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New helper lipids, possessing an imidazole polar head, have been

synthesized and included in formulations for transfection assays;

these new helper lipids can improve the transfection by a factor

of up to 100 compared to the use of DOPE as co-lipid.

Since the pioneering work of Felgner1 and Behr2 the molecular

diversity of cationic lipids used as nonviral vectors for DNA

delivery has become very broad.3 Cationic lipids form electro-

static complexes (so-called lipoplexes) with plasmid DNA and

help it to enter the cells according to endocytosis mechanisms.4

They are usually formulated as liposomes with a neutral co-

lipid like dioleoylphosphatidyl-ethanolamine (DOPE), choles-

terol or dioleylphosphatidyl-choline (DOPC) both to decrease

the amount of cationic lipids and to promote membrane

fusion.5 Although considerable efforts have been made in the

design of various cationic lipids,6 the synthesis of new co-lipids

has been less explored. Structural modifications of DOPE

itself (introduction of perfluoro chains or an alkyne group in

the lipid chain) and of related structures derived from archae

lipids have been performed.7–9 Cationic lipophosphoramidates

with a phosphonium or an arsonium group as polar head have

proved their efficiency in transfection of cells both in vitro and

in vivo.10 We report herein the synthesis of novel neutral

imidazole-lipophosphoramidates 1 and 2 (Scheme 1) and their

incorporation into cationic lipophosphoramide formulations

for transfection of mammalian cells.

The lipophosphoramides 1 and 2 were synthesized accord-

ing to a Todd–Atherton reaction involving dioleyl phosphite

and either histidine methyl ester (to produce 1) or histamine

(to produce 2). These lipophosphoramides are neutral at

physiological pH (7.3) due to the pKa of the imidazole

heterocycle which varies from 5.5 to 6.2 for histidine methyl

ester and histidine.11 The protonation can thus occur in the

acidic compartments of the cell (e.g. endosome), induce fusion

of liposomes with endosome and favor the release of DNA in

the cytosol.12 Moreover, the modification of the protonation

state of the co-lipid might induce structural changes that could

also facilitate the liberation of the plasmid from the endosome.

We have synthesized new lipophosphoramidates character-

ized by a cationic polar head composed of a natural a-amino-

ester 3–4 (Scheme 2) or an N-3-methylimidazolium salt 5.13

We formulated compounds 3–5 in the absence or in the

presence of one co-lipid selected from among 1, 2, cholesterol

(Chol) or DOPE in a 1 : 1 molar ratio. The transfection

efficiencies of HEK293-T7 cells with 2.5 mg pCMVLuc plasmid

obtained at the optimal lipid/DNA charge ratio are summar-

ized in Fig. 1. It was observed that the arginine and homo-

arginine lipophosphoramidates 3 and 4 were more efficient

when formulated with the neutral lipophosphoramidate 1

(Fig. 1; parts A and B). The luciferase activity was 350-fold

higher than with the cationic lipid alone, or 100-fold higher

than a formulation with DOPE. The luciferase expression

reached the highest level (3.5 � 109 RLU/mg of protein) when

4 was formulated with 1. Chol and the lipophosphoramidate 2

were much less efficient co-lipids for 3 and 4, demonstrating

that structural similarities (the presence of a carboxylic methyl

ester) between the cationic lipid and the co-lipid might be an

influencing factor. With the lipophosphoramidate 5, DOPE or

the lipophosphoramidate 2 produced the best formulations

this time while the co-lipid 1 dramatically decreased the

transfection efficiency (Fig. 1, part C). It is noticeable that

the cationic lipid 5 and the co-lipid 2 share a related structural

feature with the absence of the carboxylic methyl ester group

in the a-position of the phosphoramide link. Compared

to DOPE, there was no benefit of 1 or 2 with DOTAP

(Fig. 1, part D).

Scheme 1 Neutral lipophosphoramidates 1 and 2.

Scheme 2 Molecular structures of cationic lipids 3–5.
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Among the best formulations, the transfection efficiency

with 4/1 was higher (P o0.001) than with 5/2 or 5/DOPE.

The cytotoxicity induced by 4/1 lipoplexes was low (5%)

compared to that observed with 5/2 (45%) or 5/DOPE

(18%) lipoplexes (see ESIw). The numbers of cells transfected

by 4/1 and 5/2 lipoplexes were 24% and 14%, respectively (see

ESIw). In the presence of serum the transfection efficiency

decreased when cationic lipids 5 or DOTAP were used what-

ever the nature of the co-lipid added (Table 1). In contrast,

lipid 4 was less sensitive to serum especially when formulated

with co-lipid 1.

The size and the x potential of liposomes and lipoplexes

were determined (see ESIw). Lipoplexes produced nano-

objects with a size between 100 and 300 nm and a x potential

ranging from �41 to +62 mV. Although no definitive correla-

tion can be established between these data and the transfection

efficiency, it appeared that the x potential of lipoplexes is close

to 0 or slightly negative for the more efficient formulations.

The rational design of compounds 1 and 2 was based on

their capacity to promote membrane destabilization in acid

medium as the endosome lumen. When checked by FRET,14

the fusion of 5/DOPE liposomes with lipid bilayers containing

phosphatidylcholine (PC) and phosphatidylserine (PS) was

higher than with 5/2 ones at pH 7.4 (Fig. 2). In contrast, the

fusion of 5/2 liposomes at pH 6 was higher than at pH 7.4 and

this time close to that obtained with 5/DOPE liposomes. The

imidazole protonation of compound 2 at pH 6 is supposed to

increase the fusogenic character of 5/2 liposomes in acidic

medium. As in the case of the transfection efficiency, this

property may also depend on the type of the cationic lipid/co-

lipid association. Although the fusion was higher with 4/1

liposomes than 4/DOPE ones, the fusion with the former was

indeed lower at pH 6 than at pH 7.4 (see ESIw). Membrane

destabilization might occur this time according to the proton

sponge hypothesis.15

In conclusion, these novel neutral imidazole-lipophosphor-

amides improve significantly the transfection efficiency of

cationic lipophosphoramides, some combinations being sig-

nificantly better than DOPE as co-lipid. These results under-

line the benefit of co-lipids with an imidazole head group and

demonstrate the necessity to design neutral and cationic lipids

jointly to produce optimized formulations.
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