bilayer. In nature, cholesterol exists as a free molecule, as the
3-sulfate, or as the 3-ester of a fatty acid. These compounds
can not form bilayers by themselves. Synthetic cholesterol
derivatives with a hydrophilic head group at the 3-position,
such as a phosphate,'® phosphatidylcholine, hemisuccinate,
or ethylene oxide, assemble into bilayers but can transfer
between bilayers."” The transfer rate of dSMLs from the
liposome bilayer was measured in a cholesterol-exchange
experiment. In this experiment, neutral liposomes of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
were used in 10-fold excess as the acceptor, and the donor
liposomes consisted of 50 % DPPC, 40 % cholesterol (or the
equivalent amount of a dSML), and 10 % 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylglycerol (DPPG), a negatively charged
lipid. The donor and acceptor liposomes were mixed and
incubated at 37°C for various lengths of time, then separated
on an anion-exchange column. The amount of
cholesterol transferred to the acceptor was deter-

3) 0PPCI2a b) S— mined by a cholesterol assay®! (see the Supporting
Information). Free cholesterol exchanged with a
197 19 half-life of 2 h, but there was no detectable transfer
5 of dSML 1 from the donor liposome over the 8 h
E a4 g duration of the experiment (Figure 3a). The resist-
E ance of dSMLs to the extraction (similar behavior
= ] was observed for 2a and 2b) may be the result of
2 64 64 the increased hydrophobicity of the disterol deriv-
] —0% ative as well as a strong interaction between the
- - _ ?3(2,6 dSML and other phospholipids in the bilayer. Such
A A :ggfoﬁ a mechanism has been suggested previously for

N — 5% hydrophilic cholesterol derivatives.!"”)
T 27 2 ——40% We studied the leakage of CF from liposomes
E A :Zgi consisting of dSML 2a and diacyl phosphocholines
;Z’ ’ . —70%  of different chain lengths in 30% fetal bovine
@ 20 0 60 80 2 40 80 80 serum at 37°C (Figure 3b; see the Supporting
TI°C TI°C Information for the detailed procedure). Conven-

Figure 2. Differential scanning calorimetry thermograms of lipid dispersions.
a) DPPC/dSML 2a, b) DPPC/dSML 1. The mole percentage of cholesterol in the
liposome is indicated in the key on the right. Stacked spectra are shifted with

respect to the vertical axis.
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tional liposomes composed of a diacyl lipid and free
cholesterol were used as controls. All liposome
formulations contained 45 mol % cholesterol or the
equivalent amount in dSML 2a. Both dSML lip-
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Figure 3. a) Rate of cholesterol exchange from the donor liposome to
the acceptor liposome (present in 10-fold excess) at 37°C. b) Leakage
of carboxyfluorescein (CF) from liposomes in fetal bovine serum

(30 vol %) in HEPES-buffered saline (pH 7.4) at 37°C. The release of
CF from liposomes was monitored by measuring the change in the
fluorescence intensity at different incubation times. The percentage of
CF released from the liposome on day 7 (1W) and day 28 (4W) was
calculated and plotted against the acyl-chain length in the liposome
formulations. Each data point is the average of three measurements
with a standard deviation less than 5%.

osomes and conventional liposomes showed chain-length-
dependent leakage profiles, whereby higher stability was
observed for lipids with longer acyl chains. This trend is true
for leakage measured at both day 7 and day 28. The conven-
tional liposome composition with free cholesterol was more
stable up to an acyl-chain length of 18 carbon atoms;
thereafter, liposomes containing the dSML were as stable as
vesicles containing free cholesterol.

On the basis of the above properties of dSMLs, we chose
to compare the drug-carrier properties of liposome formula-
tions with dSMLs to those of liposome formulations with free
cholesterol for the delivery of the antitumor drug doxorubi-
cin. Doxorubicin was encapsulated in the liposomes by the
remote loading method,?"! and the antitumor effect was
evaluated in a C26 murine adenocarcinoma model® (see the
Supporting Information). With a single intravenous (i.v.) dose
of doxorubicin (15 mgkg™) on day 8 after tumor inoculation,
all the mice (n=35) treated with 2a-Dox-F1, a formulation
similar to doxil (FDA-approved pegylated liposomal doxor-
ubicin), were cured (with no palpable tumor) without evident
toxicity (Figure 4 a; see the Supporting Information for tumor
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Figure 4. Survival and biodistribution data for doxorubicin-loaded
dSML liposomes in BALB/C mice with a C26 tumor. A single dose of
liposomal doxorubicin (15 mgkg™) or free doxorubicin (10 mgkg™)
was administered intravenously on day 8 after tumor inoculation.

a) Survival curves. 1-Dox: dSML 1/DSPC/DSPE-PEG2000/a-tocopherol
(33.0/61.8/5.0/0.2; PEG = poly(ethylene glycol)); 2a-Dox-F1: dSML 2a/
DSPC/DSPE-PEG2000/a-tocopherol (33.0/61.8/5.0/0.2); 2a-Dox-F2:
dSML 2a/DSPE-PEG2000/a-tocopherol (94.8/5.0/0.2). Log-rank analy-
sis of the paired survival data: p=0.0019 for 1-Dox, 2a-Dox-F1, 2a-
Dox-F2, and doxil versus phosphate-buffered saline (PBS); p=0.0018
for 1-Dox, 2a-Dox-F1, 2a-Dox-F2, and doxil versus free doxorubicin; no
significant difference between 1-Dox, 2a-Dox-F1, 2a-Dox-F2, and doxil.
b) Biodistribution of liposomal doxorubicin 48 h after i.v. injection of a
15 mgkg™' dose.

growth curves). Notably, the therapeutic effect of 2a-Dox-F2,
a formulation with 94.8 mol % 2a and no 1,2-distearoyl-sn-
glycero-3-phosphatidylcholine (DSPC), was comparable to
that of 2a-Dox-F1. The antitumor effects of both formula-
tions were equivalent to that of doxil, and all formulations
were superior to free doxorubicin. Liposomes composed of
dSML 1-doxorubicin had a weaker antitumor effect, and the
accumulation of the drug in the tumor was lower (Figure 4b).
Formulation 2a-Dox-F2 has one component fewer (DSPC)
than all other formulations. This difference could be an
advantage for manufacture and quality control.

In summary, we have created a new class of sterol-
modified lipids, dSMLs, by linking sterols to both hydroxy
groups of glycerophosphocholine in a one-pot synthesis. It
will be possible to synthesize a variety of dSMLs by varying
the combination of sterols, the linkages, and the head groups.
dSML lipids preserve the condensing effect on lipid-chain
packing but are not transferred. They extend the range of
lipid compositions that can be employed to control contents
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release from liposomes, and dSML 2a can be used by itself to
form a lipid vesicle. Doxorubicin encapsulated in dSML
liposomes accumulated in murine C26 tumor and showed a
therapeutic effect equivalent to that of doxil. The promising
results of this study open the way for further therapeutic
studies with water-soluble drugs, such as gemcitabine, erloti-
nib, vinorelbine, topotecan, floxuridine, vincristine, and
platinum compounds, for which no therapeutically successful
formulations have yet been produced with traditional lip-
osome compositions.
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