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The synthesis and in vitro evaluation of four cationic lipid gene delivery vectors, characterized by acyclic
or macrocyclic, and saturated or unsaturated hydrophobic regions, is described. The synthesis employed
standard protocols, including ring-closing metathesis for macrocyclic lipid construction. All lipoplexes
studied, formulated from plasmid DNA and a liposome composed of a synthesized lipid, 1,2-dimyri-
stoyl-sn-glycero-3-ethylphosphocholine (EPC), and either 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) or cholesterol as co-lipid, exhibited plasmid DNA binding and protection from DNase I
degradation, and concentration dependent cytotoxicity using Chinese hamster ovary-K1 cells. The trans-
fection efficiency of formulations with cholesterol outperformed those with DOPE, and in many cases the
EPC/cholesterol control, and formulations with a macrocyclic lipid (+/� 10:1) outperformed their acyclic
counterparts (+/� 3:1).

� 2012 Elsevier Ltd. All rights reserved.
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Gene therapy has significant potential for the treatment of
inherited and acquired life threatening diseases, such as cancer,
AIDS, cardiovascular diseases, and certain autoimmune disorders.1

Viral vectors are the most widely used gene delivery vehicle due to
their high transfection efficiency. However, the use of viral based
therapeutics is restricted by drawbacks including immunogenicity,
biological safety, and size restrictions on the plasmid DNA (pDNA)
cargo. For these reasons, non-viral synthetic gene delivery reagents
represent an attractive, alternative approach to gene delivery that
offers many advantages over viral vectors. Liposomes based on cat-
ionic lipids have been the subject of considerable interest as non-
viral delivery vectors,2,3 which, in general, exhibit excellent bio-
compatibility, low immunogenicity,4 low toxicity,5,6 well defined
physical and chemical composition, large nucleic acid payload
capacity, and the potential to transfect numerous tissue and cell
types.7 Furthermore, cationic lipids are characterised by their sim-
plicity of production and ease of application.

The typical structure of cationic lipid vectors includes a posi-
tively charged polar (hydrophilic) headgroup connected through
to a hydrophobic domain via a linker unit (e.g., an ester) and a
backbone, typically glycerol (Fig. 1). The two most common hydro-
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phobic domain architectural constructs are composed of either; (i)
two flexible (non-rigid) hydrophobic tails, mainly as saturated or
mono-unsaturated fatty acid chains containing typically 14 to 18
carbon atoms, where 1,2-dimyristoyl-sn-glycero-3-ethylphosph-
ocholine (EPC) in Figure 1 is a representative example, or (ii) a rigid
cholesteryl moiety, exemplified by 3b-[N-(N0,N0-dimethylamino-
ethyl)-carbamoyl]cholesterol (DC-Chol). A common empirical
EPC

backbone headgrouphydrophobic domain

Figure 1. Lipid structural features and the rigidity range associated with the
hydrophobic domain of common cationic lipids DC-Chol and EPC.
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approach to improving transfection efficiency and reducing cellu-
lar toxicity has focused on synthetic modifications to the positively
charged headgroup and/or linker functionality, while less attention
has been given to the role of the hydrophobic domain. Our recent
research efforts have focused on structural modifications to the li-
pid headgroup, but also an investigation of the rigidity-range
(Fig. 1) associated with the hydrophobic core of lipid vectors to-
wards enhancing nucleic acid delivery,8,9 where the lipids EPC
and DC-Chol represent two extremes along the rigidity-range.

Macrocyclic archaebacteria lipids10 have attracted much atten-
tion because they form liposomes that demonstrate enhanced sta-
bility to oxidative stress, high temperature, alkaline pH and the
action of serum proteins.11 It has been previously reported that
these lipids form more tightly packed vesicles than their acyclic
counterparts.12 Furthermore, Benvegnu and co-workers13 have re-
ported the use of novel, archaeobacterial-like cationic lipids for
in vitro gene transfection for the purpose of modulating the lipidic
membrane fluidity of the complexes they form with DNA. Such re-
ports have led us to hypothesize that macrocyclic cationic lipids
may package pDNA sufficiently different than their acyclic lipid
analogues, possibly giving rise to enhanced protection of the pDNA
cargo from degradative enzymes, and ultimately enhanced gene
transfer. To the best of our knowledge there are no reports on
the use of cationic lipids containing a macrocyclic hydrophobic do-
main as gene carriers. The synthesis of a macrocyclic lipid as a ‘per-
spective’ molecule for gene transfer was previously described in
the literature.14 Reports on the use of cyclic structures in the head-
group have appeared in the literature, including applications of;
liposomes containing varying amounts of surfactin, a biosurfactant
containing a cyclic peptide in the headgroup,15 a novel, single-
chain lipid containing a macrocyclic polyamine (Cyclen) head-
group,16 and a cationic glycolipid containing a cyclic galactose-
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Figure 2. The structures of lipids employed in this study: (a) the acyclic and
macrocyclic cationic lipids, 1–4; and (b) the neutral co-lipids cholesterol and DOPE.
based headgroup.17 Finally, examples of gene carriers which incor-
porate a macrocyclic structure in the backbone include structures
which possess a calix[4]arene18 or a cyclodextrin.19

In the present work, four novel cationic lipids, 1–4, were syn-
thesized as gene delivery reagents (Fig. 2a), and liposomes were
prepared from the synthetic lipids mixed with the commercial cat-
ionic lipid EPC together with a neutral co-lipid, either 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) or cholesterol (Chol)
(Fig. 2b). An equal molar proportion of the cationic lipid EPC was
included in each lipoplex formulation to aid in the solubility of
the synthetic lipids 1–4. Furthermore, the formulations contained
either the neutral lipid DOPE or Chol to assess the impact these
co-lipids had on gene delivery. Lipid/pDNA complexes (lipoplexes)
were formulated by associating varying amounts of liposomes with
a constant amount of pDNA. The interaction of liposomes with
pDNA was investigated via gel electrophoresis and the protective
character of the cationic lipids within these structures was as-
sessed via a degradation assay. The set of four related cationic lip-
ids possess identical amine headgroups, and comprise two pairs;
each of which contains, in the hydrophobic domain, an acyclic
and a cyclic counterpart. One pair, 1 and 3, is composed of lipids
containing one or two alkene units in the hydrophobic region,
and the other pair, 2 and 4, is composed of the corresponding sat-
urated lipids. An evaluation of the in vitro cytotoxicity and gene
transfer structure-activity relationships were conducted with Chi-
nese hamster ovary-K1 (CHO-K1) cells.

Our synthesis of a cationic lipid library began with the protec-
tion of commercially available solketal (5), using 4-methoxybenzyl
chloride and potassium hydroxide in dimethyl sulfoxide (DMSO),
followed by treatment of the cyclic acetal with 10% aqueous acetic
acid to give the diol 6 in 50% yield over two steps (Scheme 1a).
Esterification of the diol 6 with two equivalents of 6-heptenoic acid
using N,N0-dicyclohexylcarbodiimide (DCC) and 4-(dimethyl-
amino)pyridine (DMAP) gave the diene 7 in 58% yield. The diene
7 was used as a common building block from which all of the re-
quired cationic lipids were elaborated. For example, construction
of the unsaturated acyclic cationic lipid 1 began with deprotection
of the benzyl ether in 7 using 2,3-dichloro-5,6-dicyano-p-benzo-
quinone (DDQ) to give the crude alcohol 8, which was used in
the subsequent step without further purification. Our attempts to
purify the alcohol 8 by flash column chromatography on silica,
and other related structures such as the alcohol 12 (Scheme 2),
led to an inseparable mixture of acyl shift products, which included
the corresponding symmetrical constitutional isomer.20 Next,
installation of the cationic headgroup began with esterification of
the crude alcohol 8 using 5-bromovaleric acid, in the presence of
DCC and DMAP, to give the tri-ester 9 in 17% yield over two steps.
We were disappointed to discover this reaction, and others such as
the construction of 10, suffered from the formation of a symmetri-
cal tri-ester, which made up the remainder of the material balance,
resulting from secondary to primary hydroxyl acyl shift, followed
by esterification of the resulting secondary alcohol with 5-brom-
ovaleric acid. Finally, the bromide 9 was displaced with a 10-fold
excess of dimethylamine (2 M in tetrahydrofuran (THF)), followed
by treatment of the resulting amine with a 2 M solution of hydro-
chloric acid in diethyl ether to give the cationic unsaturated acyclic
lipid 1 in 99% yield over two steps.21

Construction of the cationic saturated acyclic lipid 2, which fol-
lowed a similar sequence of steps to those described above for 1,
started from the common building block 7. Hydrogenation and
hydrogenolysis of 7 using hydrogen gas and 10% palladium on car-
bon, followed by esterification of the resulting crude alcohol gave
the tri-ester 10 in 67% yield over two steps (Scheme 1b). In a
two-step sequence, involving amination and subsequent treatment
with acid, the bromide 10 was converted into the cationic lipid 2 in
99% yield over two steps.



7 O

O
O

OO

OO

O

O

Ovii,v O Br
O

vi

O

O
OH i,ii HO

HO
OPMB O

O
OPMB

O

Oiii O

O
OH

O

Oiv

O

O

O

Ov O Br
O

O

O
O N

OO

Ovi

5 6 7 8

9 1

10 2

a

b

H

N H

Cl

Cl

Scheme 1. Reagents and conditions: (i) PMBCl, KOH, DMSO, rt; (ii) 10% AcOH, water, 90 �C, 50% (2 steps); (iii) 6-heptenoic acid (2 equiv.), DCC, DMAP, CH2Cl2, rt, 58%;
(iv) DDQ, water/CH2Cl2 (1:10), rt; (v) 5-bromovaleric acid, DCC, DMAP, CH2Cl2, rt, 17% (9) or 67% (10) (2 steps); (vi) a. 2 M (CH3)2NH in THF, THF, rt; then b. 2 M HCl in diethyl
ether, rt, 99% (2 steps); (vii) H2, 10% Pd-C, AcOH/EtOH (1:10), rt. PMB = p-methoxybenzyl.
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The common building block 7 was employed to elaborate the
macrocyclic cationic lipids 3 and 4, corresponding to the cationic
acyclic lipids 1 and 2, respectively. Ring-closing metathesis
(RCM) of the diene 7 using Grubbs’ second generation pre-catalyst,
under high dilution conditions, gave an inseparable 3:1 mixture of
the macrocyclic alkene isomers 11 in 73% combined yield
(Scheme 2). Using proton NMR we were unable to conclusively
determine which of the alkene isomers of 11 was the major prod-
uct. Molecular mechanics calculations, together with a Monte Carlo
conformational search, were separately performed on the individ-
ual isomeric macrocyclic products 11, each of which led to a num-
ber of low energy conformations. Using the energy difference
between the global minimum conformation of each geometric iso-
mer a 3:1 (E)-11 to (Z)-11 ratio was calculated.22 Next, the macro-
cyclic lipid 11 was converted into the unsaturated macrocyclic
cationic lipid 3 in 44% yield over three steps, which included:
DDQ deprotection, esterification with 5-bromovaleric acid, and
then conversion of the alkyl bromide into the ammonium salt 3.
During the conversion of 11 into 3, all synthetic intermediates
and the cationic lipid 3 were formed as inseparable 3:1 mixtures
of geometric isomers. Finally, using a similar sequence of steps
the saturated macrocyclic cationic lipid 4 was constructed from
11, via the crude alcohol 12, in 48% yield over three steps.

Lipoplexes were prepared from liposomes that contained one of
the four synthetic cationic lipids, 1–4, combined with pDNA. The
liposomes were formulated first by combining ethanolic stock
solutions of a cationic lipid, 1–4, along with EPC and a neutral
co-lipid, DOPE or cholesterol, in a 1:1:2 molar ratio. The cationic
liposomes were prepared by sonication of hydrated thin films of
the combined lipids formed upon evaporation of ethanol under re-
duced pressure. Liposome particle sizing was obtained for all lipo-
some formulations (with DOPE or Chol as co-lipid) using dynamic
light scattering and revealed a range in diameter between 150 and
530 nm. It is interesting to note, all of the formulations using the
unsaturated lipids, 1 or 3, with the exception of 1/EPC/Chol, were
approximately three times larger than their saturated counter-
parts. Subsequently, combining the various cationic liposomes
with negatively charged pDNA resulted in lipoplex formation, ini-
tially mediated by electrostatic interactions and subsequently by
hydrophobic effects.23–25 The lipoplexes assembled into nano-
sized particles with diameters in the range 290–900 nm.

Lipoplex formation upon association of liposomes with pDNA
was investigated over a range of cationic lipid:DNA (+/�, or
nitrogen/phosphorous (N/P)) molar charge ratios using a gel
retardation assay (Fig. 3). Similar retention trends were observed
in formulations with either DOPE or cholesterol as the co-lipid.
Liposome formulations with high N:P molar charge ratios re-
vealed the highest level of pDNA association, evident from Fig-
ure 3. Lipoplexes containing 2/EPC/DOPE, 4/EPC/DOPE, 2/EPC/
Chol and EPC/Chol revealed complete retention at a N:P molar
charge ratio of 10:1. All other formulations showed incomplete
retention, even at the higher molar charge ratios, however most
lipoplexes exhibited some degree of retention from a N:P molar
charge ratio of 3:1. The minor differences observed for pDNA
association between lipoplexes using the same co-lipid and at
the same molar charge ratio, were likely due to the differences
in the hydrophobic domain of the cationic lipids, 1–4, each of
which possess the same headgroup.



Figure 3. Gel retardation assays of liposomes formulated with a cationic lipid, 1–4, EPC, and either DOPE (A) or cholesterol (B) as co-lipid, combined with pDNA at various N:P
(+/�) molar charge ratios, ranging from 0.5:1 to 10:1, and run through a 1% agarose gel impregnated with the pDNA gel stain, ethidium bromide. Lanes L and D denote the 1 kb
DNA ladder and pDNA, respectively.
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Figure 4. DNase I degradation assays of liposomes formulated with a cationic lipid, 1–4, EPC, and either DOPE (A) or cholesterol (B) as co-lipid, combined with pDNA at
various N:P (+/�) molar charge ratios, ranging from 0.5:1 to 10:1, and run through a 1% agarose gel impregnated with the pDNA gel stain, ethidium bromide. Lanes L and D
denote the 1 kb DNA ladder and pDNA, respectively.
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A set of DNase I degradation assays were performed to assess
the protective character the novel cationic vectors offer the nucleic
acid cargo from degradative enzymes. This assay involved incuba-
tion of each lipoplex with DNase I, which cleaves unbound and/or
unprotected pDNA into linear fragments, followed by quenching of
the DNase and incubation of the lipoplexes with the surfactant so-
dium dodecyl sulfate (SDS) to release any residual, intact DNA from
the lipoplex which was subsequently visualized by gel
electrophoresis.

DNase I protection experiments were carried out by complexing
pDNA with liposomes containing a cationic lipid, 1–4, at N:P (+/�)
molar charge ratios ranging from 0.5:1 to 10:1 and then incubating
with DNase I for 1 h at 37 �C. Figure 4 shows the naked pDNA (lane
D) followed by the naked pDNA incubated with DNase I, resulting
in complete digestion (lane DNase) as indicated by the absence of
the intense band for naked pDNA. Lipoplexes with N:P molar
charge ratios P3:1 generally revealed greater protection of the nu-
cleic acid cargo. A comparison between the lipoplexes formulated
with DOPE (Fig. 4A) versus those with cholesterol (Fig. 4B) as co-li-
pid indicated that formulations using cholesterol led to a modest
improvement in the protective character of the lipoplex. However,
it should be noted that a comparison between the various lipoplex
formulations within either co-lipid series did not indicate a signif-
icant difference in the ability to protect the pDNA cargo.

The cytotoxicity associated with lipoplex formulations at N:P
(+/�) molar charge ratios ranging from 0.5:1 to 10:1 was deter-
mined using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay. CHO-
K1 cells were incubated with different formulations for 48 h at
37 �C in the presence of 5% CO2. The results illustrated in Figure 5
show a concentration-dependent cytotoxicity associated with all
lipoplex formulations.

Lipoplexes formulated with lipids 1–4, EPC and DOPE as co-lipid
revealed a general trend of higher toxicity than the control lipo-
A

B

Figure 5. Cytotoxicity of liposomes formulated with a cationic lipid, 1–4, EPC, and eithe
molar charge ratios, ranging from 0.5:1 to 10:1, 48 h after transfection of CHO-K1 cells.
untreated cells. The data reported was the average of two experiments, each performed
plexes containing only EPC and DOPE at all but the lowest molar
charge ratio of 0.5:1 (Fig. 5A). With the exception of 3/EPC/DOPE
and EPC/DOPE, less than 70% cell viability was observed in the
DOPE-containing formulations with a N:P molar charge ratio high-
er than 1:1. However, formulations of the cationic lipids 1–4 with
EPC and cholesterol as co-lipid showed comparable or better cell
tolerance than the control lipoplexes containing only EPC and cho-
lesterol (Fig. 5B). The formulations with a N:P molar charge ratio
up to and including 3:1 revealed approximately >80% cell viability.
Moreover, lipoplexes containing the macrocyclic cationic lipids (3
and 4) with cholesterol as co-lipid revealed cell viability approxi-
mately >60% for all N:P molar charge ratios examined in this study.

In order to evaluate the pDNA transfection efficiency of lipo-
plexes formulated with the cationic lipids 1–4, cells were transfec-
ted with lipoplexes for 4 h, then replaced with complete growth
media, followed by incubation for a further 48 h at 37 �C in the
presence of 5% CO2 before assaying b-galactosidase expression
using the Beta-Glo� Assay System (Promega).

All lipoplex formulations containing compounds 1–4 formu-
lated with EPC and either DOPE or cholesterol as co-lipids demon-
strated some level of gene induction evidenced by the luciferin
luminescence as a result of b-galactosidase gene transfer to cells
(Fig. 6). Cells incubated with the free soluble pDNA did not show
any detectable transfection (data not shown). The transfection effi-
ciency of lipoplexes containing cholesterol as co-lipid was gener-
ally found to be greater than those formulated with DOPE, with
the exception of the lower N:P (+/�) molar charge ratios assayed
(e.g., 0.5:1 and 1:1).

Aside from the lipoplex 3/EPC/DOPE at a N:P molar charge ratio
of 10:1, all lipoplex formulations with DOPE as co-lipid showed
lower transfection efficiency when compared with the control lip-
oplex EPC/DOPE (Fig. 6A). Within this series of lipoplexes, those
composed of unsaturated lipids (1 or 3) revealed greater transfec-
tion than their saturated counterparts (2 or 4) regardless of the
r DOPE (A) or cholesterol (B) as co-lipid, complexed with pDNA at various N:P (+/�)
The percentage of viable cells was calculated as the absorbance ratio of treated to
in triplicate, and expressed as mean ± S.E.
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Figure 6. Transfection efficiency of liposomes formulated with a cationic lipid, 1–4, EPC, and either DOPE (A) or cholesterol (B) as co-lipid, complexed with pDNA at various
N:P (+/�) molar charge ratios, ranging from 0.5:1 to 10:1, 48 h after transfection of CHO-K1 cells. Luciferin luminescence for the pDNA treated cells was normalized to total
protein. The data reported was the average of two experiments, each performed in triplicate, and expressed as mean ± S.E. ⁄p <0.05, ⁄⁄p <0.01 (Student’s t test).
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acyclic or cyclic nature of the hydrophobic domain. This result was
consistent with similar reports found in the literature.26–28 In gen-
eral, optimum efficiency was observed at a N:P molar charge ratio
of 1:1 for all lipids 1-4 formulated with DOPE as co-lipid.

Lipoplex formulations containing lipids 1–4 formulated with
cholesterol as co-lipid revealed, in most cases, a similar level of
transfection when compared with the control lipoplex EPC/Chol
(Fig. 6B). Three of the lipoplex formulations composed of the mac-
rocyclic cationic lipids 3 and 4 performed significantly better than
the control, as illustrated by the red correlation lines. Interestingly,
formulations containing the cationic acyclic lipids 1 and 2 showed
optimal transfection efficiency at a N:P molar charge ratio of 3:1,
while those containing the macrocyclic lipids 3 and 4 exhibited a
general concentration dependence up to a N:P molar charge ratio
of 10:1. In general, the lipoplexes formulated with the lipids 1–4,
EPC and cholesterol as co-lipid exhibited higher transfection effi-
ciency than the corresponding formulations containing DOPE as
co-lipid.

For N:P (+/�) molar charge ratios of 5:1 and 10:1, lipoplexes
formulated with the macrocyclic compounds 3 or 4, EPC, and cho-
lesterol as co-lipid revealed a trend towards better transfection
than lipoplexes composed of their acyclic counterparts 1 or 2.
Among the formulations included in the present study, the lipoplex
composed of the unsaturated macrocyclic cationic lipid 3 exhibited
the highest transfection efficiency at the N:P molar charge ratio of
10:1.

Taken into consideration that the lipoplexes composed of 3 or 4
did not show better association with pDNA or better protection
against DNase I than their acyclic counterparts 1 or 2, it is possible
this enhancement of transfection may be due to an improvement
of pDNA delivery inside the cell. Indeed, it is well documented that
transfection using mixed cationic lipids resulting in the liposomal
incorporation of aliphatic chains of varying lengths, as is the case
with a mixture of EPC and cationic lipids 1–4, can improve trans-
fection efficiency potentially by promoting endosomal escape.29–

31 MacDonald and co-workers32 have demonstrated that when
mixtures of cationic lipids, particularly with significantly different
structural properties, are used together, the system is no longer in
a single fully miscible phase. That is, the lipids pack poorly and
thus constitute a defect, resulting in fusion with bilayers of the
endosome membrane, a key step for DNA release from the lipo-
plexes.33,34 This may be the case in the current study where the
length of the hydrophobic domain of our novel lipids, 1–4, differs
from that of EPC. This effect is pronounced with cholesterol and
particularly with the cyclic compounds that have a more rigid
hydrophobic domain enabling the formation of such structural de-
fects, and may result in a more effective release of the DNA, and
ultimately better transfection efficiency. This hypothesis will be
evaluated through further studies on the next generation of cyclic
compounds whose synthesis is already in progress.

We report for the first time the successful application of cat-
ionic lipids containing a macrocyclic hydrophobic domain as gene
delivery vectors. Four novel cationic lipids with short hydrophobic
domains, including two acyclic (1 and 2) and two macrocyclic com-
pounds (3 and 4), were designed and synthesized. In association
with EPC and either DOPE or cholesterol as co-lipid the synthesized
lipids 1–4 achieved efficient plasmid DNA complexation and pro-
tection from DNase I degradation, with no significant difference
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observed between the cationic lipids. All lipoplex formulations
generally exhibited molar charge ratio dependent cytotoxicity.
The formulations which contained cholesterol generally exhibited
marginally to significantly higher cell viability and significantly
higher in vitro transfection into CHO-K1 cells than those formu-
lated with DOPE as co-lipid. In some cases the observed transfec-
tion efficiency was greater than the EPC/Chol control, a
formulation widely used for gene transfer. Within the cholesterol
formulation series, the highest transfection efficiency was achieved
at N:P 3:1 for lipoplexes composed of the acyclic lipids, 1 or 2, and
at N:P 10:1 for the macrocyclic lipids, 3 or 4. However, were the
macrocyclic lipids 3 or 4 to be employed for gene therapy at this
molar charge ratio (N:P 10:1) it would be at the expense of low cell
viability. In this context, the matched characteristics of high cell
viability (approximately >80%) and high transfection efficiency
was achieved at a N:P molar charge ratio of 3:1 for all lipoplexes
formulated with a cationic lipid (1-4), EPC and cholesterol.

The results of these studies are very encouraging and support
our hypothesis that macrocyclic lipids possess interesting proper-
ties as non-viral gene delivery vectors, including enhanced trans-
fection efficiency. Further work, including the optimization of the
lipid synthetic route, an investigation of different hydrophobic do-
mains and headgroups, as well as an investigation of the intracel-
lular trafficking of these lipoplexes are in progress and will be
disclosed in due course.
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