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Novel gemini cationic lipids with carbamate groups for gene delivery
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To obtain efficient non-viral vectors, a series of Gemini cationic lipids with carbamate linkers between
headgroups and hydrophobic tails were synthesized. They have the hydrocarbon chains of 12, 14, 16 and
18 carbon atoms as tails, designated as G12, G14, G16 and G18, respectively. These Gemini cationic
lipids were prepared into cationic liposomes for the study of the physicochemical properties and gene
10 delivery. The DNA-bonding ability of these Gemini cationic liposomes was much better than their mono-
head counterparts (designated as M12, M14, M16 and MI18, respectively). In the same series of
liposomes, bonding ability declined with an increase in tail length. They were tested for their gene-
transferring capabilities in Hep-2 and A549 cells. They showed higher transfection efficiency than their
mono-head counterparts and were comparable or superior in transfection efficiency and cytotoxicity to
15 the commercial liposomes, DOTAP and Lipofectamine 2000. Our results convincingly demonstrate that
the gene-transferring capabilities of these cationic lipids depended on hydrocarbon chain length. Gene
transfection efficiency was maximal at a chain length of 14, as G14 can silence about 80 % of luciferase
in A549 cells. Cell uptake results indicate that Gemini lipid delivery systems could be internalised by
cells very efficiently. Thus, the Gemini cationic lipids could be used as synthetic non-viral gene delivery
20 carriers for further study.

production, stability, potential to incorporate targeting ligands,

1 Introduction 30 and unlimited size. However, compared to viruses, which have
evolved to overcome cellular barriers and immune defence
mechanisms, non-viral gene carriers consistently exhibit
significantly lower transfection efficiency.'> Among non-viral
vectors, cationic liposomes- and cationic polymer-based vectors
35 are the most heavily-investigated means to improve transfection
efficiency. Although cationic polymers can condense DNA
efficiently, exhibit better stability than cationic lipids, and the
properties of polyplexes are more easily controlled than those of
lipoplexes, cationic polymers usually display higher cytotoxicity
40 and immunogenicity due to the “templating” properties of the
polymeric backbone.” To reduce toxicity, cationic amphiphiles

Gene therapy requires safe and efficient carriers to transfer
expressible genetic materials or silencing nucleic acids to target
tissues. The most extensively used delivery tools can be divided
»sinto two general categories: viral and non-viral vectors.
Development of non-viral vectors has been one of the primary
areas of research because of several significant advantages,
including greater carrier capacity, safety, ease of large-scale
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E-mail: zhangshf@dlut.edu.cn have been utilised as an alternative to cationic polymers. In 1987,
b SEAC-ME Key Laboratory of Biotechnology and Bio-resources Felgner and colleagues first reported the design of cationic lipids
Utilization, Dalian Nationalities University, Dalian 116600, Liaoning, for gene delivery.4 Since then, interest in the synthesis of efficient
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cationic lipids has surged globally. A number of strategies have
been reported for the synthesis of versatile cationic lipids for gene
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 Dalian Institute of Chemical Physics, Chinese Academy of Sciences, delivery.
Dalian 116012, Liaoning, China The structure of cationic lipids generally comprises a
“Division of Molecular Pharmaceutics, Eshelman School of Pharmacy, hydrophilic cationic head group attached to hydrophobic tails via
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. : . . a linker. The polar head group provides association between
1 Electronic Supplementary Information (ESI) available: The synthesis .- . . .
route for mono-head quaternary ammoniums; IR, NMR, MS and HPLC positively charged liposomes and negatively charged nucleic

characterisation of all lipids synthesized by the article; In vitro acids by electrostatic complexation. The electrostatic properties
transfection images. See DOI: 10.1039/6000000x/
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of the cationic head group can affect the binding affinity of the
liposomes for DNA, as well as the transfection efficiency.
Generally, the toxicity of cationic lipids is due to the positive
electrical charge of the head group.'® The hydrophobic tails in
cationic lipids are usually composed of two long aliphatic chains.
The two chains, generally 12-18 carbon atoms in length, can be
either saturated or unsaturated (e.g., oleyl) and are not necessarily
symmetrical.!! Many studies have shown that the length and type

of aliphatic chain affect the transfection efficiency of a given lipid.

Most of linkers in the synthetic lipids are ether, ester or amide
bonds. These are either too stable to be biodegraded, thus causing
cytotoxicity (e.g., cthers), or liable to decompose in the
circulatory system (e.g., esters). It is well known to chemists that
carbamate bonds are stable under neutral conditions but liable to
acid-catalysed hydrolysis. The pH inside lysosomes or
endosomes is 1-2 units lower than in the cytoplasm. This can be
used for the design of carbamate-linked lipids, as they will
remain stable in plasma but decompose and release DNA because
of the decrease in pH.'?

Of the various forms of lipid, Gemini lipids are quite
interesting, as they possess unusual aggregation and surface
properties.'* Gemini lipids are a class of cationic lipids in which
two lipid molecules are joined together by a spacer. In 1997,
Engberts and colleagues first reported the novel Gemini
surfactants for efficient, nontoxic in vitro gene delivery."* In
recent years, Gemini surfactants have been used industrially as
emulsifiers and dispersants in detergents, cosmetics, personal
hygiene products, coatings, and paint formulations. However,
they have recently received more attention as gene transfection
agents, due to their superior surface activity and DNA binding
capabilities.'>"

The design of an efficient cationic lipid requires strategies to
address a multitude of cellular barriers. Over the past decade, our
laboratory has investigated the potential of cationic lipids as gene
delivery vectors."?*>* During this process, we combined
carbamates with Gemini lipids to give a novel type of cationic
lipids. In the present work, we built two types of novel Gemini
cationic lipids (termed mono-head quaternary ammonium
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Scheme 1 Synthesis of Gemini cationic lipids with carbamate linkers
(G12-G18). Reaction Conditions: (A) CH,Cl,, 40 °C, 3 h; (B) THE, 40 °C,
3 h; (C) 120-160 °C, 40 h.
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Scheme 2 The chemical structure of mono-head lipids. For their synthesis,
triethylenetetraamine in Scheme 1 was replaced with diethylenetriamine.

and Gemini quaternary ammonium), with hydrophobic chains of
various lengths (Cy,, Cy4, Cigand Cig). Their usefulness for gene
delivery was then evaluated.

2 Experimental procedures
Materials

DMEM, RPMI1640, fetal bovine serum (FBS), and
Lipofectamine 2000 were purchased from Invitrogen Life
Technologies (USA). DOPE and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Fluka (Switzerland). Anti-luciferase siRNA, missense siRNA,
FAM labelled dsDNA (sense: 5’-CAA GGG ACT GGA AGG
CTG GG), Texas Red labelled dsDNA (sense: 5°-CAA GGG
ACT GGA AGG CTG GG) and Hoechst 33342 were purchased
from Sigma-Aldrich (USA). NBD-PE and DOTAP were
purchased from Avanti Polar Lipids, Inc. (USA). Hep-2 and A549
cells were obtained from the Institute of Biochemistry and Cell
Biology (China). N,N’-carbonyldiimidazole (CDI), lauryl alcohol,
tetradecyl alcohol, hexadecyl alcohol and octadecyl alcohol were
purchased from Shanghai Chemical Industry Co. Ltd. (Shanghai,
China). Diethylenetriamine (DETA) and methyl iodide (CH;I)
were purchased from Shenyang Chemical Reagent Co. Ltd.
(Shenyang, China). Agarose was purchased from Gene Tech
(Shanghai, China). Green fluorescent protein (pGFP-N2) and
luciferase (pGL3) plasmid vectors were purchased from Sangon
Biotech Co. Ltd. (China), and extracted in our lab. All other
chemicals were of reagent grade. All materials were used as
received. All water used was purified using a Milli-Q Plus 185
water purification system (Millipore, USA), giving a resistivity
greater than 18 MQ cm.

Synthesis of cationic lipids

Gemini cationic lipids (G series) were readily obtained following
the three-step process depicted in Scheme 1. Mono-head cationic
lipids (M series) in Scheme 2 were synthesized through a similar
route. The synthesis of these lipids was performed as follows,
using G14 as an example: carbonyldiimidazole (40 mmol) was
added to tetradecyl alcohol (40 mmol) in dichloromethane and
kept at reflux for 3 h. Triethylenetetraamine (20 mmol in 30 mL
tetrahydrofuran) was added. After another 3 h, the solvent was
evaporated. The crude product was recrystallised from the
mixture solvent of ethanol/water (v:v, 3:1) to give intermediate B
as a white powder. For the construction of G14, intermediate B (4
mmol), a catalytic amount of potassium hydroxide and methyl
iodide (6 mmol) were added to a 100 mL autoclave, then the
mixture was allowed to react for 40 h at 160 °C. After the reaction
was complete, excess methyl iodide was removed by heating. The
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resulting sticky paste was recrystallised from the mixture solvent
of ethanol/water (v:v, 3:1) 3 times to obtain white lamellar
crystals of G14.

Chemical analysis

All synthetic compounds were analysed by NMR, ESI-MS, IR
and HPLC before being submitted to biological screening. 'H and
BC NMR spectra were measured at 400 and 100 MHz,
respectively, on a Varian MercuryPlus 400 spectrometer. High
resolution mass spectroscopy was performed using a Q-Tof Micro
(Micromass Inc., Manchester, UK) with a resolving power of
5000, flow rate 5-20 puL min™, capillary voltage 2.5-3.5 KV and
ion source temperature 100 °C. IR spectra were recorded using a
NICOLET 370 (Thermo, USA). HPLC was performed on an
ELSD180 (Tianmei, China) with a CI8 column (4.6 mmx150
mm, 5 pm), methanol/water mobile phase (85:15), column
temperature 30 °C and flow rate 0.6 mL min™'. Characterisation
data for cationic lipids are listed in the SI.

Liposomes preparation and characterisation

The protocol for preparation of liposomes based on M12-M18
and G12-G18 lipids was optimised to obtain high-quality delivery
systems. The lipids were formulated in combination with the
neutral lipid DOPE in a 1:1 molar ratio. To prepare liposomes, a
suitable amount of lipid and DOPE were dissolved in 1 mL of
chloroform in a 5 mL glass vial. The solvent was removed under
a stream of nitrogen gas, followed by high-vacuum desiccation.
The dry lipid film was resuspended in 1 mL distilled water to give
liposomes in a concentration of approximately 1 mg mL.
Liposomes solutions were subjected to several cycles of
sonication in a bath sonicator and vigorous vortex mixing to form
small vesicles. For the measurement of particle size and Zeta
potential, 20 pL of the liposomes were diluted with distilled water
(1 mL). Particle size and zeta potential were then measured three

times using a Malvern ZetaSizer Nano series (Westborough, MA).

DNA-binding assay

Formation of lipoplexes between cationic liposomes and pDNA
was confirmed by gel retardation assay. Cationic liposomes were
miexed with pDNA in DMEM at N/P ratios from 0:1 to 8:1 and
incubated for 20 min at room temperature. Each mixture was
loaded onto a 1.2 % agarose gel containing 0.5 mg mL™" ethidium
bromide. The samples were subjected to electrophoresis at 100 V
for 30 min, and DNA bands were visualised in a gel
documentation unit (Syngene, Britain).

In vitro pDNA transfection

To prepare cationic liposomes/DNA complexes, plasmid DNA
(pGFP-N2) and liposomes were each diluted in 100 pL
Dulbecco’s modified Eagle’s medium (DMEM); then, the
plasmid DNA solution was added to the liposomes solution. This
mixture was incubated at room temperature for 20 min before use
to allow the formation of DNA complexes. Tumour cells (5.0 x
10* cells well™") were seeded in 24-well plates, and incubated at
37 °C under 5 % CO, until approximately 80 % confluence was
attained. The medium was removed and replaced with 100 pL
serum-free DMEM per well. Cationic liposomes/DNA complexes

P

3

a5

S

3

=3
S

FBS and 1 % antibiotics, and the cultures were maintained at 37
°C under 5 % CO, for 48 h.

The expression of green fluorescent protein was measured
using an inverted fluorescence microscope (Olympus IX71,
Japan). Relative luciferase activity was assessed using a Bright-
Glo™ Luciferase Assay System (Promega) and Synergy™ 2
Multi-Detection Microplate Reader (BioTek, USA). Briefly, the
growth medium was removed from each well, and luciferase
activity was measured after lysis buffer was added. Protein
concentration in the cell lysate was determined using BCA
protein assay reagent, allowing transfection efficiency to be
determined from relative luciferase activity. The data are
expressed as relative light units (RLU) per milligram of protein.

In vitro siRNA transfection

A549 cells expressing firefly luciferase were seeded in 12-well
plates (1.0 x 10° per well) approximately 24 h before experiments.
Cells were treated with different lipid formulations at the anti-
luciferase siRNA concentration of 40 nM in Opti-MEM at 37 °C
for 4 h. Cells were washed with DPBS, followed by incubation
with lysis buffer at room temperature for 20 min. Fluorescence
intensity in cell lysate was determined using a Perkin-Elmer LS
50B luminescence spectrometer (Norwalk, CT) (Aey, 494 nm; Ao,
519 nm). Cell lysate (5 pg per well) was dissolved in BCA
protein assay reagent, and total protein concentrations determined
at 570 nm. The silencing rate is expressed as relative light units
(RLU) per microgram of total protein.

Cytotoxicity of the cationic liposomes

The cytotoxicity of the lipids M12-M18 and G12-G18 was
assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay. The assay
was performed in 96-well plates by maintaining the N/P weight
ratios as used in the transfection experiments. Hep-2 cells were
seeded in 96-well plates and incubated at 37 °C under 5 % CO,
for 24 h to get a confluence of about 80 %. After the replacement
of medium, the liposomes/DNA complexes were added to the
cells for further culture at 37 °C under 5 % CO, for 24 h, and then
MTT (20 pL, 5 mg mL™', pH 7.4) was added and kept for 4.5 h.
The absorbance at 570 nm was monitored by using the enzyme
mark instrument (Sunrise Tecan, Australia).

Cellular uptake

A549 cells were seeded on 3.5 cm plates (Mat Tek) with glass
bottom and incubated at 37 °C in humidified 5 % CO,. At the
confluency of about 80 %, the culture medium was removed and
washed by DPBS. Lipoplexes were obtained by adding liposomes
with post-inserted NBD-PE (A, 460 nm; A, 535 nm) into a
Texas Red (Acy, 589 nm; A, 615 nm) labeled dsDNA (mimic of
siRNA). Lipoplexes were then added to the cells at a final
dsDNA concentration of 40 nM. Following 4 hour culture at 37
°C in humidified 5 % CO,, cells were washed with DPBS
extensively. Cells were further incubated 15 min with Hoeschst
33342 (Aex, 350 nm; Ay, 461 nm) to visualize nucleus of cells.
Confocal laser scanning microscopy was carried out by using an
Olympus FV-1000 MPE laser scanning microscope operated with
FLUOVIEW software (Olympus, Tokyo, Japan).

were then added to the plates and kept at 37 °C under 5 % CO, for 1y
ss 4 h. The medium was then replaced with DMEM containing 10 %

For cytometry analysis, cells were seeded in a 12 well plate. At
the cell confluency of about 80 %, lipoplexes obtained by adding

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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liposomes into a FAM (Aey, 492; Aem, 517 nm) labeled dsDNA
(mimic of siRNA) solution were then added to the cells at a final
dsDNA concentration of 40 nM. Following 4 hour culture at 37
°C in humidified 5 % CO,, cells were washed with DPBS,
trypsinized, and resuspended in DPBS at a concentration of 1x10°
cells mL™'. Cells were detected and quantified by flow cytometry
(Becton-Dickinson, Heidelberg, Germany). Results were
processed using the Cellquest software (Becton-Dickinson).

3 Results and discussion
Design and synthesis of cationic lipids

When incorporating a carbamate group into the linker, it may be
assumed that a decrease in pH will act as a trigger after entering
endosomes, disconnecting the hydrophobic and hydrophilic
portions of the lipoplex and releasing DNA.'? In a previous study,
we synthesised several carbamate-linked cationic lipids, which
showed some capacity for gene delivery. In this article, we report
the design and synthesis of a series of novel Gemini cationic
lipids (Scheme 1) with mono-head cationic lipids (Scheme 2) as
controls (the synthetic scheme can be found in the SI).

We thus developed an environmentally friendly synthesis of
carbamate-linked cationic lipids, using CDI to mediate the
linkage of fatty alcohols and amine (Scheme 1). The advantages
of this method include mild reaction conditions (which minimise
side-reactions), regioselectivity reaction with primary amino
groups in step B, the lack of amine hydrochloride formation (as
observed when using acid chlorides), and simple purification.
Imidazole, formed as a by-product when CDI reacts with
hydroxyl groups and carboxylic acids or amines, can be easily
removed by an acidic wash.?

This is the first reported use of our method for the synthesis of
the novel lipids M12-M18 and G12-G18. They are composed of
three biocompatible molecular moieties:  bis-quaternary
ammonium or mono-head quaternary ammonium (the cationic
headgroup), carbamate (the linker), and two hydrocarbon chains
(hydrophobic tail) (Scheme 1). For G14, intermediate B was
obtained in a yield of approximately 60 % under the conditions
given in scheme 1. Nevertheless, reactivity fell as chain length
increased, so it was necessary to increase the reaction temperature
for the intermediates of G16 and G18. Finally, CH;lI treatment of
intermediate B gave the final products in a yield of over 70 %
after 3 recrystallisations from ethanol/water. The yield was
influenced by reaction temperature, and alkali accelerated the
quaternisation greatly. The structures and purity of mono-head
and Gemini cationic lipids were characterised by electrospray
ionisation-mass spectrometry (ESI-MS), proton nuclear magnetic
resonance spectroscopy (‘'H NMR, “C NMR), infrared (IR)
spectroscopy, and high pressure liquid chromatography (HPLC).
Taking G14 as an example, the 'H NMR peaks of the
hydrocarbon chain were detected at 0.89, 1.26, 1.68 and 4.04 ppm;
'H NMR peaks for the carbamate NH, the methylenes between
the two quaternary ammonium groups, the methylenes between
carbamate and quaternary ammonium, and N-methyl in the head
were at 6.20, 3.83, 4.69, 3.64 ppm, respectively. Molecular ions
of these compounds were detected as [M-I]* and [M-I]*"/2. For
G14, these were 811.5563 (calculated: 811.5537) and 342.3250
(calculated: 342.3246), respectively. In the IR spectrum 3299.08
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cem” and 1681.57 cm’! represented vyy and vc_o, respectively,
while 1548.85 cm™ corresponded to 8yy. The purity of all lipids
obtained was over 95 % based on HPLC analysis. Analytical data
of these compounds are listed in the SI.

Particle size and {-potential

After the preparation of liposomes as depicted in the
experimental procedures, they were subjected to the measurement
of particle size and zeta potential by using dynamic light
scattering analysis (DLS) method. The average particle sizes of
these liposomes were from 100 nm to 200 nm, similar to those of
DOTAP and Lipofectamine 2000 (Fig. 1A). It has been proved
that this particle size range was suitable for gene delivery.”® The
zeta potential of liposomes is an indirect measure of the surface
charge; it can be used to evaluate the extent of interaction of the
liposomal cationic surface charges with the anionic charges of
DNA.?" In this study, the zeta potentials of the liposomes were
between 38-55 mV (Fig. 1B), which should maintain the stability
of liposomes for at least 3 months at 4 °C. This has been proved
by the data of particle size listed in the SI.

After the addition of DNA to liposomes, lipoplexes formed due
to electrostatic forces. The range of zeta potentials may also
ensure the formation of lipoplexes. Zeta potential is a function of
lipid:DNA ratios in lipoplexes, as shown in Fig. 2A and SI. As

so increasing the N/P charge ratios, zeta potential tended to increase
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Fig. 1 Particle size and zeta potential of liposomes from the M and G
series. Liposomes (20 pL) were diluted in 1 mL distilled water. Particle

85 size (A) and zeta potential (B) were measured using a Malvern ZetaSizer.

The liposomes PDI of M12, M14, M16, M18, G12, G14, G16, G18,
DOTAP and Lipofectamine were 0.203, 0.275, 0.353, 0.352, 0.207, 0.204,
0.180, 0.136, 0.230 and 0.277, respectively.

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 10



Page 5 of 10

5

10

15

20

25

40

Journal of Materials Chemistry B

from negative (-21.6 mV at an N/P ratio of 1) to positive values
(around +40 mV for higher N/P ratios). The structure of
lipoplexes with a positive zeta potential is different from those
with a negative potential®® Lipoplexes with positive zeta
potential may have an aggregated multilamellar structure (L<,).%
Negative zeta potential leads to free plasmids or protruding DNA
strings. The average particle size reaches a maximum (about 230
nm) at an N/P ratio of 3:1 or 4:1, with a bigger PDI (Fig. 2B and
SI). A DNA complex size of approximately 200 nm and a
positively charged surface are desirable for cellular uptake.*’

This increase in both size and PDI was caused by adsorption of
DNA molecules to the outside of the cationic liposomes, resulting
in different lipoplex structures. In some cases, an excess of
cationic liposomes to DNA leads to entrapment of DNA
molecules between the lamellae in clusters of aggregated
multilamellar  structures.’! In other studies, the lamellar
structure,* a highly ordered tubular structure, the multilamellar
structure L, and inverted hexagonal structures H;and H; have
also been found.” In this study, when N/P ratios were over 0,
DNA was highly condensed, giving smaller particle sizes and
PDI (Fig. 2B). During lipoplex formation, it has been determined
that a single plasmid is surrounded by sufficient cationic
liposomes to completely neutralise the negative charge of DNA,
providing the complex with a net positive charge that is attracted
to the negatively charged cell surface. This may be associated
with effective transfection. However, after the entry of
lipoplexes into cells, the release of DNA from the matrix is
required for gene expression.

Lipoplex formation confirmed by gel electrophoresis

A N/P

1:1

2:1

G14

Lip6-2000:3:1

35

>

Zeta potential (mV)

300

o

250

200

150 ¢

100 r

Particle Size (nm)

50 r

Fig. 2 Zeta potential and particle size of G14 lipoplexes at different N/P
weight ratios. Lipoplexes (20 puL) were diluted in 1 mL distilled water.
Zeta potential (A) and particle size (B) were measured using a Malvern
ZetaSizer. The PDI at an N/P ratio of 1, 2, 3, 4, 6, and 8 was 0.192, 0.173,
0.242, 0.302, 0.169 and 0.171, respectively.

Liposomes can facilitate pDNA entry into cells and also protect
pDNA from degradation by DNase. DNA degradation is a
limiting factor in gene therapy.*® To identify the appropriate ratio

6:1

DOTAP:3:1.
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Fig. 3 Gene expression in Hep-2 cells using G14 liposome at different N/P ratios. As controls, DOTAP and Lipofectamine 2000 were used at the N/P ratio
of 3:1. (DOTAP showed nearly the same transfection efficiency for the N/P ratios of 3:1 and 6:1 as shown in the SI, so we used 3:1 to keep the
45 consistency.) Images were taken 48 h after transfection. (A: Fluorescence microscopic images (20 x 10) of GFP. B: Luciferase expression of pGL3.)
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of liposomes to DNA for condensation, we evaluated their ability
to promote DNA condensation and to inhibit its migration in
agarose gel electrophoresis. The results show that the pDNA
formed two major bands, corresponding to supercoiled pDNAs
s and open circular pDNAs. After the addition of liposomes, pDNA
was completely retarded at different N/P weight ratios for
different liposomes-M12, 6:1; M14, 6:1; M16, 8:1; M18 over 8:1;
G12, 2:1; G14, 3:1; G16, 3:1 and G18, 6:1. As controls DOTAP
and Lipofectamine 2000 retarded pDNA at N/P ratios of 6:1 and
10 3:1, respectively. These results demonstrate that cationic
liposomes can form DNA-liposomes complexes. The data of gel
electrophoresis are listed in the SI. The DNA-bonding ability of
cationic liposomes containing Gemini lipids was much better than
those containing mono-head lipids, as Gemini lipids bear more
15 charges than their mono-head counterparts. In the same series of
liposomes, bonding ability declined with an increase in tail length.
It was also observed that the increasing trend in DNA-binding
ability was obvious with the increase in lipid-to-DNA ratios. The
lower N/P ratios of Gemini liposomes for retardation compared
20 with the control DOTAP and mono-head liposomes may reduce
the dose of Gemini cationic liposomes required to obtain
maximal transfection efficiency. That is one of the advantages for
Gemini cationic liposomes.

In vitro pDNA and siRNA transfection

25 In vitro transfection using liposomes from lipids M12-M18 and
G12-G18 was evaluated using pGFP-N2 plasmid DNA and pGL3
plasmid DNA against Hep-2 cells. Expression of pGFP-N2 is
illustrated in Fig. 3A and the SI, which indicates that G series
cationic lipids were much better than M series in terms of

30 transfection efficiency. Among M and G series, lipids with
carbon chain length of 14 showed higher transfection efficiency
than other chain lengths. G14 could maintain high transfection at
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Fig. 4 Luciferase expression in Hep-2 cells in the presence of mono-head

35 cationic lipids and Gemini cationic lipids, compared to DOTAP and
Lipofectamine 2000 at a N/P weight ratio of 3:1. (DOTAP showed nearly
the same transfection efficiency for the N/P ratios of 3:1 and 6:1 as shown
in the SI, so we used 3:1 to keep the consistency.)
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Fig. 5 In vitro screening of Gemini cationic lipids for siRNA delivery.
AS549 cells expressing firefly luciferase were treated with firefly
luciferase targeting siRNA-Gemini complexes. Firefly luciferase activity
45 (RLU pg') after treatment with siRNA-Gemini lipid complexes in
triplicate is shown at a 3:1 (wt/wt) ratio for different Gemini cationic
lipids (A); at N/P ratios of 1:2, 1:1, 2:1 and 3:1 for G14 (B) and at siRNA
concentrations of 10, 2, 40 and 60 nM for G14 (C). For DOTAP and
Lipofectamine 2000, the N/P ratio was 3:1 and the siRNA concentration
so was 40 nM. Missense siRNA was delivered by using G14 at the N/P ratio
of 3:1.

the weight ratios from 1:1 to 4:1. Compared to Lipofectamine
2000 and DOTAP, G14 showed similar or higher transfection
efficiency at an N/P weight ratio of 3:1. This was also confirmed

This journal is © The Royal Society of Chemistry [year]
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by delivering pGL3 plasmid as shown in Fig. 3B and Fig.4.

As Gemini cationic lipids were more effective than mono-head
cationic lipids in terms of pDNA delivery, G series lipids were
screened for the ability to deliver siRNA to A549 lung carcinoma
cells, which can stably express firefly luciferase (Fig. 5). Efficacy
of siRNA delivery by these Gemini cationic lipids was
determined by treating cells with siRNA-Gemini complexes,
prepared using a firefly luciferase targeting siRNA (siLuc).

Overall, all four Gemini lipids showed gene silence compared
with the control. Three of them were better than DOTAP, and
G14 was comparable to Lipofectamine 2000, silencing nearly 80%
of luciferase in A549 cells. The ratio of delivery material to
nucleic acids is known to affect the delivery potential of
lipoplexes. In this experiment, several N/P weight ratios were
investigated to determine the optimal ratio for delivery of siRNA.
All ratios were below 3:1 to prevent cytotoxicity. The results in
Fig. 5B show that with an increase in N/P ratio silencing of
firefly luciferase was enhanced, but the difference in rate of
silencing between ratios of 2:1 and 3:1 was only approximately 6
%. Therefore, the ratio of 3:1 should be suitable for the delivery
of siRNA using G14. The effects of four concentrations of G14
(10 nM, 20 nM, 40 nM and 60 nM) on the silencing results are
shown in Fig. 5C. This indicates that 40 nM was a suitable
concentration for in vitro siRNA delivery to lung carcinoma cells.
Much work has been carried out on modifying cationic lipids for
use in gene transfection, to determine if there is a ‘best’ chain
length 3*3°

However, solid conclusions are rarely obtained, for the
conclusions of these studies are frequently contradictory. Most
studies have found that cationic lipids with shorter saturated
chains are generally important for acquiring high transfection
efficiency. It is possible that shorter hydrocarbon chains increase
the fluidity of bilayers, thus favouring a higher rate of
intermembrane transfer of lipid monomers. Lipid membrane
mixing may result in disruption of the endosome, and consequent
siRNA escape due to endosomal degradation. In this study, G14
showed superior siRNA delivery. It may maintain an appropriate
balance between fluidity and rigidity for entering into cells, and
have the ability to release siRNA in cells due to the carbamate
linker. We can also see that missense RNA could not silence
luciferase gene, though it was delivered by G14. This ensures the
specificity of siRNA.

Cellular uptake

To study whether liposomes could enhance the delivery of siRNA
using luciferase stably expressed in AS549 cells, cell uptake was
measured by flow cytometry at a constant N/P ratio of 3:1 with
FAB labelled dsRNA (a model of siRNA) at 40 nM. Cells were
cultured for 4 h after treatment with lipoplexes, then cells were
trypsinised and resuspended for FITC signal analysis by flow
cytometer. Through the selection of live cells to give P1 cells and
by comparison with control cells, P2 cells were designated as the
type exhibiting uptake. Histograms of cell number versus
fluorescence intensity are shown in Fig. 6A for G14, control,
DOTAP and Lipofectamine 2000. The uptake rate from P2/P1 is
shown in Fig. 6B, indicating superior uptake of G series
liposomes than of the commercial products. G14 attained 65 %
uptake, 20 % higher than Lipofectamine 2000. This could
partially explain why G14 exhibited better transfection efficiency
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Fig. 6 Flow cytometry analysis of A549 cells after 4 hours of treatment
with lipoplexes of liposomes and FAB labelled dsDNA at an N/P ratio of
3:1. Cells were trypsinised and resuspended; the FITC signal was
analysed using a flow cytometer. (A) Cell counts based on the uptake of
lipoplexes using P2 for control, G14, DOTAP and Lipofectamine 2000
(ordinate indicates the number of cells, and abscissa indicates
fluorescence intensity); (B) Uptake rate based on P2, accounting for
selected cells (P1) for different lipoplexes. “Oligo” indicates cells were
treated with dSDNA without liposomes.

than other liposomes, on the hypothesis they had nearly the same
rateof release from endosomes.

The internalisation of G14 lipoplexes was also monitored by
confocal microscopy. In this experiment, FAM-labelled dsDNA,a
model for siRNA, was complexed with NBD-PE-labelled G14
liposomes, and incubated with A549 cells for 4 h to study the
sub-cellular distribution of the delivered dsDNA. Fig. 7 shows
that G14 liposomes promoted internalisation of dsDNA by cells.
Green fluorescence was mainly observed in the cytosol around
the nuclei; red fluorescence was distributed in both the cytosol
and the nuclei. Most complexes were evenly spread throughout
the cytoplasm, though some punctate distribution was also
observed. The confocal images are similar to those observed in a
recent study, although those researchers used lipid-modified
cationic polymers as the delivery system.>*’

The results indicate that after 4 h transfection most dsDNA was
released from the lipoplexes, though some was still combined
with G14 liposomes. Overall, the cell uptake studies clearly
demonstrate that G14 can effectively deliver dsDNA into cells.
After entry into cells, the liposomes formed from G14 may
readily release nucleic acids due to the carbamate linker in G14
structure with the decrease in pH. It was already confirmed by
Charlie in 2012.%

Cytotoxicity of cationic liposomes

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Confocal microscopy of transfected cells, with G14 liposomes and
dsDNA (40 nM) labelled with NBD-PE and Texas red, respectively. After
removal of the transfection solution, cells were washed with DPBS and
dyed with Hoechst 33342, diluted 1000-fold in medium for 15 min.
Confocal laser scanning microscopy was carried out using an Olympus
FV-1000 MPE laser scanning microscope operated with FLUOVIEW
software and magnification of x 60 in oil (Olympus, Tokyo, Japan).
Panels: (A) Nuclei; (B) Liposomes labelled with NBD-PE; (C) dsDNA
labelled with Texas red; (D) Cells with bright field; (E) Superimposition
of A, B, C and D.

As an important factor in biocompatibility, in vitro cytotoxicity of
gene delivery materials is usually measured by the MTT
method.**° MTT-based cell viabilities after exposure to lipids
M12-M18 and G12-G18 were evaluated in Hep-2 cells across the
entire range of lipid/DNA charge ratios used in the transfection
experiments. Cells tolerated all the lipids at relatively low N/P
ratios (under 4:1), equal to or higher than the commercial
liposomes Lipofectamine 2000 and DOTAP (Fig. 8). When N/P
ratios were increased to 6:1 and 8:1, cytotoxicity was found to
rise dramatically, with 70 % cell viability or lower. Cationic lipids
can exert cytotoxic effects by interacting with critical enzymes
such as PKC. Some research shows cationic amphiphiles
containing a steroid backbone are more potent inhibitors of PKC
than their straight-chain analogues; thus, they also have higher
toxicity.*! Compared with mono-head cationic lipids, Gemini
cationic lipids did not show any greater cytotoxicity, despite their
more charge per molecule. However, Gemini cationic lipids were
more efficient for in vitro transfection than their counterparts at
relatively low N/P ratios. Therefore, these novel Gemini cationic
lipids display potential for application in gene delivery and
deserve to be studied further.

4 Conclusions

Although hundreds of cationic lipids have been studied,* there is
still a need to develop new gene transfer systems. Our objective
in this study was to develop cationic lipids with a high gene-
transfer efficiency that could be readily and inexpensively
synthesised. We have synthesised several novel Gemini cationic
lipids with hydrocarbon chains of varied length and tested for
their gene-transferring capabilities in Hep-2 and A549 cells.
Compared with their mono-head counterparts, they have shown
superior pDNA binding ability and more efficient in vitro
transfection of both pDNA and siRNA. Of these Gemini cationic
lipids, G14 showed more potential for gene delivery. G14 was as
efficient as the commercial transfection reagents Lipofectamine
2000 and superior to DOTAP. What’s more, liposomes formed
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Fig. 8 Cytotoxicity of the mono-head cationic liposomes (A) and Gemini
cationic liposomes (B) prepared with DOPE at a molar ratio of 1:1 against
Hep-2 cells, 48 h after the addition of lipoplexes formulated from
liposomes and GFP plasmids. The cell viability of negative control cells
was designated as 1. The positive controls were Lipofectamine 2000 and
DOTAP, which were formulated with GFP plasmids to form lipoplexes at
aratio of 3:1, as indicated in the protocols.

from G14 displayed low cytotoxicity, even though it bears more
charge. The appropriate balance between fluidity and rigidity may
partially explain it’s superior properties. Despite these promising
results, further research is clearly needed to clarify the complex
mechanisms involved in gene transfer mediated by Gemini
cationic lipids. The improvement of these structures may yield
new compounds worthy of exploration. We also expect further
developments toward the use of this type of cationic lipid in
successful in vivo gene transfer.
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The novel Gemini cationic lipids were investigated to show superior gene delivery
properties and promising applications in the future.



