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Cationic liposomes formulated with neutral 1,2-dimyristoyl-sn-glycero-3-phosphocholine and
cationic gemini surfactants were used for transfecting different cell lines with a reporter gene.
The efficiency in the transfection has been correlated to the high extent of DNA condensation
observed by circular dichroism, condensation shown to depend heavily on the gemini spacer
structure. Transfection efficiency was better than that obtained with a commercial lipofection
kit.

Introduction

The challenge of modern medicine is to fight the
causes of diseases and not just to treat symptoms. One
of the most promising tools to achieve this goal is
represented by gene therapy. The aim of gene therapy
is to provide specific cells of a patient with the genetic
information necessary to produce therapeutic proteins
for correction or modulation of diseases. The therapeutic
gene has to reach the target cells via an appropriate
delivery system, but a major obstacle in gene therapy
has been indeed represented by exploiting proper vec-
tors.1 The ideal delivery system should be safe, be stable
to degradation, reach selectively the target cell, cross
the plasma cell membrane efficiently, allow an effective
release of the nucleic acid in the cytosol, and result in
a substantial production of the therapeutic protein. The
development of vectors capable to address as much as
possible all these features could render gene therapy a
general treatment for many diseases.

Liposomes have the potential of fulfilling the char-
acteristics of the ideal vectors because they are safe,
being formulated with natural lipids, and feature a
remarkable versatility at the molecular and formulation
level.2 The use of cationic components in the formula-
tions to obtain an overall positive charge of the vesicles
can satisfy both the need of the electrostatic interactions
with the phosphate backbone with the possibility of
condensation of nucleic acids, with the implications of
size reduction and higher resistance to degradation, and
the need of similar interactions with the plasma mem-
brane.

In the panorama of new amphiphiles, gemini surfac-
tants,3 featuring two hydrophobic chains and two polar
headgroups linked by a spacer, seem quite promising.

Their physicochemical features are different from those
of conventional surfactants, and recent studies pointed
out that opportunely designed cationic geminis gave
high transfection efficiency.4,5

Fundamental to the success of lipid systems as nucleic
acid vehicles is the knowledge, on one hand, of their
physicochemical properties and, on the other, of the
modes by which such properties influence the behavior
of the liposome/nucleic acid complex (lipoplex) in the
biological milieu. The correlation between these two
aspects is a central point in the development of new
efficient lipid vectors for gene therapy. Despite several
investigations directed toward an extensive rationaliza-
tion of the parameters controlling the complexation of
DNA and therefore transfection,6-10 many issues are
still under debate.

The work described below is aimed at correlating the
molecular structure of the cationic component of lipo-
somes, to the liposome capability of condensing DNA
and to the transfection efficiency of the lipoplexes; in
particular, we investigated the role of the stereochem-
istry of the spacer of a cationic gemini surfactant.

Circular dichroism (CD) experiments allowed us to
correlate the capability of condensing a plasmid carrying
a reporter gene (GFP) under the control of an ubiquitous
promoter (CMV) by liposomes formulated with a neutral
phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) and any of the cationic amphiphiles (CA)
reported in Chart 1 to the molecular structure of the
cationic component. In vitro experiments carried out on
COS-7, LA7, and human fibroblast cell lines demon-
strated a remarkable correlation between the condensa-
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† Università degli Studi di Roma “La Sapienza”.
‡ Centro di Eccellenza Materiali Innovativi Nanostrutturati per

Applicazioni Chimiche.
§ Istituto di Tecnologie Biomediche del CNR.
| Present address: European Commission - Joint Research Centre,

Institute for Health and Consumer Protection, Physical and Chemical
Exposure Unit T. P. 460, 21020 Ispra (VA), Italy.

Chart 1. Structures of the Cationic Amphiphiles Used
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tion of DNA observed by CD and the transfection
efficiency. Transfection efficiency of CMV/GFP DNA
complexed by different liposome formulations was com-
pared with that obtained using a commercial transfec-
tion agent; a formulation more effective than the
commercial kit was individuated on all the cell lines
tested.

Results
CD Investigations. The CD spectra of the lipoplex

suspensions (liposome/DNA at a [cationic headgroup]/
[DNA single base] ) 2, that is +/- ) 2 charge ratio)
formulated with the three diastereomers of gemini 2,3-
dimethoxy-1,4-bis(N-hexadecyl-N,N-dimethylammonium)-
butane dibromide, 1, and 1,4-bis(N-hexadecyl-N,N-
dimethylammonium)butane dibromide, 2, and with the
conventional single headgroup surfactant N,N-dimethyl-
N-hexadecyl-N-(2-methoxyethyl)ammonium bromide, 3,
are reported in Figures 1 and 2, respectively. The
spectra were recorded immediately after the addition
of the plasmid-buffered solution to the liposome suspen-
sions and after 24 h from the addition. It can be

observed that the conservative CD spectrum of the
plasmid in HEPES buffer (solid line), characteristic of
DNA-B, changes after the addition of DNA to the
suspension formulated with geminis (DMPC/1 and
DMPC/2, 1/1) whereas no variation is observed in the
presence of liposomes formulated with the single head-
group surfactant 3 (DMPC/3, 1/2) and with only DMPC.
In particular the spectra of plasmid complexed by the
formulations containing geminis show an enhanced
negative ellipticity, an overall shift of the bands toward
higher values of wavelengths, a flattening of the positive
bands, and the appearance of tails above 300 nm. The
potential contribution of differential scattering was
investigated by collecting different spectra at various
distances between the sample and PMT detector.11 The
CD spectra did not show any variation as a function of
the distance, ruling out any scattering effect.

Biological Evaluation. The toxicity of different
preparations was tested on three different cell lines:
Cos-7,12 LA7,13 and human fibroblasts.14 Cells were
treated as described below. The survival was evaluated
by Trypan blue exclusion method by counting cells
which did not incorporate the dye (an example of the
protocol used is reported in Table 1).15 The lower toxicity
and the maintenance of morphology were obtained with
liposomes formulated with 1c, while the worst condi-
tions were obtained with 1b.

The ability of these liposome formulations to complex
DNA was evaluated by running the lipoplexes (prepared
as described below) on 1% agarose gel.16 Most of the
DNA added to liposomes formulated with 3 was detected
on the gel, though delayed; a very tiny amount of the
DNA added to liposomes containing 1a and 1b was
observed on the gel, whereas an almost complete com-
plexation was obtained with liposomes containing 1c
and 2 (Figure 3).

The transfection efficiency of the various formulations
was then evaluated on three cell lines and compared
with that of Fugene (Roche), which is known as one of
the most efficient commercial lipofecting agents.

Liposomes formulated with 3 were not able to transfer
DNA, whereas transfection was observed with all lip-
osomes formulated with gemini amphiphiles (1 and 2).
In particular the transfection efficiency was modest with
formulations containing 1a and 1b, higher with that
containing 2 (data not shown) and highest with that
containing 1c. This last formulation yielded a transfec-
tion efficiency higher than that obtained using Fugene,
in the experiments performed on the three cell lines
tested (see Figure 4); in particular, we were able to
observe GFP expression even on human fibroblasts,

Figure 1. CD spectra of DMPC/CA/plasmid lipoplexes (CA:
1a, long dash; 1b, dotted; 1c, dash-dot-dash; 2, short dash; 3,
dash-dot-dot) at a charge ratio +/- ) 2, t ) 0. The solid line
is the CD spectrum of uncondensed DNA (plasmid in HEPES
buffer). The medium dashed line is the CD spectrum of DNA
in mere DMPC.

Figure 2. CD spectra of DMPC/CA/plasmid lipoplexes. (CA:
1a, long dash; 1b, dotted; 1c, dash-dot-dash; 2, short dash; 3,
dash-dot-dot) at a charge ratio +/- ) 2, t ) 24 h. The solid
line is the CD spectrum of uncondensed DNA (plasmid in
HEPES buffer). The medium dashed line is the CD spectrum
of DNA in mere DMPC.

Table 1. Percentage of the Survived Cells (LA7 cell line) after
Trypan Blue Testa

CA concentration

samples 425 µM 213 µM 85 µM 42.5 µM 21.3 µM 8.5 µM

DMPC/1a - - - 10% 90% 100%
DMPC/1b - - - - - 100%
DMPC/1c - - - 30% 80% 100%
DMPC/2 - 50% 80% 100% 100% 100%
DMPC/3 - 50% 80% 100% 100% 100%
standard 100% 100% 100% 100% 90% 100%

a In the case of liposomes containing surfactant 3, the total lipid
concentration has to be varied, by doubling the concentration of
CA.
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which are very difficult to be transfected (Musio et al.,
personal communication).

Discussion

An effective complexation between DNA and lipo-
somes should yield compaction of the nucleic acid; this
will promote the penetration of the nucleic acid into the
target cell because of the reduced size of the polymer
and will protect the genetic exogenous material from
nuclease degradation. A crucial point to obtain a high
transfection efficiency is, in fact, to maintain the
therapeutic genes undamaged.

The conformational changes of the DNA due to com-
plexation and condensation can be followed by variation

of the conservative CD spectrum of the native B form.
For example, a secondary structural transition from the
native B-DNA to the C motif, as the one induced by a
lipid system such as DOTAP or DOTAP-DOPE, is
characterized by a very small positive CD band and a
negative short-wavelength band whose shape, location,
and magnitude are essentially identical to those of the
B-motif.17 The condensation of DNA into a chiral
ψ-phase is instead indicated by an overall shift of the
spectrum to higher values of wavelengths, an enhanced
negative band and an almost complete flattening of the
positive CD signal.18 It has been suggested that cationic
liposomes are able to promote the transition of DNA to
a ψ-phase where the nucleic acid molecules are sug-
gested to be partially embedded in a lipid columnar
inverted-hexagonal assembly which provides DNA with
a given spatial organization and a fixed directionality.19

The results of CD investigations reported in Figures
1 and 2 show that the liposomes containing gemini
amphiphiles induce a structural transition from a
B-form of the plasmid to a typical ψ-phase; CD spectra
show in fact the ψ anomalies diagnostic of condensation.
The conformational changes are more pronounced after
24 h incubation, especially for formulations containing
gemini surfactants 1c and 2. Interestingly, the formula-
tion containing 3 does not induce any conformational
change, demonstrating the difference between gemini
surfactants and the analogous single headgroup sur-
factant.

The results obtained in the lipofection tests on dif-
ferent cell lines allowed us to correlate the high extent
of condensation to the transfection efficiency. In fact,
the best transfecting agent resulted from the liposome
suspension formulated with gemini 1c, and a fairly good
transfection was obtained with gemini 2. The GFP
expression obtained after the treatment of the three cell
lines with 1c liposomes was superior to that obtained
after the standard treatment with a commercial kit, as
shown in Figure 4. Formulations containing a smaller
amount of total lipids for a CA/DNA charge ratio +/-
) 1 did not show an appreciable condensation by CD
and were not efficient in transfecting any of the cell
lines. This was probably due to both the absence of
condensation and a poor electrostatic interaction with
the cell membrane.

The comparison between all the geminis and surfac-
tant 3 confirms the outstanding features of geminis as
compared to conventional surfactants.3 Some geminis
have been previously proposed, in fact, as efficient
nonviral transfecting agents in gene therapy,4 but the
comparison with conventional amphiphiles has not been
studied in this specific field; moreover, their efficiency
as condensing agents has not been investigated.

This investigation shows that the structure and
stereochemistry of the spacer play a crucial role in the
complexation capability and in the transfection ef-
ficiency of the liposomes. In fact, among the three
diastereoisomers, the meso form results the most ef-
ficient both in the DNA condensation and in the
transfection. The presence of methoxy groups on C2 and
C3 position of the spacer improves the condensation and
transfection capability of 1c with respect to 2, whereas
it decreases the corresponding features of 1a and 1b
with respect to 2.

Figure 3. Lipid/DNA complexation assessed by gel electro-
phoresis. M: 1kb Marker; Lanes 1, 3, 5, 7, 9: liposomes
formulated with DMPC/1c, DMPC/2, DMPC/3, DMPC/1a,
DMPC/1b, respectively, incubated for 15 min with 500 ng of
CMV-GFP plasmid DNA; Lanes 2, 4, 6, 8, 10: the same
formulations incubated for 24 h with DNA. Lane 11: Nude
CMV-GFP plasmid DNA (500 ng). Samples were run for 1 h
at 60 V on 1% agarose gel.

Figure 4. Comparison of transfection efficiency between a
commercial lipofecting agent (Fugene) and DMPC/1c lipo-
somes. Left side: Fugene; Right side: DMPC/1c liposomes;
Panel a, b: Cos-7 cell line; c, d: human fibroblast cell line; e,
f: LA7 cell line. 100× magnification, Nikon inverted fluores-
cence microscope.
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The comparison of the results obtained in the CD
experiments (Figures 1 and 2) with those obtained in a
preliminary investigation carried out on calf thymus
DNA20 demonstrates that the condensation properties
of the cationic formulations depend on the molecular
structure of the cationic amphiphile as well as on the
nature of DNA. Under the same experimental condi-
tions, in fact, only the CD spectra of calf thymus DNA
complexed by 1a and 1c showed the transition to a
ψ-phase.

The reported results show the importance of a cor-
relation between physicochemical properties and bio-
logical features and confirm the unique properties of
geminis with respect to “conventional” amphiphiles.
According to this investigation, the condensation capa-
bility seems to be an important property for transfection.

Materials and Methods

Materials. A plasmid DNA containing GFP reporter gene
under the control of CMV ubiquitous promoter was purified
with Endo free maxi plasmid kit (Qiagen) and resuspended
in H2O. Geminis amphiphiles were prepared by quaternization
in acetone at room temperature of the corresponding terziary
amine by 1-bromoehexadecane and crystallized from acetone.
N,N-Dimethyl-N-hexadecyl-N-(2-methoxyethyl)ammonium bro-
mide was prepared by quaternization of N,N-dimethyl-N-
hexadecylammine by 2-bromethyl methyl ether.

Lipoplex Preparation. Monodispersed 100 nm liposomes
were prepared according to the extrusion protocol.21 Liposomes
at 1/1 DMPC/CA ratios were prepared at constant total lipid
concentrations (170 µM). In the case of liposomes containing
surfactant 3, the total lipid concentration was varied, by
doubling the concentration of CA, to keep constant the total
number of headgroups and tails.

DNA/DMPC/CA complexes (lipoplexes) were prepared by
addition, at room temperature, of known volumes of an
aqueous 2 mM solution of plasmid in HEPES buffer (5 mM
HEPES, 0.1 mM EDTA, at pH 7.4) to monodispersed suspen-
sions of liposomes composed by equimolar amounts of DMPC
and CA in HEPES buffer; formulations containing lower
concentration of CA did not yield appreciable condensation,
whereas those containing higher concentrations yield conden-
sation analogous to DMPC/CA 1/1. Concentration of plasmid
was dictated by the concentration of CA in order to obtain a
+/- ) 2 charge ratio.

CD Experiments. CD measurements were carried out with
a Jasco spectropolarimeter J-715 (Jasco, Easton, MD). Spectra
were acquired in a 0.5-cm path length quartz cuvette. Spectra
were measured as the average of three scans from 220 to 350
nm at a scan rate of 50 nm/min.

CD spectra were registered at T ) 303 K immediately after
the addition of DNA to the liposome suspension (t ) 0), after
30 min, 12 h, and 24 h (t ) 24 h). At time 30 min, no significant
change was observed with respect to t ) 0; no variation was
observed between 12 and 24 h, and most measurements were
consequently taken for opportunity at 24 h.

Biological Evaluation. Three cell lines were used for in
vitro experiments: COS-7 cells and human fibroblasts were
grown in DMEM (Dulbecco Modified Eagle’s Medium, GYBCO-
BRL) with 10% FCS (fetal calf serum, Sigma), antibiotics,
(penicillin/streptomycin, GYBCO-BRL). LA7 (rat mammary
adenocarcinoma cell line) were grown in the same medium
supplemented with insulin and hydrocortisone (50 ng/mL
each).

The toxicity of different liposome formulations was first
tested in vitro at different concentrations ranging from 425
µM to 8.5 µM as reported in Table 1, where results of a typical
experiment are reported. After 6 h of incubation with lipo-
somes, the medium was substituted with fresh medium. After
24 h, cell viability was determined with Trypan blue exclusion
dye. Experiments were carried out on duplicate at least five

times. The nontoxic concentrations were then chosen for
further experiments.

CMVGFP plasmid DNA (500 ng) was condensed with
different lipoplex for 15 min or 24 h and run on 1% agarose
gel in order to evaluated the ability of liposomes to condense
DNA. COS-7, LA7, and human fibroblast cell lines were
transfected with different preparations of liposomes and
compared with a commercial kit (Fugene, Roche). The same
amount of plasmid DNA (500 ng) was used for all the
preparations. Experiments were carried out six times in
duplicate on the formulation that showed no toxicity ([DMPC]
) 8.5 µM, [1] or [2] ) 8.5 µM, [plasmid DNA] ) 8.5 µM for
charge ratio CA/DNA +/- ) 2; [DMPC] ) 4.25 µM, [1] or [2]
) 4.25 µM, [plasmid DNA] ) 8.5 µM for charge ratio +/- ) 1;
[DMPC] ) 8.5 µM, [3] ) 17 µM, [plasmid DNA] ) 8.5 µM for
charge ratio +/- ) 2; [DMPC] ) 4.25 µM, [3] ) 4.25 µM,
[plasmid DNA] ) 8.5 µM for charge ratio +/-) 1). Transfection
efficiency was evaluated by observation of GFP positive cells
with a fluorescence inverted microscope (Nikon).

Acknowledgment. The technical assistance of E.
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