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Abstract Four novel cationic lipids with different numbers of
oxyethylene units at the linkage region between the pseudogly-
ceryl backbone and the hydrocarbon chains have been synthe-
sized and used as mixtures with 1,2-dioleoyl-L-KK-glycero-3-
phosphatidyl ethanolamine (DOPE) for liposome-mediated gene
transfection. Incorporation of different numbers of oxyethylene
(^CH2CH2O^) units between long hydrocarbon chain at the C-1
and C-2 positions of the pseudoglyceryl skeleton improved the
transfection efficiency considerably compared to the one in which
the chains were connected via simple ether links. A pronounced
improvement in the gene transfer efficiency was observed with the
unsymmetrical cationic lipid 3 in which the long hydrocarbon at
the C-1 position of the pseudoglyceryl segment is connected via
two (^CH2CH2O^) units. Notably, the transfection ability of
lipid 3 with DOPE in the presence of serum was significantly
greater than LIPOFECTAMINE0. This suggests that introduc-
tion of oxyethylene units between long hydrocarbon chains at the
C-1 and C-2 positions of the pseudoglyceryl skeleton provides a
novel strategy to achieve efficient gene transfer, especially in
conditions where the presence of serum is critical. ß 2001 Pub-
lished by Elsevier Science B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

Ever since its discovery [1], cationic lipid-mediated gene
delivery remains at the forefront of present day scienti¢c re-
search owing to its possible applications in the ¢eld of gene
therapy. Even though the virus-mediated gene transfer is more
e¤cient compared to lipofection, in vivo applications involv-
ing viral delivery matrices are limited due to the inherent
problems associated with it. As a consequence, cationic lipid
formulations have emerged as useful DNA delivery systems
due to their ease of large scale production, simplicity in
preparation and administration, acceptable levels of toxicity,
and low immunogenicity [2]. Combination methods taking
advantages of both viral and non-viral methods are also

very promising [3,4]. To improve the e¤ciency of lipofection,
it is important to ¢ne-tune the various steps involved in trans-
fection starting from the complexation of the DNA with a
suitable cationic lipid to the ¢nal expression of the required
gene [5,6].

The linkage between the polar headgroup and hydrophobic
segments within a lipid molecule has been shown to in£uence
its aggregation property [7]. The aggregation behavior may
also play a role in mediating gene transfer events [8]. For
instance, N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammo-
nium chloride (DOTMA), which contains an ether linkage
between the trimethyl ammonium head group and the long
alkyl chains is shown to have much greater in vivo transfec-
tion e¤ciency than the corresponding cationic lipid with an
ester linkage (DOTAP) [9]. Phospholipid derivatives with
polyoxyethylene (^CH2CH2O^)n groups in their head group
region have been shown to increase the particle stability of
small unilamellar phosphatidylcholine liposomes in plasma by
reducing its interaction with various macromolecules and cell
surfaces [10]. Incorporation of such lipids into cationic lipo-
somes led to enhanced stability of its complex with plasmid
DNA [11]. However, nothing is known with regard to the
transfection abilities of liposomes derived from cationic lipids
that bear one or more oxyethylene (^CH2CH2O^) units at the
chain backbone region. To address this issue with a new cat-
ionic lipid family, we have now synthesized a series of novel
cationic lipids (1^4) in which the linkage between the glycerol
backbone and the long hydrocarbon chain has been system-
atically modi¢ed with the insertion of oxyethylene units of
various lengths. Since the introduction of such linkers should
progressively alter the extent of lipid hydration at the interface
region, we thought that it might be important to understand
how these changes in lipid hydration and aggregation in£u-
ence the plasmid DNA delivery e¤ciency inside the cell. It
was observed that lipids bearing oxyethylene groups at the
linkage region (lipids 1^4) were generally more active than
the lipid having just one ether linkage (DHTMA) in delivering
DNA inside the cell in vitro. The lipid having two oxyethylene
units at the C-1 chain linkage region (lipid 3) was found to be
the most e¤cient cytofectin among the lipids studied when
used as a 1:1 formulation with helper lipid 1,2-dioleoyl-sn-
glycero-3-phosphatidylethanloamine (DOPE). Most impor-
tantly, the transfection e¤ciency of these lipid formulations
was particularly impressive even when serum was present dur-
ing the DNA complexation.
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Abstract

Four novel cationic lipids witholigo-oxyethylene units at various linkage regions between the pseudoglyceryl
backbone and the hydrocarbon chains have been synthesized. The membrane-formingproperties of these new lipids
are briefly presented. © 1999 Elsevier Science Ltd. All rights reserved.

Cationic lipids have been attracting increasing attention recently owing to their possible applications
in gene therapy.1,2 The functional group that connects the head group and the hydrocarbon chains
of these cationic lipid molecules plays an important role in their utilization in gene transfer events.
For instance, DOTMA, which contains an ether linkage between the head group and the long alkyl
chain is shown to have much greater in vivo transfection efficiency than the corresponding cationic
lipid with an ester linkage (DOTAP).3 For the last few years, we have been investigating the role of
various molecular level modifications on the properties of membranes formed from different lipids.4 An
alternative concept in lipid molecular design is introduced herein by the incorporation of a hydrophilic
spacer between the hydrocarbon chains and the pseudoglyceryl backbone of the cationic lipids. The
importance of the hydrophilic spacer groups for the interaction with bio-reactive centres (such as
enzymes) attached to various carriers is well known.5 Recently, it has been shown that the hydrophilic
polymer, polyoxyethylene glycol (PEG) brings about interesting biological and pharmaceutical effects
when grafted onto the head group regions of some phospholipids.6 However, the effects of insertion
of oligo-oxyethylene units at the linkage site of the lipid has not been examined. Consequently, the
properties of the resulting membranes from these types of lipids presently remain unknown. Herein we
describe a convenient synthesis of the above type of cationic lipids1–4 and briefly report their membrane
forming properties.
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The synthesis of the first series of this class of molecule, which contains oxyethylene units in both
the chains at the C-1 and C-2 positions of the backbone is outlined in Scheme 1. Ethylene glycol
monohexadecyl ether5a, and diethylene glycol monohexadecyl ether5b, on reaction with tosyl chloride
in the presence of pyridine in CH2Cl2, afforded the corresponding tosylates6a–b. Benzyl glycerol8
was synthesized by slight modification of a literature procedure from 1,2-O-isopropylidene glycerol.7

Benzyl glycerol 8, on reaction with either tosylates6a or 6b under NaH/THF conditions, yielded
9a or 9b, respectively, in moderate yields. Debenzylation of9 to the glycerol derivatives10 was
achieved conveniently by hydrogenolysis. The conversion of10 to the primary bromide12, however,
proved difficult. The bromination under Appel conditions (CBr4/PPh3 in CH2Cl2) was not satisfactory.
Ultimately, success was attained by treating the corresponding tosylates11aor 11b with LiBr in DMF.
Substitution of the tosylate residue in11 with NaBr in acetone was, in contrast, very sluggish. The
bromides12aand12bwere finally converted in good yields to the corresponding cationic lipids1 and2,
respectively, by reaction with trimethylamine in acetonitrile–toluene mixture in a sealed tube.

Scheme 2 depicts the synthesis of the mixed chain lipid3 in which the hydrophilic dioxyethylene
spacer has been introduced only at C-1 of the pseudoglyceryl backbone. The alcohol14was synthesized
by modification of a literature procedure.8 Chloroethoxyethanol was protected as a tetrahydropyranyl
(THP) ether13. Benzyl glycerol was then selectively alkylated at the primary OH residue via a phase
transfer catalyzed reaction. The yield of this reaction was found to be dependent upon the reaction
time since the corresponding dialkylated derivative was also formed on prolonged reaction. Subsequent
removal of the THP protecting group afforded14, which on reaction with hexadecyl chloride under
similar phase transfer conditions, gave15 in moderate yields. From15, the cationic lipid3 was then
prepared via removal of benzyl protecting group, conversion of the alcohol to bromide via the tosylate,
and quaternization with trimethylamine in a similar manner as described in Scheme 1.

The synthesis of cationic lipid4, in which the oxyethylene unit remains at C-2 of the pseudoglyceryl
backbone, has been achieved as summarized in Scheme 3. Benzyl glycerol8 was refluxed with one
equiv. of hexadecyl tosylate in the presence of NaH in THF to yield the monoalkylated derivative16.
It was then treated with6b under the same conditions to furnish17. This, on hydrogenolysis, afforded
the corresponding alcohol, which was finally converted to the desired lipid4 following the same route as
described in the previous cases. All the numbered intermediates and the final products were characterized
by their IR,1H NMR and mass spectra.9

Sonication (10–15 min) of aqueous suspensions of each of the newly synthesized lipids above≈50°C
afforded stable translucent solutions. Existence of vesicle-like organizations in these suspensions was
evident from the thermal studies. The thermal gel-to-liquid crystalline phase transition temperatures of
vesicular1, 2 and3 were found to be ca. 38, 39 and 31°C, respectively, on the basis of temperature-
dependent anisotropy measurements using a fluorescent probe, DPH. The lipid4, however, showed a


