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Abstract. The aim of this study was to investigate the transfection efficiency of cationic liposomes
formulated with phosphatidylcholine (PC) and novel synthesized diethanolamine-based cationic lipids
at a molar ratio of 5:1 in comparison with Lipofectamine™ 2000. Factors affecting transfection efficiency
and cell viability, including the chemical structure of the cationic lipids, such as different amine head group
(diamine and polyamine; and non-spermine and spermine) and acyl chain lengths (C14, C16, and C18)
and the weight ratio of liposomes to DNA were evaluated on a human cervical carcinoma cell line (HeLa
cells) using the pDNA encoding green fluorescent protein (pEGFP-C2). Characterizations of these
lipoplexes in terms of size and charge measurement and agarose gel electrophoresis were performed.
The results from this study revealed that almost no transfection was observed in the liposome formulations
composed of cationic lipids with a non-spermine head group. In addition, the transfection efficiency of
these cationic liposomes was in the following order: spermine-C14 > spermine-C16 > spermine-C18. The
highest transfection efficiency was observed in the formulation of spermine-C14 liposomes at a weight
ratio of 25; furthermore, this formulation was safe for use in vitro. In conclusion, cationic liposomes
containing spermine head groups demonstrated promising potential as gene carriers.
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INTRODUCTION

Gene therapy has become a promising approach for
treating incurable diseases such as genetic disorders and non-
genetic diseases such as cancer, cardiovascular diseases, and
autoimmune diseases (1) by either correcting the genetic
defects or overexpressing therapeutically useful proteins.
The prerequisites for successful gene therapy include not only
therapeutically suitable genes but also the development of
safe and effective gene delivery systems (2). Gene vectors
can be classified into two major groups: viral vectors and
non-viral vectors. Because of the severe side effects caused
by viral vectors, such as immunogenicity, mutagenesis, and
carcinogenesis, non-viral vectors have become a viable alter-
native. Among the non-viral vectors, cationic liposomes have
been widely investigated (3,4) because of their ability to form
complexes with anionic DNA molecules, which are supposed to
deliver DNA into the cells via the endosomal pathway (5,6).
Furthermore, several studies have reported that cationic lip-
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osomes may induce cytosolic DNA release by fusion with the
endosomal membrane (6) or endosomal membrane destabiliza-
tion (5). However, the certain mechanism of gene transfection
mediated by cationic liposomes remains unclear.

Cationic liposome-mediated gene delivery is affected by
numerous factors, and one of the major factors is the compo-
sition of the liposomes. In addition, several studies have
revealed that altering the type and amount of cationic lipid
in the cationic liposome can enhance the transfection efficien-
cy (3). Most cationic lipids that are used as transfection
reagents usually contain three parts: a hydrophobic group,
linker group, and a positively charged head group that can
interact with DNA, thereby leading to DNA condensation (7).
A previous study suggested that the type of cationic lipid head
group strongly affected the gene transfection mediated by
cationic liposomes prepared from amino acid-based cationic
lipids containing a cholesterol tail (8). One of the most suc-
cessful head groups of cationic lipids is polyamine (7). Among
polyamines, spermine, a well-known polyamine that consists
of a tetra-amine with two primary and two secondary amino
groups, plays an important role as a gene carrier (9). Addi-
tionally, grafting galactosylated chitosan with spermine can
improve transfection efficiency in vitro (10). Furthermore,
spermine derivatives—cationic lipids, such as dioctadecylami-
doglycylspermine (DOGS) and dipalmitoylphosphatidyletha-
nolamidospermine (DPPES), are commercially available for
gene delivery purposes (11-13).
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Therefore, in the present study, cationic liposomes
formulated with phosphatidylcholine (PC) and novel
synthesized diethanolamine-based cationic lipids, N',
N'-dimyristeroyloxyethyl-1,2-diaminoethane, N' N'-
dimyristeroyloxyethyl-1,3-diaminopropane, N' N'-
dimyristeroyloxyethyl-3-monoazapentane-1,5-diamine, N',N'-
dimyristeroyloxyethyl-spermine, N',N'-palmitoyloxyethyl-
spermine, and N' N'-steroyloxyethyl-spermine (Fig. 1), at a
molar ratio of 5:1 were prepared using the sonication method.
The influences of various factors, such as the chemical structure
of cationic lipids with different amine head group (diamine and
polyamine; non-spermine and spermine), acyl chain lengths
(C14, C16, and C18), and weight ratios of liposomes to DNA
on the transfection efficiency and cell viability were investigated
on a human cervical carcinoma cell line (HeLa cells) using the
pDNA encoding green fluorescent protein (pEGFP-C2).
Characterizations of these lipoplexes in terms of size and
charge measurements and gel retardation assays were
performed.

MATERIALS AND METHODS

Materials

Pure phosphatidylcholine stabilized with 0.1% ascorbyl
palmitate (Phospholipon® 90 G; PC) was obtained from Phos-
pholipid GmbH, Nordrhein-Westfalen, Germany. Cationic lip-
ids composed of di(hydroxyethyl)amino core as shown in
Fig. 1a—f were synthesized via solid phase synthesis. The syn-
thesis and characterization procedure of these synthetic com-
pounds were described in the previous report (14). HeLa cells
—the human cervical cancer cell line—were obtained from
American Type Culture Collection (Rockville, Maryland,
USA). Modified Eagle's medium (MEM), trypsin-EDTA,
penicillin—streptomycin antibiotics, and fetal bovine serum
were purchased from Gibco-Invitrogen, New York, USA. 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was obtained from Sigma-Chemical Co., Missouri,
USA. The pEGFP-C2 plasmid DNA, encoding green fluores-
cent protein (GFP), was obtained from Clontech, California,
USA. The NHindIII was obtained from Promega, California,
USA. Lipofectamine™ 2000 was purchased from Invitrogen,
New York, USA. All other reagents employed were of cell
culture and molecular biology quality.
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Plasmid Preparation

pEGFP-C2 was propagated in Escherichia coli DH5-a
and purified by using the Qiagen endotoxin-free plasmid pu-
rification kit (Qiagen, Santa Clarita, California, USA). DNA
concentration was quantified by measuring UV absorbance at
260 nm using a GeneRay UV Photometer (Biometra®, Goet-
tingen, Germany). The purity of the plasmid was verified by
gel electrophoresis (1% agarose gel) in Tris acetate-EDTA
buffer, pH8.0 (TAE buffer), using A\DNA/HindIII as a DNA
marker.

Preparation of Cationic Liposomes

The cationic liposomes used in this study were prepared
from PC and cationic lipids consisting of a di(hydroxyethyl)a-
mino core at a molar ratio of 5:1 using the sonication method.
Briefly, the PC and cationic lipids were dissolved in chloro-
form/methanol (2:1% v/v), and then, the solvents were evap-
orated under a N, gas flow to generate a thin lipid film at the
bottom of the test tube. The thin film was left in a desiccator
overnight to remove the remaining organic solvents, followed
by thin film hydration using Tris buffer (20 mM Tris and
150 mM NaCl, pH7.4). After hydration, the dispersion was
sonicated using a bath sonicator for 30 min followed by a
probe sonicator (Vibra-Cell™ Ultrasonic Processor, Sonics
& Materials, Inc., USA.), each for 30 min in two cycles.

Preparation and Characterization of the Liposomes/DNA
Complexes

Various weight ratios of the liposome/DNA complexes
were prepared by adding the liposomes solution to the DNA
solution (the amount of DNA was fixed at 1 pg). The mixture
was gently mixed by pipetting up and down for 3-5 s to initiate
the formation of the complex. To completely form the com-
plex, the mixture was held at room temperature for 30 min.
Agarose gel electrophoresis was performed to confirm the
formation of the complex using a 1% agarose gel (1 g agarose
in 100 ml TAE buffer containing ethidium bromide 0.5 pg/ml)
and TAE buffer as a running buffer. Electrophoresis was
performed for 45 min at 100 V. The volume of sample loaded
per well was 10 pl of liposome/DNA complexes containing
1 pg of DNA.
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Fig. 1. Chemical structure of the cationic lipids: a N',N'-dimyristeroyloxyethyl-1,2-diaminoethane; b N* N'-dimyristeroyloxyethyl-1,3-
diaminopropane; ¢ N',N'-dimyristeroyloxyethyl-3-monoazapentane-1,5-diamine; d N',N'-dimyristeroyloxyethyl-spermine; e N',N'-
palmitoyloxyethyl-spermine; and f N',N'-steroyloxyethyl-spermine
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Size and Zeta Potential Measurements

The particle size and surface charge of the liposomes/
DNA complexes were examined by photon correlation spec-
troscopy using a Zeta sizer Nano ZS (Malvern Instruments
Ltd, Malvern, UK). The complexes were diluted with distilled
water that was passed through a 0.22-um membrane filter to
obtain the volume required for each measurement (approxi-
mately 1 ml). All measurements were performed in triplicate
at room temperature.

In Vitro Transfection of Liposome/DNA Complexes in HeLa
Cells

The day before transfection, HeLa cells were seeded into
a 24-well plate at a density of 2x10* cells/well in 0.5 ml of
complete medium (MEM containing 10% fetal bovine serum,
supplemented with 1% L-glutamine, 1% nonessential amino
acids solution, 100 U/ml penicillin, and 100 pg/ml
streptomycin) and were incubated overnight at 37°C and 5%
CO.. Before transfection, the medium was removed, and the
cells were incubated with 0.5 ml of the liposome/DNA
complexes in serum-free medium at various weight ratios
containing 1 pg of pPEGFP-C2 for 24 h at 37°C and 5% CO,.
Cells transfected with naked pEGFP-C2 were used as a
negative control, whereas Lipofectamine™ 2000 complexed
with DNA at a weight ratio of 2 was used as a positive control.
One day after transfection, the cells were washed with pH7.4
phosphate-buffered saline (PBS) and replaced with complete
medium. After this step, GFP expression was directly
observed under a fluorescence microscope (model: GFP-B,
wavelengths: excitation filter 480/40, and emission filter 535/
50). All transfection experiments were performed in triplicate.

Evaluation of Cell Viability

Cell viability was examined using an MTT assay. HeLa
cells were seeded into a 96-well plate at a density of 8x10°
cells/well in 100 pl of complete medium and were incubated
overnight at 37°C and 5% CO,. Before the cytotoxicity study,
the medium was removed, and the cells were treated with the
liposome/DNA complexes under the same conditions as those
used in the transfection experiment. The day after treatment,
the solution of the complexes was removed, and the cells were
rinsed with PBS followed by incubation with 100 ul of MTT-
containing medium (1 mg/ml) for 4 h. The formazan crystals
formed in the living cells were dissolved using 100 pl of
dimethyl sulfoxide per well. The relative cell viability (in
percent) was calculated based on the absorbance observed at
550 nm using a microplate reader (Universal Microplate
Analyzer, models AOPUSO1 and AI53601, Packard
BioScience, Connecticut, USA) and compared to the non-
treated cells. The viability of the non-treated cells was
defined as 100%.

Statistical Analysis

Significant differences in the transfection efficiency and cell
viability were determined using one-way analysis of variance
followed by the LSD post hoc test for analyzing transfection
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efficiency and the Tukey's post hoc test for determining cell
viability. The significance level was set at p<0.05.

RESULTS AND DISCUSSION

Characterization of the Cationic Liposomes/DNA Complexes

The degree of binding between the cationic liposomes
and DNA at varying weight ratios of liposomes/DNA was
investigated using a gel retardation assay to determine the
optimal conditions for the complex formation. The formation
of lipoplexes was visualized by agarose gel electrophoresis, as
shown in Fig. 2. The results from the agarose gel electropho-
resis illustrated that the DNA migration pattern of the cationic
liposomes prepared using the cationic lipid with a non-sper-
mine head group at any weight ratio of liposomes/DNA
(Fig. 2a—c; lanes 3-8) did not differ from the DN A migration
pattern of naked DNA (Fig. 2a—c; lane 2), which indicates that
the complex formation could not completely occur at the
weight ratios used in this experiment (weight ratios of 5 to
30). In contrast, the complex formation of the liposomes pre-
pared from the cationic lipids with a spermine head group (D,
E, and F; spermine-C14, spermine-C16, and spermine-C18)
completely formed at weight ratios above 15, 20, and 20,
respectively (Fig. 2d-f). If the carrier can form complexes with
DNA, the DNA migration will be retarded. In addition, the
DNA migration disappears when the complexes completely
form (15). Our results showed that the formulations of lip-
osomes composed of spermine—cationic lipids were able to
condense with DNA at different binding abilities. The binding
ability of these cationic lipids was in the following order:
spermine-C14 > spermine-C16 ~ spermine-C18.

Further investigations of the particle size and zeta poten-
tials of the liposomes/DNA complexes were performed at
weight ratios of 5, 15, 25, and 40. The particle size and zeta
potentials were plotted against the weight ratios of liposomes/
DNA (Fig. 3). The results revealed that the particle size of the
lipoplexes were in the range of 72-291 nm. Decreasing particle
sizes of the lipoplexes formulated from cationic lipids A, D, E,
and F were observed when the weight ratio of liposomes/
DNA increased, whereas the particle size of the lipoplexes
formulated from cationic lipids B and C slightly decreased
with increasing weight ratios. It could be assumed from this
finding that the observed size reduction of the lipoplexes when
the weight ratios increased was caused by the ability of the
liposomes to condense DNA into a compact size (16). Nega-
tive values of the zeta potential were observed in the lip-
oplexes formulated with cationic lipids B and C (lipoplexes
B and C) at any weight ratios. In contrast, the lipoplexes
formulated with cationic lipids A, D, E, and F (lipoplexes A,
D, E, and F) had an initially positive zeta potential value
(weight ratio of 5). Furthermore, the zeta potentials of the
lipoplexes D, E, and F gradually increased with an increasing
weight ratio, whereas the zeta potential of lipoplexes A at
weight ratios of 15, 25, and 40 (approximately 8-9 mV) did
not differ from its initial value (10 mV). The highest zeta
potentials observed at a weight ratio of 25 for the lipoplexes
D, E, and F were 67, 69, and 76, respectively. Furthermore, the
zeta potentials of lipoplexes D, E, and F at a weight ratio of 25
were not significantly different (p>0.05). Therefore, lipoplexes
D, E, and F, which were prepared from spermine—cationic lipids
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Fig. 2. Gel retardation assay of the liposomes/DNA complexes formulated from PC and cationic
lipids (a, b, ¢, d, e, and £, respectively). Lane 1, \HindII1 DNA marker; lane 2, pEGFP-C2; lanes 3-8,
liposomes/DNA complexes at weight ratios of 5, 10, 15, 20, 25, and 30, respectively

D, E, and F at a weight ratio of 25, may be utilized as an In Vitro Transfection in HeLa Cells
alternative for gene transfection due to their abilities to form

complete complexes with DNA and provide a high net positive High gene transfection efficiency is a major require-
surface charge (7). ment for developing novel gene delivery systems. The
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Fig. 3. Particle size (filled triangle) and zeta potential (filled square) at varying weight ratios of liposomes/DNA complexes formulated from PC and
cationic lipids (a, b, ¢, d, e, and f). Each value represents the mean+standard deviation of three measurements
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cationic liposome-mediated gene transfection was investi-
gated in a human cervical carcinoma cell line (HeLa cells)
using pPEGFP-C2. Gene transfection mediated by cationic
liposomes was affected by numerous factors, including the
compositions of the cationic liposomes. In addition, alter-
ing the type and amount of cationic lipids in the cationic
liposomes can enhance the transfection efficiency (17,18).
In this study, the effect of the chemical structure of the
cationic lipids used for preparing liposomes and the
weight ratios of liposomes/DNA on the transfection effi-
ciency were evaluated in comparison with Lipofect-
amine™ 2000 (weight ratio of 2) and naked pDNA
transfection (Fig. 4). The cationic lipids used in this study
can be classified into three groups based on the differ-
ences in the amine head group: (a) diamine head group;
cationic lipids A and B that differ in the length of the
linker group (C2 and C3) between the primary and ter-
tiary amines, (b) polyamine head group (non-spermine);
cationic lipid C, and (c¢) polyamine head group (sper-
mine); cationic lipids D, E, and F that differ in the acyl
chain length (C14, C16, and C18). There were no signif-
icant differences in the transfection efficiency between
lipoplexes B and C and the naked DNA transfection.
However, the transfection efficiency of lipoplex A at
weight ratios of 5, 10, and 15 was significantly different
from the naked DNA transfection, and the value was very
low when compared to the Lipofectamine™ 2000 transfec-
tion. In contrast, the transfection efficiency observed from
lipoplexes D, E, and F (composed of spermine—cationic
lipids C14, C16, and C18) at any weight ratio was signif-
icantly different from the naked DNA transfection, and
the value was close to the Lipofectamine™ 2000 transfec-
tion results. The gene transfection efficiency was signifi-
cantly affected by the carrier/DNA weight ratios. In
addition, as the weight ratio increased, the transfection
efficiencies reached the highest levels from 5 to 25 with

Paecharoenchai er al.

a decrease by further augmentation of the ratios from 25
to 40 (Fig. 4d-f), which is in agreement with our previous
report (19). The highest transfection efficiency yield from
lipoplexes D, E, and F was observed at a weight ratio of
25, and the transfection efficiency of these cationic lip-
osomes was in the following order: spermine-C14 (3,047 +
26 cells/cm?) > spermine-C16 (2,248+32 cells/cm?) >
spermine-C18 (1,816+64 cells/cm®). Among the lipoplexes
investigated, the highest transfection efficiency was
observed in the formulation of spermine-Cl14 liposomes
at the weight ratio of 25. There were no significant
differences between the transfection efficiency of lipoplex
D and the Lipofectamine™ 2000 transfection (Fig. 5). It
could be assumed that lipoplex D (composed of spermine-
C14 liposomes) at a weight ratio of 25 provided effective
gene carrier ability in vitro. In addition, lipoplexes E and
F, which contained liposomes prepared from the
spermine—cationic lipid, yielded almost higher
transfection efficiency compared to the lipoplexes
containing liposomes prepared from the non-spermine
cationic lipid. Transfection efficiency was observed only
in the complexes between the carrier and DNA that had
a positive charge. This result might be due to the
polycation/DNA ratio (20). The positive charge increases
the binding between the complexes and anionic cell
membrane surface, followed by a perturbation of the
membrane, which induces endocytosis and uptake of the
DNA into the cells (21). The mechanisms of escape from
endosomes for lipoplexes and polyplexes are
fundamentally different. The release of DNA into the
cytoplasm is mediated by the destabilization of the endosome
membrane by the cationic lipids (22) due to the trans-bilayer
flip—flop of negatively charged phospholipids from the
cytoplasmic leaflet to the lumenal leaflet of the endosome (6).
Another hypothesis for the escape of lipoplexes from
endosomes into cytosol is a detergent-like destabilization of
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Fig. 5. Comparison of the in vitro transfection efficiencies of lipo-
somes/DNA complexes formulated from PC and cationic lipids a, b,
¢, d, e, and f at a weight ratio of 25 in HeLa cells. Each value
represents the mean+standard deviation of three wells. *Statistically
significant (p<0.05)

the endosomal membrane (23). Lysosomotropic detergents,
such as lipophilic amine, were able to protonate at
intralysosomal acidic pH levels, which resulted in enhanced
endosomal escape (24). Therefore, the high gene transfection
observed from the cationic liposomes containing spermine—
cationic lipid in this study might result from the ability of these
cationic lipids to become protonated at intralysosomal acidic pH
levels, which could result in endosomal membrane
destabilization and the cytosolic release of the carried DNA.
The exact mechanism of the cationic liposomes containing
spermine—cationic lipid mediates efficient gene delivery
requires further study.
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The effect of serum on the transfection efficiency of lip-
oplex D at a weight ratio of 25 was also investigated. Almost
no transfection was observed in the presence of serum, and
there were no significant differences (p<0.05) between the
transfection efficiency of lipoplex D in the presence of serum
and the naked DNA transfection. This finding was in agree-
ment with a previous report (25), which indicated that cationic
liposome (lipofectin)-mediated gene transfection was
inhibited by serum. Therefore, the resulting inhibition of the
lipoplexes transfection by serum is a disadvantage when com-
pared to the polyplex transfection.

Effect of Cationic Liposomes/DNA Complexes on Cell
Viability

Suitable gene delivery systems should possess not only
high gene transfection efficiency but should also be safe to use
(2). To assure the safety of the gene carriers, the cell viability
was evaluated on the HeLa cell culture using an MTT assay
(Fig. 6). The cell viabilities of lipoplexes D, E, F, at weight
ratios of 5 to 25 were greater than 80% and were not signif-
icantly different from the control (non-treated cells). There-
fore, these liposome formulations presented low toxicity in the
concentration that provided the highest transfection efficiency
(weight ratio of 25), whereas liposomes A, B, and C had low
transfection even though they presented low toxicity (Fig. 6).
The cytotoxicity increased with increasing weight ratios of
carriers/DNA (16,19). Therefore, it was suggested that lip-
oplexes prepared form spermine—cationic lipids were safe to
be used in vitro.
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CONCLUSIONS

In the present study, cationic liposomes formulated from PC
and novel diethanolamine-based cationic lipids with differences in
the amine head group (diamine and polyamine; non-spermine
and spermine) and acyl chain lengths (C14, C16, and C18) were
investigated in vitro for their potential use as gene carriers.
Among these cationic liposomes, the liposomes composed of a
cationic lipid with a spermine head group and a C14 acyl chain
length demonstrated not only the highest gene transfection but
also low cytotoxicity in vitro. Consequently, these cationic lip-
osomes that contained a spermine head group are a promising
alternative for further development as a gene carrier.
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