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Abstract. DNA condensation, structure and transfection efficiency of complexes formed by gemini 
surfactants alkane-α,ω-diyl-bis(dodecyldimethylammonium bromide)s (CnGS12, n = 3, 6 and 12 is 
the number of alkane spacer carbons), dioleoylphosphatidylethanolamine (CnGS12/DOPE = 0.3 mol/
mol) and DNA at low surface charge density were investigated through different techniques. Small 
angle X-ray diffraction showed a condensed lamellar phase with marked dependence of DNA-DNA 
distance on (+/-) charge ratio. High ionic strength of hydrating medium screens the interaction 
DNA - CnGS12/DOPE and complexed DNA represented maximally ~ 45–60% of total DNA in the 
solution as derived from fluorescence and UV-VIS spectroscopy. The in vitro transfection efficiency 
of CnGS12/DOPE liposomes on mammalian HEK 293 cell line was spacer length-dependent. 
C12GS12/DOPE/DNA complexes exhibited the best transfection efficiency (~ 18% GFP-expressing 
cells relative to all viable cells) accompanied by ~ 89% cell viability. 
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Introduction

A fundamental requirement of gene therapy is to deliver 
gene-based therapeutics into target cells for specific gene 

targeting with minimal cytotoxicity. The most effective 
transfection agents are viruses (Robbins and Ghivizzani 
1998); however, serious safety concerns are associated with 
their clinical use (Verma 2000). Non-viral vectors offer 
many advantages including absence of viral components 
and low immunogenicity. They are less expensive, easily 
manufactured, more flexible with regard to the size of the 
DNA being transferred, and can be readily altered to form 
different combinations depending on the intended treat-
ment. In recent years a large spectrum of different non-viral 
transfection agents has been developed. Cationic liposomes 
(CL) consisting of cationic lipid (Felgner et al. 1987; Hung 
et al. 2005; Wasungu and Hoekstra 2006; Caracciolo et al. 
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2007) or cationic surfactant with or without helper lipid (Bell 
et al. 2003; Badea et al. 2005; Khan et al. 2012; Perrone et al. 
2013) have been widely studied as potential vectors for in 
vitro and in vivo gene delivery. 

DNA used in the cationic lipid mediated gene delivery 
represents a  linear polyanion. Its interaction with CL is 
spontaneous and results in the formation of DNA–CL 
complexes called lipoplexes. Negatively charged phosphate 
fragments of DNA create binding sites for lipoplex forma-
tion due to electrostatic interactions. Neutralization of the 
negative charge of DNA by CL results in the condensation 
of DNA, allowing thus a  close approach of DNA chains. 
In this packing, DNA is protected against degradation in 
plasma (Rolland 1998). The interaction is endothermic 
and rapid (Barreleiro et al. 2000), and takes place during 
the aggregation process, while both phospholipid and 
DNA undergo a complete topological transformation into 
compact quasi-spherical particles with an ordered internal 
structure (Gershon et al. 1993; Koltover et al. 1999). The 
complexes DNA–CL have sizes in the range of hundreds of 
nanometers, and are largely taken up by cells in the process 
of endocytosis (Zabner et al. 1995). However, currently 
available lipoplexes are generally less efficient in delivering 
DNA and in initiating gene expression than their viral coun-
terparts (Schmidt-Wolf and Schmidt-Wolf 2003; Djurovic 
et al. 2004). Therefore more research on the correlation 
between transfection efficiency and various characteristics 
of the lipoplexes is needed (Li and Huang 2006; Rao and 
Gopal 2006; Zuhorn et al. 2007; Donkuru et al. 2010).

Gemini surfactants (GS) consists of two hydrophobic 
chains and two ionic or polar groups linked by a spacer. They 
were introduced by the group of Kirby (Camilleri et al. 2000; 
Kirby et al. 2003) as promising transfectors forming com-
plexes with DNA. Since then, a large variety of GS structures 
has been used for gene delivery (Bombelli et al. 2005; Kumar 
et al. 2010; Donkuru et al. 2012; Cardoso et al. 2015; Pietralik 
et al. 2015; Zakharova et al. 2016). One of the most studied 
type of GS are alkane-α,ω-diyl-bis(alkyldimethylammonium 
bromide)s (CnGSm, where n is the number of spacer carbons 
and m is the number of carbons in the alkyl chains). CnGSm 
proved to have a powerful bactericidal activity (Imam et al. 
1983; Devínsky et al. 1985) with the correlation between 
their structure, activity and critical micelle concentration 
studied in further details (Devínsky et al. 1987; Hirata et 
al. 1995). CnGSm have been shown to be powerful plasmid 
curing agents (Belicová et al. 1995), and were used to increase 
the efficiency of DNA transfer into bacterial cells (Horniak 
et al. 1989). Nevertheless, pure DNA–CnGSm complexes 
exhibited only low in vitro transfection efficiency (Fisicaro 
et al. 2005; Foldvari et al. 2006). The presence of helper lipid 
DOPE has been found crucial to increase the transfection 
efficiency (Foldvari et al. 2006). These authors reported the 
highest transfection activity in vitro for CnGSm compounds 

with the spacer of three carbons (Foldvari et al. 2006; Wettig 
et al. 2007). GS with short spacers were reported to have en-
hanced transfection activity also by other authors (Bombelli 
et al. 2005; Fisicaro et al. 2005; Cardoso et al. 2011; Muñoz-
Úbeda et al. 2012).

The structure and polymorphic behaviour of CnGSm/
neutral phospholipid/DNA complexes at various compo-
sition and temperatures have been studied by our group 
systematically (Uhríková et al. 2002, 2005; Pullmannová 
et al. 2008). The microstructure of lipoplexes formed by 
CnGS12, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) and DNA was studied in detail in our previous 
work (Pullmannová et al. 2012b) in which the lipoplexes 
were hydrated by the solution of 150 mM NaCl. We have 
found that at physiologically relevant ionic strength of 
aqueous medium the microstructure of lipoplexes can be 
affected by the way of their preparation (Pullmannová et 
al. 2012a). 

In the present work, we focused our attention on the 
role of the spacer length in transfection efficiency, keeping 
low surface charge density of CnGS12/DOPE liposomes. In 
our study CnGS12 with n = 3, 6 and 12 were selected. Small 
angle X-ray diffraction (SAXD) was employed to examine 
the structure of lipoplexes. The ability of CnGS12/DOPE 
liposomes to condense DNA molecule was studied using 
fluorescence and UV-VIS spectroscopy. The effect on cell 
viability and transfection efficiency was tested on the cell line 
derived from human embryonic kidney epithelium (HEK 
293). Plasmid encoding enhanced green fluorescence protein 
(pEGFP) was used as a fluorescent reporter.

Material and Methods

Preparation of cationic liposomes 

Alkane-α,ω-diyl-bis(dodecyldimethylammonium bromide)s 
(CnGS12, number of spacer carbons n = 3, 6 and 12) were 
prepared as described in Imam et al. (1983) and purified 
by manifold crystallization from a mixture of acetone and 
methanol. 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) (Avanti Polar Lipids, Inc., Alabaster, Alabama) and 
CnGS12 were dissolved in chloroform and mixed to obtain 
a  lipid mixture with desired molar ratio CnGS12/DOPE. 
Lipid mixtures were dried under a stream of gaseous nitrogen 
and the residue of chloroform was removed under vacuum. 
The dried mixture was hydrated with a 150 mM NaCl solu-
tion or Opti-MEM medium (Gibco Life Technologies Co.), 
respectively, and homogenized (by vortexing and freezing-
thawing cycles) until an opalescent multilamellar liposome 
dispersion was created. Unilamellar liposomes were prepared 
by extrusion of multilamellar liposomes through a polycar-
bonate membrane with pores of 100 nm diameter. 
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Preparation of DNA solution

The solution of DNA was prepared by dissolving herring 
testes deoxyribonucleic acid (HT DNA) (Sigma Chemicals 
Co., St. Louis, Missouri) in 150 mM NaCl solution or in 
Opti-MEM medium, respectively. The precise value of DNA 
concentration was determined spectrophotometrically 
(Hewlett Packard 8452A Diode array spectrophotometer), 
according to: cDNA = A260. 47×10−6 (g/ml), where A260 is the 
absorbance at the wavelength λ = 260 nm. The purity of DNA 
was checked by measuring the absorbance Aλ at λ = 260 and 
280 nm. We have obtained the value of A260/A280 = 1.79.

Small angle X-ray diffraction 

The samples for SAXD studies were prepared by mixing 
10  mg of CnGS12/DOPE liposomes (CnGS12/DOPE = 
0.3 mol/mol) hydrated with Opti-MEM medium with HT 
DNA solution prepared in Opti-MEM at charge ratios 
CnGS12/DNA = 0.5–3  (+/-). After mixing cationic li-
posomes with DNA a precipitate was created spontaneously. 
The samples were mixed with 1.5 ml DMEM (Dulbecco’s 
modified Eagle’s medium) to attain final volume of 2.5 ml 
for each sample. The samples were stored at 2–6°C and 
they were shortly centrifuged before the measurement. 
The supernatant was used to determine the efficiency of 
CnGS12/DOPE in DNA binding via UV-VIS spectrometry. 
The binding efficiency was expressed as a difference between 
the total volume of DNA used for the lipoplex formation 
and the DNA volume fraction in the supernatant (unbound 
DNA). The light scattering on supramolecular aggregates 
was corrected as described in Lengyel et al. (2011). 

SAXD experiments were performed at the soft con-
densed matter beamline A2 at HASYLAB at the Deutsches 
Elektronen Synchrotron (DESY) in Hamburg (Germany) 
or at SAXS beamline at Elettra Syncrotrone Trieste using 
a monochromatic radiation of wavelength λ = 0.15 nm. The 
sedimented precipitate with a few drops of bulk solution was 
enclosed between two Kapton windows of the sample holder 
for X-ray diffraction or in 1 mm capillaries. The patterns were 
recorded using a 2D Mar CCD detector. The raw data were 
normalized in respect to the incident beam intensity. The 
SAXD patterns were calibrated using rat tail collagen (Roveri 
et al. 1980) or silver behenate (Huang et al. 1993). Each dif-
fraction peak of SAXD region was fitted with a Lorentzian 
above a linear background using the PeakFit software.

Fluorescence spectroscopy

Fluorescence measurements were performed at the Fluoro-
max 4 spectrofluorometer (Horiba Jobin Yvon, France) using 
ethidium bromide (EtBr) (Merck, Darmstadt, Germany) as 
a fluorescent probe. Stock solution of EtBr was prepared by 

dissolving EtBr in 150 mM NaCl. EtBr was mixed with HT 
DNA at DNA/EtBr = 6 mol/mol molar ratio. After 5 min-
utes the mixture of unilamellar CnGS12/DOPE liposomes 
(CnGS12/DOPE = 0.3 mol/mol; n = 3, 6 and 12) was added 
to DNA labeled with the intercalated dye. At last 150 mM 
NaCl was added to prepared mixtures to obtain final vol-
ume 3000 μl. The CnGS12/DNA charge ratio was ranging 
from 0 to 2. A sample containing DNA and EtBr without 
liposomes was used as a reference. Diluted solution of EtBr 
was used as a blank. The fluorescence intensity of the sam-
ples was measured 60 minutes after the preparation with 
exciting wavelength λex = 510 nm and emission wavelength 
λem = 596 nm. The fluorescence of each sample was corrected 
for the background fluorescence of EtBr in the absence of 
DNA and then normalized to the EtBr fluorescence of the 
sample containing DNA without CnGS12/DOPE liposomes.

Fluorescence microscopy

Phase contrast and fluorescence imaging of transfected cells 
were performed on a Leica DM IL LED microscope equipped 
with 5 W LED power supply and with fluorescence illumina-
tion source EL6000 with a mercury metal halide light bulb. 
The green fluorescence of the green fluorescent protein 
(GFP) was imaged with the L5 filter for green fluorescence 
(excitation 480/40 nm, emission 527/30 nm) using 40×/0.5 
objective. 

Cell cultivation

As a model for testing the ability of lipids to transfect mam-
malian cells the commercially available HEK 293 cell line 
established from human embryonic kidney epithelium was 
used. HEK 293 cells were purchased from DSMZ (Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH, 
Braunschweig, Germany) and handled as described previ-
ously in Karmazinova et al. (2010). Briefly, the cells were 
grown in DMEM supplemented with 10% fetal calf serum 
and 100 U/ml penicillin-streptomycin and incubated at 37°C 
in a humidified atmosphere of 5% CO2.

Assessment of cell viability

Toxicity of CnGS12 liposomes was compared with the tox-
icity of commercially available transfection reagent Lipo-
fectamine 2000 (Life Technologies, Carlsbad, California). 
For the assessment of cell viability cells were seeded on 
a 24-well plate at a density of 35 000 cells per well into 500 μl 
of DMEM with supplements as described above. Cells were 
allowed 24 hours to set on the bottom of a dish. Transfec-
tion reagents at the same concentration that was used for 
the transfection, i.e., 2.1 nmol/100 μl of CnGS12/DOPE 
and 1 μl/100 μl of Lipofectamine 2000 were incubated for 
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10 min in Opti-MEM (Gibco Life Technologies Co.). 100 μl 
of transfection reagent mixed with Opti-MEM was gently 
dropped into individual wells. Viable and nonviable cells 
were discriminated using Trypan Blue staining. 100 μl of 
Trypan Blue (0.4% solution; Sigma Aldrich Slovakia) was 
added into single well. After a brief incubation period, cells 
were photographed using a Leitz Fluovert upright micro-
scope with a camera. The same procedure was used 24, 48 
and 72 hours after the addition of the transfection reagent. 
Total number of cells and the number of blue-stained 
(damaged) cells was counted from photographs. Cells 
cultivated in the presence of Lipofectamine 2000 and/or of 
Opti-MEM only were used as a control. Photographing and 
subsequent counting was used to minimize the exposure of 
cells to Trypan Blue, which itself is toxic to the cells. The 
experiments were repeated 6 times (CnGS12/DOPE) or 3 
times (both controls).

Assessment of transfection efficiency

To assess transfection efficiency cells were seeded on 35 
mm plastic Petri dishes at a density of 100,000 cells per 
dish in the culture media described above. The surface 
of culture dishes was not treated with any polymer. Cells 
were allowed 24 hours to attach to the bottom of the dish 
before being transfected with a pEGFP-N1 plasmid DNA 
(Clontech, Saint-Germain-en-Laye, France) containing 
gene encoding the Enhanced green fluorescence protein 
Transfection reagents of the lipid CnGS12 and Lipo-
fectamine 2000 were prepared as described above. pEGFP-
N1 plasmid DNA at the concentration 1.6 μg/100 μl was 
added to Opti-MEM or DMEM. After 10 min incubation, 
equal volume of Opti-MEM with plasmid was carefully 
added to Opti-MEM with transfection reagents and the 
final mixture was incubated for another 20 min. After-
wards, 540 μl of this mixture was gently dropped into each 
culture dish. As a negative control, cells with the addition 
of equal volume of Opti-MEM or Opti-MEM with cor-
responding amount of pEGFP-N1 plasmid DNA without 
any transfection reagent were used. 

To detect cells expressing green fluorescent protein, they 
were manually harvested by washing the cultivation dishes 
with phosphate-buffered saline (PBS), centrifuged at 1000 
rpm for 10 min, resuspended in 1 ml of cold PBS and put on 
ice. Damaged cells were marked by propidium iodide (PI). 
The cells were then analyzed on Accuri C6 flow cytometer. 
PI-stained cells were excluded from the final analysis. Experi-
ments were repeated 3 times. 

Statistical analysis

Data from transfection and cell viability experiments are 
presented as mean ±  SD. The significance of the results 

was statistically analyzed by a one-way analysis of variance 
(ANOVA) with Tukey’s post hoc test. Statistical significance 
was set at p < 0.05.

Results 

Small angle X-ray diffraction

In our work, we studied the structure of CnGS12/DOPE/
DNA (n = 3, 6 and 12) lipoplexes hydrated by the mixture of 
DMEM and Opti-MEM media. The structure was evaluated 
with respect to the spacer length of CnGS12 and the charge 
ratio CnGS12/DNA. Figure 1A and Figure 1B show SAXD 
patterns of C3GS12/DOPE/DNA and C12GS12/DOPE/
DNA lipoplexes prepared at CnGS12/DOPE = 0.3 mol/
mol at various CnGS12/DNA charge ratios and hydrated 
by DMEM/Opti-MEM hydrating medium (at 20oC). Dif-
fraction patterns are typical for a condensed lamellar phase 
(Lα

c) (Lasic 1997; Rädler et al. 1997). Two sharp peaks L(1) 
and L(2) correspond to a lamellar structure of stacked lipid 
bilayers, and a small broad peak corresponds to DNA chains 
packed regularly between the lipid bilayers. From the posi-
tions of L(1) and the peak of DNA structural parameters 
of Lα

c phase were determined. The repeat distance of con-
densed lamellar phase d was evaluated as d = 1/s1, where 
s1 is the position of first order peak maximum. The repeat 
distance d involves the thickness of phospholipid bilayer dL 
and the water layer thickness, dW, containing a monolayer 
of hydrated DNA chains, thus d = dL+dW. The DNA repeat 
distance dDNA is the distance of parallel periodically spaced 
DNA chains, evaluated as dDNA = 1/sDNA where sDNA is the 
position of the maximum of the DNA peak. Similar dif-
fractograms were obtained also for C6GS12/DOPE/DNA 
lipoplexes (see Fig. S1 in Supplementary material). 

The effect of CnGS12/DNA charge ratio on structural 
parameters of lipoplexes prepared at CnGS12/DOPE = 
0.3 mol/mol is plotted in Figure 1C. It is evident that the 
CnGS12/DNA charge ratio has only minor effect on the 
repeat distance of Lα

c phase, however, significant changes 
in dDNA are observed in all studied CnGS12/DOPE/DNA 
lipoplexes. 

Fluorescence experiments

Lipoplexes are formed spontaneously due to electrostatic in-
teraction between DNA polyanion and liposomes with posi-
tively charged surface. High concentration of salt in water 
medium modulates this interaction. Studies on the effect of 
ionic strength on DNA–cationic liposomes complexes have 
shown that the increase in ionic strength reduces the amount 
of DNA that cationic liposomes are able to bind (Lobo et al. 
2001; Wang et al. 2007; Pullmannová et al. 2012a). 
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We performed fluorescence spectroscopy experiments 
with the aim to evaluate the fraction of DNA condensed 
between the cationic CnGS12/DOPE bilayers. The process 
of DNA condensation was followed through changes in 
emission intensity of fluorescent probe EtBr. Free EtBr in an 
aqueous solution follows a nonradiative decay pathway that 
involves donation of an amino group proton to the solvent. 
When intercalated between base pairs of DNA, the ethidium 
cation is isolated from the solvent and the proton transfer 
pathway between EtBr and the solvent is blocked. This leads 
to about 20-fold increase in emission intensity (Izumrudov 
et al. 2002). Neutralization of the negative charge of DNA 
phosphate groups, due to its interaction with CL, leads to the 
condensation of DNA (Wiethoff et al. 2003) resulting in the 
displacement of intercalated EtBr manifested as a decrease 
of fluorescence intensity (Eastman et al. 1997; Izumrudov 
et al. 2002). 

The dependence of normalized fluorescence emission 
intensity of EtBr on the CnGS12/DNA charge ratio is shown 

Figure 1. A. SAXD patterns of C3GS12/DOPE/DNA lipoplexes at molar ratio C3GS12/DOPE = 0.3 and charge ratios C3GS12/DNA 
= 0.5–3 in Opti-MEM + DMEM medium. The relative intensity is in logarithmic scale. L(1), L(2), the first and second peak of lamellar 
phase; s, the reciprocal distance. B. SAXD patterns of C12GS12/DOPE/DNA lipoplexes at molar ratio C12GS12/DOPE = 0.3 and charge 
ratios C12GS12/DNA = 1–3 in Opti-MEM + DMEM medium. The relative intensity is in logarithmic scale. C. Effect of the charge ratio 
CnGS12/DNA on repeat distance d (full symbols) and DNA repeat distance dDNA (empty symbols) of CnGS12/DOPE/DNA (n = 3 (■), 
6 () and 12 ()) lipoplexes prepared at molar ratio CnGS12/DOPE = 0.3 in Opti-MEM + DMEM medium.

Figure 2. Effect of C3GS12/DOPE (■), C6GS12/DOPE () and 
C12GS12/DOPE () cationic liposomes´ concentration expressed 
as CnGS12/DNA charge ratio on fluorescence intensity of EtBr 
(DNA/EtBr = 6 mol/mol) in 150 mM NaCl at 20°C. The molar 
ratio of CnGS12/DOPE of liposomes was 0.3 mol/mol.

A B

C
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in Figure  2. With increasing CnGS12/DNA charge ratio 
fluorescence intensity of EtBr sharply decreases and reaches 
the minimum at the CnGS12/DNA charge ratio close to the 
theoretical isoelectric point. We found the minimum at the 
charge ratios of C3GS12/DNA = 1, C6GS12/DNA = 1.2 and 
C12GS12/DNA = 0.8 (+/-) which represents ~ 60–65% of 
the emission maxima of DNA/EtBr in the sample without 
cationic liposomes. These results suggest that at isoelectric 
CnGS12/DNA composition there is still over 60% of DNA 
accessible for EtBr. This uncondensed DNA consists of free 
(unbound) DNA in aqueous medium and DNA bound in 
lipoplexes, but still occurring in the conformation partially 
accessible to EtBr. According to the values of normalized 
fluorescence intensity below the isoelectric point the DNA 
condensation was the most effective with C12GS12/DOPE 
liposomes followed by C3GS12/DOPE liposomes. C6GS12/
DOPE liposomes were the least effective. These findings 
correspond well with the binding capacity of C3GS12/
DOPE/DNA lipoplexes prepared in the Opti-MEM/DMEM 
mixed medium. Quantitative determination of DNA has 
shown that there is still ~ 40% of total DNA volume not 
bound in lipoplexes that were prepared at their isoelectric 
point (data are shown in Fig. S2 in Supplementary mate-
rial). 

Cell viability

Cytotoxicity of CnGS12/DOPE (n = 3, 6, and 12) cationic 
liposomes for mammalian cells was tested on HEK 293 cell 
line. CnGS12/DOPE liposomes were applied in concentra-
tions used also for gene transfection and damaged cells 
were identified with Trypan Blue staining. Cell viability was 
expressed as percentage of non-stained cells relative to the 
total number of cells in the analysed visual field. The viability 
of cells incubated with C3GS12/DOPE and C6GS12/DOPE 
was comparable with the viability of cells incubated with 
Lipofectamine 2000 and/or with an addition of Opti-MEM 
only (Fig. 3). Cells treated with C12GS12/DOPE liposomes 
showed the lowest viability. 

Transfection experiments

Flow cytometry was used to determine the transfection 
efficiency of CnGS12/DOPE liposomes in delivery of 
pEGFP-N1 into HEK 293 cells. Transfection efficiency was 
expressed as a percentage of GFP-expressing cells relative 
to all viable cells. 10 000 cells from each individual dish 
were used for the analysis. Figure 4 shows pEGFP plasmid 
DNA transfection efficiency of all tested CnGS12 and 
Lipofectamine 2000 as positive control 48  h  after trans-
fection. The transfection efficiency is shown separately 
for each individual repetition of the experiment and also 
as their mean value. Background fluorescence measured 

Figure 3. Effect of CnGS12/DOPE (n  =  3, 6 and 12) cationic 
liposomes (2.1 nmol/well of CnGS12) and Lipofectamine 2000 
(1 μl/well) on the cell viability of HEK 293 cell line. Percentage 
of viable cells was evaluated after 24, 48 and 72 h incubation with 
each lipid as marked in the graph. The molar ratio of CnGS12/
DOPE cationic liposomes was 0.3. The cells incubated with an 
addition of Opti-MEM medium only were used as a  control. 
Columns represent means ± S.D. from 6 independent experiments 
(CnGS12/DOPE) or 3 independent experiments (both controls). 
After 72  h  cell viability was significantly different (one-way 
ANOVA with Tukey post hoc test): C3GS12 versus both controls 
(p < 0.05); C6GS12 versus Opti-MEM (p < 0.05); C12GS12 versus 
both controls (p < 0.001).

Figure 4. Transfection efficiency (% of GFP-expressing cells) of 
pEGFP-N1 plasmid DNA with CnGS12/DOPE liposomes (n = 3, 
6 and 12) in HEK 293 cells 48 h  after transfection. The charge 
ratio CnGS12/DNA was 1.5 (+/-). The cells transfected with Lipo-
fectamine 2000 were used as a positive control. Cells incubated 
with pEGFP plasmid DNA without transfection agent were used as 
a negative control. Columns represent three independent transfec-
tions and their mean ± S.D. 
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from cells incubated with pEGFP-N1 plasmid DNA with-
out any transfection reagent was around 2%. As seen the 
value of transfection efficiency varied widely between the 
individual experiments, however, the order of the trans-
fection efficiency of tested lipoplexes remained roughly 
unchanged. The best transfection efficiency was reached 
using C12GS12/DOPE liposomes with the mean value 
approximately 70% of the transfection efficiency of Lipo-
fectamine 2000. The CnGS12 with shorter spacers were 
significantly less efficient achieving only ~ 30% (C3GS12) 
and ~  25% (C6GS12) of the transfection efficiency of 
Lipofectamine 2000. The statistical analysis showed no 
significant differences (p < 0.05) between tested CnGS12 
and controls. Figure  5 shows the dependence of pEGFP 
plasmid DNA transfection efficiency on the concentration 
of C12GS12/DOPE liposomes in HEK 293 cells evaluated 
48 h after transfection. The transfection efficiency is plot-
ted separately for each individual experiment and also as 
a mean of all repetitions. The statistical analysis showed no 
significant differences (p < 0.05) between tested concentra-
tions of C12GS12/DOPE liposomes, however, the efficiency 
was rising with the C12GS12/DOPE concentration in all 
three repetitions of the experiment. The same experiment 
was repeated for C3GS12/DOPE liposomes, however, the 
charge ratio (+/-) was extended up to C3GS12/DNA = 3. 
Transfection efficiency determined 48 h after the treatment 
as a  function of C3GS12/DNA charge ratio is shown in 
Figure 6. In this case we plotted only the average values of 
transfection efficiency as in this experiment all 3 repeti-
tions were performed together at the same time. Therefore, 
the variations caused by different condition of cells were 
not present in this experiment. The statistical evaluation 
showed the significant difference between the charge ratio 
C3GS12/DNA = 3 and all lower concentrations at p < 0.01.

Discussion 

Structure of CnGS12/DOPE/DNA lipoplexes

Structural design of a nucleic acid carrier is considered to be 
a crucial step in ensuring the success of gene delivery. SAXD 
experiments have confirmed the presence of a condensed 
lamellar phase Lα

c in all studied complexes. The repeat 
distance d shows a small decrease with increasing CnGS12/
DNA charge ratio (Fig. 1C) that we attribute to lower content 
of DNA in lipoplexes, what changes the water layer thickness 
of the Lα

c phase. The effect of the CnGS12/DNA charge ratio 
is more significantly manifested on the DNA repeat distance 
of lipoplexes. DNA chains drift away from each other with 
increasing (+/-) charge ratio, what displays as the increase of 
dDNA from 3.72 nm at the charge ratio C3GS12/DNA = 0.5 to 
6.99 nm at the charge ratio C3GS12/DNA = 3 and from 4.21 

Figure 5. Dependence of pEGFP plasmid DNA transfection ef-
ficiency on the concentration of C12GS12/DOPE liposomes in 
HEK 293 cells 48 h after transfection. The DNA concentration was 
4.3 μg/dish. Cells incubated with pEGFP plasmid DNA without 
transfection reagent were used as a  negative control. Columns 
represent three independent transfections and their mean ± S.D. 
The mean value at the charge ratio C12GS12/DNA = 1.5 was sig-
nificantly different (one-way ANOVA with Tukey post hoc test): 
versus all lower charge ratios at p < 0.05.

Figure 6. Dependence of pEGFP plasmid DNA transfection ef-
ficiency on the concentration of C3GS12/DOPE liposomes in 
HEK 293 cells 48 h after transfection. Cells incubated with pEGFP 
plasmid DNA without transfection reagent were used as a negative 
control. Columns represent mean ± S.D. from three independent 
transfections. The mean value at the charge ratio C3GS12/DNA 
= 3 was significantly different (one-way ANOVA with Tukey post 
hoc test): versus all lower charge ratios at p < 0.01.

at the charge ratio C6GS12/DNA = 1 up to 7.50 nm at the 
charge ratio C6GS12/DNA = 3. For C12GS12/DOPE/DNA 
lipoplexes we identified peak of DNA only at (+/-) charge 
ratios 1 and 1.5 with observed increase of dDNA from 4.32 
to 4.95 nm. At higher charge ratios the peak of DNA was 
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overlapped by the first peak of the Lα
c phase. This observed 

increase of dDNA corresponds with findings of Koltover et al. 
(1999) in the system cationic lipid–neutral lipid–DNA. The 
excess of DNA can be driven into the isoelectric complex 
by an osmotic pressure of its confined counterions lead-
ing to the reduction of dDNA and negative overcharging. 
However, the DNA intake is limited due to the increase of 
counterion concentration inside the complex and because 
of the electrostatic repulsion of additional DNA molecules, 
whose anionic charge is not compensated by the cationic 
charge of the bound lipids. The system remains a one-phase 
complex only close to the isoelectric point, and separates 
into complex + excess of CL or complex + excess of DNA 
(Koltover et al. 1999). Diffractograms of our lipoplexes show 
the presence of only one Lα

c phase. Both the fraction of the 
CnGS12 surfactant (i.e. CnGS12/DOPE molar ratio) and the 
length (n) of the CnGS12’s spacer modulate the lipoplexes 
structure in our system. The effect of the CnGS12/DOPE/
DNA composition, the length of the spacer and the effect 
of the temperature on structural polymorphic behaviour of 
the mixture was studied in our previous works (Pullman-
nová et al. 2008, 2012b). In those works, the complexes were 
prepared at their isoelectric point in 150 mM NaCl. How-
ever, for transfection of mammalian cells lipoplexes must 
be prepared in a suitable cell culture medium. Therefore, it 
was important to examine possible structural changes caused 
by the change of hydrating medium (DMEM/Opti-MEM 
= 1.5 vol/vol) used in the current work, that emulated the 
composition of medium in transfection experiments. Com-
paring the structural parameters of complexes hydrated by 
the mixture of Opti-MEM and DMEM to those hydrated 
by NaCl with similar ionic strength obtained in Pullman-
nova et al. (Pullmannová et al. 2012b) minimal changes in 
the structure were found. It is evident that the composition 
of the medium did not affect either the structure itself, or 
structural parameters in a significant way. 

DNA condensation 

Both experimental methods confirmed that aqueous me-
dium of ionic strength relevant to the physiological condi-
tions substantially screens DNA–CnGS12/DOPE interaction 
and the binding capacity of CnGS12/DOPE = 0.3 mol/mol 
liposomes determined at their isoelectric point represented 
~ 40–60% of DNA in the solution. It is worth to mention that 
the surface charge density of cationic liposomes (i.e. cationic 
surfactant/helper lipid molar ratio) affects the volume frac-
tion of DNA bound in lipoplexes. Our research in this field 
and many performed experiments confirmed that the time 
plays an important role in this process. Experiments under 
this study were performed in a  time scale determined by 
experimental protocol for transfection. However, we found 
up to 83 ± 7% of total volume of DNA bound by C3GS12/

DOPE = 0.3 mol/mol liposomes in Opti-MEM and DMEM 
medium when the sample was stored at ~ 5oC for 1 week 
(see Fig. S3 in Supplementary material). 

Fluorescence experiment documented in Figure 2 indi-
cates “untypical” nature of DNA condensation: We observed 
a small increase in EtBr emission intensity at the charge ratio 
CnGS12/DNA > 1, showing a local maximum at CnGS12/
DNA  ~  1.5. This small increase of fluorescence intensity 
suggests that either the time interval of 60 min after the 
preparation was not sufficient to reach a stable system; and/
or the excess of CL in lipoplexes leads to DNA conforma-
tional changes that permitted greater accessibility of DNA 
to intercalate EtBr. The increase of florescence intensity 
seems to be dependent on the length of CnGS12 spacer, as 
the fluorescence maximum was higher for lipoplexes with 
a longer spacer of CnGS12. At (+/-) charge ratios above the 
isoelectric point, the C3GS12/DOPE liposomes were the 
most effective in DNA condensation process. 

Cells viability and transfection efficiency

Interestingly, except for cells incubated with C12GS12/
DOPE liposomes, the cell viability of all samples slightly 
increased with extended time of incubation (Fig. 3). We sug-
gest that the cell division rate was higher than the cell death 
rate. Gemini surfactants have been found as agents with an-
timicrobial activity (Devínsky et al. 1985). Imam et al. (1983) 
reported antimicrobial activity expressed as minimum in-
hibition concentration (MIC) of CnGS10 against St. aureus, 
E. coli, and C. Albicans. MIC shows a nonlinear trend with 
respect to the spacer length. With increasing spacer length 
the antimicrobial activity first gradually decreased, achiev-
ing a minimum at n ~ 4–5 carbons and then increased with 
increasing “n”. Our results are in line with these findings. 
Recently reported tests of viability of NCTC2544 cell line 
(a human skin keratinocyte cell line) revealed no significant 
cytotoxicity up to 10 mM concentration of CnGS12, n = 2, 
6, and 10 (Almeida et al. 2011). At higher concentrations 
toxicity increased with increasing spacer length and sur-
factants with longer tail were found to be less toxic than 
shorter ones. Generally, the toxicity is related to the ability 
of GS to penetrate into the cell membrane and to disturb 
its integrity. It is worth to mention the correlation between 
transfection efficiency of CnGS12/DOPE liposomes and 
their detected cytotoxicity. Almeida et al. (2011) have shown 
experimentally that CnGS12 cytotoxicity is caused mainly 
by the disruption of the cell membrane. The correlation be-
tween the observed cytotoxicity and transfection efficiency 
offers an explanation that the minor disturbance of the cell 
membrane induced by lipoplexes also facilitates the transfec-
tion. We evaluated transfection efficiency of CnGS12/DOPE 
liposomes as a percentage of GFP-expressing cells relative to 
all viable cells using HEK 293 cell line as a model. The best 



65DNA–DOPE–gemini surfactants complexes

transfection efficiency was detected for lipoplexes prepared 
from C12GS12/DOPE liposomes (Fig. 4 and 5). The obtained 
efficiency of CnGS12/DOPE (n = 3, 6 and 12) liposomes 
correlates with their efficiency in DNA compaction and is 
in proportional relation to the toxicity of the cationic agent. 
Although the statistical analysis showed no significant differ-
ences (p < 0.05) between any of the tested CnGS12 or both 
controls, we believe that this was caused by the differences 
in the condition of transfected cells and changes in other 
factors between the individual repetitions of the experiment. 
The observed changes in transfection efficiency between the 
experiments were relatively large; however the order of the 
efficiency of tested vectors remained roughly unchanged. 
Badea et al. (2005) reported an inverse relation between 
the spacer length and transfection efficiency. In their work 
lipoplexes with short spacer of GS were the most efficient. 
These authors tested transfection efficiency using a different 
cellular model (PAM 201 keratinocyte culture), different 
method for lipoplex preparation and also lipoplexes with 
higher content of CnGS12 (higher surface charge density) 
were used (Badea et al. 2005; Fisicaro et al. 2005). Therefore 
our results cannot be directly compared. Muñoz-Úbeda et 
al. (2012) tested transfection efficiency of CnGS16s with 
16 carbon alkyl chains in mixtures with DOPE. Depend-
ing on the variation of CnGS16/DOPE molar ratios they 
found a different order of transfection efficiency based on 
CnGS16 spacer length. At low content of CnGS16 close 
to our CnGS12/DOPE molar ratio (0.3 mol/mol) GS with 
a longer spacer was found to be the most efficient. In contrast 
to that, at the molar ratio CnGS16/DOPE ≥ 1 the efficiency 
of CnGS16 with shorter spacers (n = 2, 3) has significantly 
risen up and has overcome the efficiency of derivatives with 
longer spacers.

We examined the transfection efficiency of our lipoplexes 
regarding the charge ratio of CnGS12/DNA for CnGS12, 
n  = 3 and 12, considering this system to be the most ef-
ficient transfection agents as it was found in our work and 
in Badea et al. (2005). The increase of the C3GS12/DNA 
charge ratio from 1–3 (+/-) caused the increase of trans-
fection efficiency 14-fold, but did not even reach the level 
of the efficiency of C12GS12/DNA at lower charge ratios 
(Fig. 5 and Fig. 6). Fluorescence microscopy images in Fig-
ure 7 illustrate this increase by means of higher number of 
pEGFP positive cells. Transfected cells exhibit green signal 
on the micrographs. Elongation of the spacer length and 
the increase of the CnGS12/DNA charge ratio increases the 
cytotoxicity as indicated in our cell viability experiments. 
Therefore the C12GS12/DNA charge ratio was studied in 
the range 0.4 ≤ C12GS12/DNA ≤ 1.5 (Fig. 6). The transfec-
tion efficiency increased with increasing C12GS12/DNA 
charge ratio as in the case of C3GS12/DNA. DMEM used 
for C3GS12/DNA liposomes was replaced by Opti-MEM 
after improved transfection efficiency with Opti-MEM was 
revealed. The influence of medium used for the transfection 
was studied before by Young at al. (2004) with similar results. 
This effect can be seen in Figure 4 and Figure 6 at the charge 
ratio C3GS12/DNA = 1.5 (+/-).

DNA dose was kept constant in our transfection experi-
mental protocol and the (+/-) charge ratio was modulated 
through the volume fraction of CnGS12/DOPE liposomes. 
Experimental results demonstrate a key role of ionic strength 
of aqueous medium in the volume of DNA fraction bound 
in lipoplexes. The slope of dependences Inorm vs. (+/-) charge 
ratio (Fig. 2) shows C12GS12 to be the most efficient agent 
for DNA packing at the charge ratios (+/-) ≤ 1. In complexes 
with GS the length of the spacer and its flexibility modulate 

Figure 7. Micrographs of mammalian HEK 293 cells transfected with pEGFP-C1 taken 48 h after transfection. A. Phase contrast micro-
graphs. B. Fluorescence micrographs with GFP expression at the same visual field. Charge ratios C3GS12/DNA were as follows: A1, B1 
= 1 (+/-), A2, B2 = 1.5 (+/-), A3, B3 = 2 (+/-) and A4, B4 = 3 (+/-).
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the freedom of R4N+ group arrangements in the vicinity 
of DNA. The distance between cationic moieties of a short 
spacer (n = 2, 3) is fixed. Molecular dynamic simulation of 
the dipalmitoylphosphatidylcholine (DPPC) bilayer with 
inserted CnGS12 molecules have determined R4N+ groups 
separated by 0.5 ± 0.1 nm in C2GS12 molecule (Almeida 
et al. 2011). GS with a short spacer (n = 2, 3) were found to 
be the most efficient in DNA-GS compaction. The spacing 
between positive charges localized in the hydrophilic head-
groups of GS is so small that the surfactant acts like a divalent 
cationic surfactant (Karlsson et al. 2002). On the other hand, 
longer spacers (n  = 10–12) are flexible and hydrophobic 
enough to fold into the membrane’s hydrophobic region 
(Alami et al. 1993; Pisárčik et al. 2005). Molecular dynamic 
simulation for the model DPPC/C10GS12 predicts R4N+ 
groups separated by 1.4 ± 0.2 nm (Almeida et al. 2011). In 
such a system, positive R4N+ groups of GS localized in the 
polar headgroup of the DOPE membrane create surface 
charge density more or less similar to univalent cationic 
surfactants (of twice concentration in respect to the charge) 
with “a movement freedom” dictated by the flexibility of 
a long spacer. In spite of the charge screening due to high 
ionic strength of the aqueous medium, one can see that at 
the same molar fraction (CnGS12/DOPE = 0.3 mol/mol) 
GnGS12 with a long spacer (n = 12) and those with the short 
one (n = 3) enable more efficient condensation of DNA in 
comparison to CnGS12 of intermediate spacer (n = 6) (see 
Fig. 2).

We can conclude that the observed transfection efficiency 
of CnGS12/DOPE (n = 3, 6 and 12) lipoplexes forming con-
densed lamellar phase (Lα

c) correlates with their efficiency 
in DNA compaction and proportionally with the toxicity of 
the cationic agent.

Conclusions

The aim of our work was to evaluate the in vitro transfec-
tion efficiency and cytotoxicity of selected CnGS12/DOPE 
liposomes, focusing on the biophysical characteristics-
transfection activity relationship. The structure of lipoplexes 
and their binding capacity for DNA was examined under 
conditions of a standard transfection protocol. Lipoplexes 
were prepared as a mixture of neutral helper lipid, DOPE, 
and cationic gemini surfactants CnGS12 with three different 
spacer lengths: n = 3, 6 and 12. The surface charge density of 
liposomes was modulated by the CnGS12/DOPE molar ratio 
to keep the microstructure in the lamellar phase. Small angle 
X-ray diffraction experiments have confirmed the presence 
of a condensed lamellar phase Lα

c with the repeat distance 
d  ~  6–7 nm and DNA chains regularly packed showing 
strong dependence of dDNA on the CnGS12/DNA charge 
ratio. DMEM/Opti-MEM = 1.5 vol/vol (aqueous medium 

used in transfection experiments) used as hydrating medium 
showed no significant effect on structural parameters of 
formed lipoplexes comparing to our previous experiments 
with lipoplexes hydrated with 150 mM NaCl (Pullmannová 
et al. 2012b). However, we found that high ionic strength of 
hydrating medium reduced substantially the volume fraction 
of DNA bound within the lipoplexes. Maximally ~ 60% of 
total volume of DNA related to the theoretical isoelectric 
point was bound in lipoplexes and its dependence on the 
CnGS12 spacer length was insignificant (± 10%). The amount 
of condensed DNA showed dependence on both spacer 
length and (+/-) charge ratio and reached maximally 45% 
of DNA present in the sample. Transfection efficiency of 
CnGS12/DOPE liposomes was evaluated as a percentage of 
GFP-expressing cells relative to all viable cells using HEK 293 
cell line as a model. The observed transfection efficiency of 
CnGS12/DOPE (n = 3, 6 and 12) lipoplexes correlated with 
their efficiency for DNA compaction and was in propor-
tional relation to the toxicity of the cationic agent. The best 
transfection efficiency was detected for lipoplexes prepared 
from C12GS12/DOPE liposomes. The results presented 
here provide useful information for successful design of 
novel lipoplexes.
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Small angle X-ray diffraction

Figure S1. SAXD patterns of C6GS12/DOPE/DNA lipoplexes at molar ratio C6GS12/DOPE = 0.3 and charge ratios C6GS12/DNA = 
1–3 hydrated by mixture of Opti-MEM and DMEM medium. The relative intensity is in logarithmic scale.
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Figure S1. SAXD patterns of C6GS12/DOPE/DNA lipoplexes at molar ratio C6GS12/DOPE = 0.3 
and charge ratios C6GS12/DNA = 1–3 hydrated by mixture of Opti-MEM and DMEM medium. 
The relative intensity is in logarithmic scale. 
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Figure S3. DNA volume fraction bound by C3GS12/DOPE/DNA 
lipoplexes prepared at various C3GS12/DOPE molar ratios and 
the charge ratio C3GS12/DNA  =  1, hydrated Opti-MEM and 
DMEM medium. Samples were measured ~ 1 week after the 
preparation.

The capacity of C3GS12/DOPE/DNA lipoplexes for DNA binding 

 

The volume fraction of DNA bound by C3GS12/DOPE liposomes was determined as the difference 

between the total DNA amount added to the sample and the DNA fraction non bound after the 

lipoplex formation. UV-VIS spectrophotometry was employed for quantitative analysis. The 

samples were measured twice, 3 hours (Figure S2) and in appr. 1 week (Figure S3) after the 

preparation. The scattering on liposomes was corrected according to Lengyel et al. (2011). 

 

 

Figure S2. The DNA volume fraction bound by C3GS12/DOPE/DNA lipoplexes prepared at 
various C3GS12/DOPE molar ratios and C3GS12/DNA charge ratios, hydrated by Opti-MEM and 
DMEM medium. Samples were measured 3 h after the preparation. The values of the DNA binding 
efficiency are related to the theoretical isoelectric point. 
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DNA lipoplexes prepared at various C3GS12/DOPE molar ratios 
and C3GS12/DNA charge ratios, hydrated by Opti-MEM and 
DMEM medium. Samples were measured 3 h after the prepara-
tion. The values of the DNA binding efficiency are related to the 
theoretical isoelectric point.
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