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The clarification of the structure—activity relationships of non-viral gene delivery vectors is of great
importance. A series of novel cyclen-based cationic lipids were synthesized and applied as gene carriers.
The structures of these fifteen lipids varied with different linking groups and hydrophobic tails. The
liposomes formed by these lipids and helper lipid DOPE could efficiently bind DNA and condense it into
nano-sized particles with positive zeta-potentials and protect DNA from enzymatic digestion. Results
revealed that the hydroxyl group or aromatic ring in the lipid structure would affect their DNA binding
and transfection ability. Lipids with double hydrophobic tails gave much higher transfection efficiencies
than those with a single tail, and aromatic rings in the lipid backbone might facilitate the transfection.
The transfection efficiency could be further improved by optimizing the hydrophobic tails. The lipid with
C14 tails gave a much higher efficiency than its analogs. A cytotoxicity assay showed that the lipids
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1. Introduction

The success of gene therapy, which is considered as an inno-
vative method to treat some diseases including genetic disor-
ders, chronic and acute diseases and cancer, depends largely on
the properties of the gene delivery vectors.”” Comparing with
highly efficient viral vectors, non-viral vectors such as cationic
lipids, cationic polymers and other nanoparticles have attracted
more attention and been developed substantially in the past
decades due to their low immunogenicity and controlled
release.>> Among non-viral vectors, cationic lipids have clear
morphological structure,® ease of preparation, modification and
characterization,” and the ability to collaboratively assemble
with other materials.® Therefore, they have been used as an
advanced platform for delivering various nucleic acid molecules
in a diverse range of sizes to cells. Since the first study of
DOTMA as a cationic lipid gene vector by Felgner in 1987,°
various types of lipids and liposomes for gene delivery have
been reported.'® However, although the molecular architecture
of cationic lipids has a significant impact on their cytotoxicity,
intracellular trafficking and gene transfection efficiency (TE),
the detailed structure-activity relationship (SAR) of such type
of vectors remains unclear. Thus elaborate design of lipid
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that such cationic lipids may act as promising non-viral gene delivery carriers.

structure is needed to comprehensively understand the SAR of
the lipidic vectors.

Generally speaking, cationic lipids contain three parts
including polar headgroups, linking groups and hydrophobic
tails. The change of each part can influence their physical and
chemical characteristics along with TE."* Various cationic lipids
with heterocyclic headgroups such as imidazolium,"** pyr-
idinium**** and macrocyclic polyamines'®'” were introduced in
recent years to study their SAR and be used as promising gene
vectors. In our previous studies, 1,4,7,10-tetraazacyclododecane
(cyclen) with wide range of pK, values and the property of easy
modification was used as an appropriate cationic headgroup to
interact with negatively charged nucleic acids by electrostatic
attraction.'®*>" Although the positively charged nitrogen atoms
in the headgroup may promote DNA condensation and endo-
cytosis, it also increases the toxicity and reduces the tolerability
in serum.” Some strategies were applied to overcome these
disadvantages such as the introduction of PEG,*® hydroxyl
group,” hyaluronic acid,” or other negatively charged moie-
ties.”® Besides, a few studies also found that lipidic vectors with
aromatic groups in the structure might give improved TE and
biocompatibility.>””** It was speculated that aromatic groups
may have some interactions with DNA base pairs through -7
interaction,® also intercalation,* leading to improved DNA
binding ability.** For examples, Ilies et al. designed a set of
cationic lipids based on dopamine backbone which showed
high TE.*® Hiremath and co-workers revealed that cationic
surfactant lipids containing aromatic units at different loca-
tions of hydrophobic segments displayed remarkable thermal
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stability due to inter-monomer stacking.** Meanwhile, the
structures of hydrophobic tails also largely affect the TE of
cationic lipids.>****¢ The influences of the amounts, length, or
saturation degrees of hydrophobic tails on the gene transfection
still need in-depth studies for further clarification.

Herein, we designed and synthesized a series of single and
double tailed cationic lipids with different liking moieties which
may introduce hydroxyl or aromatic groups to the structure. The
SAR of these cyclen-based cationic lipids was systematically
studied, and the lipid which shows the best TE was identified.
Further, the effect of hydrophobic alkyl tails was also investigated
based on the optimized structure. We believe that the studies
may give us some clues for the design of novel lipidic gene
delivery vectors with high efficiency and biocompatibility.

2. Experimental section
2.1 Materials and methods

All chemicals and reagents were obtained commercially and were
used as received. Anhydrous acetonitrile, dichloromethane (DCM),
chloroform (CHCl;) and acetonitrile were dried and purified under
nitrogen by using standard methods and were distilled imme-
diately before [4,7,10-Tris(tert-butoxycarbonyl)-1,4,7,10-
tetraazacyclododecan-1-ylJacetic acid (tri-boc-cyclen-acetic acid,
compound 6, Scheme S2t), tri-tert-butyl 10-(4-(bromomethyl)-
benzyl)-1,4,7,10-tetraazacyclododecane-1,4,7-tricarboxylate
(compound 7, Scheme S2t) were synthesized according to
the literature.’”*® 1,4,7,10-Tetraazacyclododecanes (cyclen) was
purchased from Quzhou Synpartner Pharmaceutical Tech-
nology Co., Ltd. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) was purchased from Avanti Polar Lipids, Inc. The
supercoiled plasmid DNA (pUC-19) used in agarose-gel assay
was purchased from Takara (Dalian, China). The plasmids used
in the study were pEGFP-N1 (Clontech, Palo Alto, CA, USA). MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)}-2H tetrazolium, inner salt) was obtained from Promega
(Madison, WI, USA). The Dulbecco's Modified Eagle's Medium
(DMEM), fetal bovine serum and Lipofectamine® 2000 were
purchased from Invitrogen Corp. MicroBCA protein assay kit was
obtained from Pierce (Rockford, IL, USA). Luciferase assay kit was
purchased from Promega (Madison, WI, USA). Endotoxin free
plasmid purification kit was purchased from TIANGEN (Beijing,
China). HEK 293 human embryonic kidney cell lines and HeLa
cervical carcinoma cell lines were purchased from Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences. The NMR spectra were measured on a Agilent 400-MR
DD2 spectrometer and the d scale in parts per million was refer-
enced to residual solvent peaks or internal tetramethylsilane
(TMS). MS-ESI spectra data were recorded on a Bruker Daltonics
BioTOF mass spectrometer.

use.

2.2 Preparation of cationic liposome

The cationic lipid and the neutral lipid DOPE in a 1:1 mole
ratio were dissolved in 2.5 mL anhydrous chloroform in a glass
vial. The solvent was removed under reduced pressure with
a thin flow of moisture-free nitrogen gas. And the dried lipid
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film was then kept under high vacuum overnight. The lipid film
was hydrated with 2.5 mL of Tris-HCI buffer (10 mM, pH 7.4) to
the final lipid concentration of 1 mM. The samples were soni-
cated in a bath sonicator to generate small unilamellar vesicles
according to previously described procedures.*

2.3 Amplification and purification of plasmid DNA

pGL-3 and pEGFP-N1 plasmids were used. The former one was
seed as the luciferase reporter gene, which was transformed in
M109 Escherichia coli, and the latter one was used as the
enhanced green fluorescent protein reporter gene, which was
transformed in E. coli DH5a. Both plasmids were amplified in E.
coli grown in LB medium at 37 °C and 220 rpm overnight. The
plasmids were purified by an EndoFree Tiangen™ Plasmid Kit.
Then, the purified plasmids were dissolved in TE (Tris + EDTA)
buffer solution and stored at —80 °C. The integrity of plasmids
was confirmed by agarose gel electrophoresis. The purity and
concentration of plasmids were determined by the ratio of
ultraviolet (UV) absorbances at 260 nm/280 nm (~1.9). The
concentrations of plasmids were determined by ultraviolet (UV)
absorbance at 260 nm.

2.4 Preparation of lipid/DOPE/DNA complexes (lipoplexes)

To prepare the lipid/DOPE/pDNA complexes (lipoplexes),
various amounts of cationic lipids were mixed with a constant
amount of DNA by pipetting thoroughly at various N/P ratios,
and the mixture was incubated for 30 min at room temperature.
The theoretical N/P ratio represents the charge ratio of cationic
lipid to nucleotide base (mole ratios) and was calculated by
considering the average nucleotide mass of 309.

2.5 Agarose-gel retardation assay

Lipid/DOPE/pDNA complexes at different N/P ratios (the amino
groups of lipids to phosphate groups of DNA) ranging from 0 to
8 were prepared by adding an appropriate volume of lipids to
0.125 pg (0.150 pg for the lipids D2 with five protonated N
atoms) pUC-19 DNA. The complexes were incubated at 37 °C for
30 min. Then the complexes were electrophoresed on the 1.0%
(w/v) agarose gel containing gel-red and with Tris-acetate (TAE)
running buffer at 140 mV for 30 min. DNA was visualized with
a UV lamp at wavelength of 312 nm by using BioRad Universal
Hood II. SDS 1% solution and DNase I enzyme (5 pL DNase (2
unit per uL) and 5 pL 1% SDS per well) were added to the
samples to evaluate the release and protection, respectively in
similar method.

2.6 Ethidium bromide replacement assay

The ability of lipids to condense DNA was studied using
ethidium bromide (EB) exclusion assays. Fluorescence spectra
were measured at room temperature in air by a Horiba Jobin
Yvon Fluoromax-4 spectrofluorometer and corrected for the
system response. EB (5 uL, 1.0 mg mL ') was put into quartz
cuvette containing 2.5 mL of 10 mM 4-(2-hydroxyethyl)-1-
piperazinee-thanesulfonic acid (HEPES) solution (pH 7.4).
After shaking, the fluorescence intensity of EB was measured.

This journal is © The Royal Society of Chemistry 2017
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Then CT-DNA (10 pL, 1.0 mg mL ') was added to the solution
and mixed symmetrically, and the measured fluorescence
intensity is the result of the interaction between DNA and EB.
Subsequently, the solutions of lipid $1-S4 and D1-D6 (1 mmol
L', 4 uL for each addition except for D2: 3.25 pL for each
addition) were added to the above solution for further
measurement. All the samples were excited at 520 nm and the
emission was measured at 600 nm. The pure EB solution
and DNA/EB solution without cationic liposome were used
as negative and positive controls, respectively. The percent
relative fluorescence (% F) was determined using the equation
% F = (F — Fgp)/(Fo — Fgp), wherein Fgg and F, denote the
fluorescence intensities of pure EB solution and DNA/EB solu-
tion, respectively.

2.7 Lipoplex particle sizes and zeta potentials

Sizes and zeta potentials of the lipoplexes at various N/P ratios
were analyzed at room temperature on a dynamic light scat-
tering system (Zetasizer Nano ZS, Malvern instruments Led) at
25 °C. The lipoplexes particle solutions were first prepared by
mixing $1/DOPE lipids and pUC-19 (2 pg mL ") under diverse
N/P ratios in 1 mL deionized water.

2.8 Transmission electron microscopy (TEM)

TEM images were obtained on a JEM-100CX (JEOL) trans-
mission electron microscope at an acceleration voltage of 100
kV. The TEM samples were prepared by dipping a copper grid
with Formvar film into the freshly prepared nanoparticles
solution (10 uL). A few minutes after the deposition, the
aqueous solution was blotted away with a strip of filter paper
and then the samples were dried for 2 min at room temperature.
The samples were stained with phosphotungstic acid (ATP)
aqueous solution and dried in air.

2.9 Cell culture

Human embryonic kidney transformed 293 (HEK 293) cells and
HeLa cervical carcinoma cells were incubated in DMEM con-
taining 10% fetal bovine serum (FBS) and 1% antibiotics
(penicillin-streptomycin, 10 000 U mL ") at 37 °C in a humidi-
fied atmosphere containing 5% CO,.

2.10 In vitro transfection procedure

Gene transfection of a series of complexes was investigated in
HEK 293 and HeLa cells. In order to obtain about 80% confluent
cultures at the time of transfection, 24-well plates were seeded
with 85 000 cell per well in 500 pL of serum-free media 24 h
before transfection. For the preparation of lipoplexes applied to
cells, various amounts of liposomes and DNA were serially
diluted separately in antibiotic-free DMEM culture medium;
then, the DNA solutions were added into liposome solutions
and mixed briefly by pipetting up and down several times, after
which the mixtures were incubated at room temperature for
about 30 min to obtain lipoplexes of desired N/P ratios, the final
lipoplexes volume was 100 pL, and the DNA was used at
a concentration of 1 pg per well. After 30 min of complexation,
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old cell culture medium was removed from the wells, cells were
washed once with serum-free DMEM, and the above 100 pL
lipoplexes was added to each well. The plates were then incu-
bated for 4 h at 37 °C in a humidified atmosphere containing
5% CO,. At the end of incubation period, medium was removed,
and 500 pL of fresh DMEM medium containing 10% FBS was
added to each well. Plates were further incubated for a period of
24 h before checking the reporter gene expression.

For fluorescence microscopy assays, cells were transfected by
complexes containing pEGFP-N1. After 24 h incubation, GFP-
expressed cells were observed using an inverted fluorescence
microscope (Nikon Eclipse TE 2000E) equipped with a cold
Nikon camera. Control transfection was performed in each case
using a commercially available transfection reagent Lipofect-
amine 2000® based on the standard conditions specified by the
manufacturer.

For fluorescent microscopy assays, cells were transfected by
complexes containing pEGFP-N1. After 24 h incubation, the
microscopy images were obtained at the magnification of 100
and recorded using Viewfinder Lite (1.0) software. Control
transfection was performed in each case using a commercially
available transfection reagent Lipofectamine 2000® based on
the standard conditions specified by the manufacture.

For luciferase assays, cells were transfected by complexes
containing pGL-3. For a typical assay in a 24-well plate, 24 h post
transfection as described above, the old medium was removed
from the wells, and the cells were washed twice with 500 pL of
prechilled PBS. According to luciferase assay kit (Promega)
manufacture, 100 uL of 1 x cell lysis buffer diluted with PBS was
then added to each well, and the cells were lysed for 30 min in
a horizontal rocker at room temperature. The cell lysate was
transferred completely to Eppendorf tubes and centrifuged
(4000 rpm, RT) for 2 min; the supernatant was transferred to
Eppendorf tubes and stored in ice. For the assay, 20 uL of this
supernatant and 100 pL of luciferase assay substrate (Promega)
were used. The lysate and the substrate were both thawed to RT
before performing the assay. The substrate was added to the
lysate, and the luciferase activity was measured in a lumin-
ometer (Turner designs, 20/20, Promega, USA) in standard
single-luminescence mode. The integration time of measure-
ment was 10 000 ms. A delay of 2 s was given before each
measurement. The protein concentration in the cell lysate
supernatant was estimated in each case with BCA protein t assay
kit (PIERCE, Rockford, IL, USA) at a wavelength of 620 nm.
Comparison of the TEs of the individual lipids was made based
on the data for luciferase expressed as relative light units (RLU)
per mg of protein. All the experiments were done in triplicates,
and results presented are the average of at least two such
independent experiments done on the same days.

2.11 Cytotoxicity of the lipoplexes

The cytotoxicity assay of the lipoplexes was carried out by using
MTS with HEK 293 and HelLa cells. About 1 x 10* cells per well
HEK 293 and HeLa cells were respectively seeded in 96-well
plates. After 24 h culture, the medium was replaced with 50 pL
of fresh medium with 10% FBS, to which 50 pL of lipoplexes at
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various N/P ratios of the liposome relative to DNA was added to
achieve a final volume of 100 pL. After 24 h of incubation, lip-
oplexes solutions were removed, and 20 pL of MTS in 80 pL PBS
was added to each well for additional 1 h incubation. The
absorbance was measured using an ELISA plate reader (model
550, BioRad, USA) at a wavelength of 490 nm. The relative cell
viability was calculated by using the following equation:
viability (%) = (optical density of sample/optical density of
control) x 100. The cell viability of Lipofectamine 2000® was
also determined by MTS.

3. Results and discussion
3.1 Synthesis of target cationic lipids

The chemical structures of cyclen-based cationic single-tailed
(S1-S4) and double-tailed (D1-D6) lipids are shown in Fig. 1.
To introduce hydroxyl or aromatic group to the structure, we
chose some natural amino acids, such as glycine, serine,
phenylalanine, tyrosine and their derivatives, to act as linking
moiety. The single-tailed lipids S1-S4 were prepared by using
above-mentioned four amino acids respectively via 4-5 steps
(Scheme S17). For the double-tailed lipids D1-D6, diethylene-
triamine (DETA) and serine were used as tri-functional building
block for the preparation, and some additional steps were
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Fig. 1 Chemical structures of prepared cationic lipids for SAR study.
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needed (Scheme S$21). The preparation of the lipids has
a common starting material cyclen-acetic acid except D2, which
has a phenyl group on the backbone but not side chain. All of
the hydrophobic parts in the lipids are oleyl chains, and the
target compounds could be smoothly obtained with good yields
and were characterized by NMR and HRMS. Thus we obtained
ten cationic lipids with novel structures. These lipids have
different amount of hydrophobic tails, various types of hydroxyl
groups (alcohol or phenol), and different locations of aromatic
group (backbone or side chain). The structure diversity would
help us to study the SAR of such type of lipidic gene vectors.

3.2 Interactions between the liposomes and plasmid DNA

Cationic liposomes may be formed from either individual
cationic lipids or in combination with co-lipids. In this study,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
used as a co-lipid to facilitate hexagonal phase formation in
order to enable endosomal escape and release of the nucleic
acid cargo.* Liposome was prepared by lipids mixed with DOPE
in a molar ratio of 1 :1. The DNA condensation capability of
lipids was first studied by gel retardation assay. The lipoplexes
were prepared at different N/P ratios which were calculated by
the N atoms of cationic lipids and P atoms of plasmid DNA. As
shown in Fig. 2, completely DNA retardation for lipid S1 and S2

was
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Fig. 2 Electrophoretic gel retardation assays of lipid/DOPE/pDNA complexes at different N/P ratios. The molar ratio of lipid/DOPE was 1 : 1.

without aromatic ring was achieved at N/P ratio of 8 which was
higher than that needed for phenyl-contained S3 and S$4 (N/P of
6 for full retardation). Such results reveal that the aromatic
group may facilitate the DNA binding.** For D1-D6, aromatic
ring seemed not to have remarkable effect on the binding, this
might be due to the enhanced hydrophobic effect of the lipo-
somes formed from the double-chain tail, leading to improved
DNA condensation capability. Besides, the binding abilities of
the liposomes were also studied by the ethidium bromide (EB)
dye replacement assay. Results shown in Fig. S1t exhibit
continuously decreased fluorescent intensities along with the
increase of liposome dosage (depicted as N/P ratios), indicating
that EB was expelled by the cationic species. For single-tailed
lipids, liposome S4 with benzene on the side chain showed
stronger DNA binding ability, while D2 with benzene on the
backbone has the strongest DNA affinity among the double-
tailed lipids. Furthermore, the capacity of liposome to protect
DNA from enzymatic digestion was examined via the same
method (Fig. S21). Results show that DNA could be well released
from the D1-D6/DNA complexes after the sequential treatment
of DNase and SDS. However, for the cases involving single-tailed
lipids, the original DNA bands were vague, indicating the
enzyme degradation of DNA. This also reveals that liposomes
formed from double-tailed lipids have much better DNA
binding and protection ability than those comprising single-
tailed ones.

Proper sizes and zeta potentials of liposome are important
factors for long circulation in the blood*! and efficient uptake by
endocytosis.*” Dynamic light scattering assay (DLS) was utilized
to examine these characteristics of liposomes and liposome/
DNA complexes (lipoplexes). The sizes of liposome formed
from S1 and S3 were smaller than those from S2 and S4
(Fig. S3At). This might be attributed to the hydroxyl group
which may influence the self-assembly of the lipids. However,
such effect was not observed in the double-tailed lipids D1-D6,
which gave similar particle sizes (Fig. S3BT). All liposomes gave
positive zeta potentials (25-55 mV) needed for DNA condensa-
tion, and double-tailed ones have slightly higher potentials.
After complexation with DNA (Fig. 3), the lipoplexes formed

This journal is © The Royal Society of Chemistry 2017

from double-tailed lipids gave obviously higher zeta-potentials
than those from single-tailed lipids. The charge conversion
was observed at N/P of 2-4, this was also lower than the latter.
Such results demonstrate the higher DNA condensation ability
of double-tailed liposomes, which is consistent with the gel
retardation results in Fig. 2. The size of lipoplexes at low N/P
ratios (1-4) were unstable, and very large aggregates might
appear due to the lack of electrostatic repulsion at neutral
surface potential. With the rise of N/P ratio, the particle sizes
became stable at ~100 nm, which is appropriate for cell endo-
cytosis. The shape and morphology of the lipoplex was also
confirmed by transmission electron microscope (TEM) directly.
Spherical and homogeneous particles with the diameter of 50—
100 nm were observed. As shown in Fig. 4, after complexation
with DNA, the lipoplexes gave similar particle size to the empty
liposomes (especially for D2), suggesting good DNA condensa-
tion. The particle size determined by TEM was much smaller
than that obtained by DLS (100-150 nm). This might be
attributed to the different experimental conditions: DLS exam-
ines the particles in the hydrated state in solution, while TEM
observes the particles under dehydrated state.*

3.3 Invitro gene transfection

To investigate the gene transfection efficiency, pEGFP-N1
expression assays were carried out with lipoplexes prepared by
target lipids in different cell lines (HEK 293 and HeLa). The N/P
ratios of the lipoplexes were selected according to the complete
retardation N/P obtained from gel retardation assay (Fig. 2). For
the single-tailed lipids, as shown in Fig. 5, aromatic group is
necessary for the transfection, and almost no green fluores-
cence of expressed GFP was found for the transfection by S1 and
S2. Tyrosine-derived lipid S4 gave slightly higher TE than
phenylalanine-derived lipid S3, suggesting that the hydroxyl
group may benefit the transfection. However, serine-derived
lipid S2 gave poor TE, indicating that for such type of lipidic
vector, aromatic ring is more necessary than hydroxyl group
for better TE. For double tailed-lipids, the transfection was
much better (Fig. 6). Similar to single-tailed ones, aromatic
ring is essential for the transfection, and D1 gave almost no

RSC Adv., 2017, 7, 18681-18689 | 18685
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Fig. 4 TEM images of liposome D1 (A), liposome D2 (B), D1/DNA lipoplex (C, N/P = 6), and D2/DNA lipoplex (D, N/P = 6).

Lipofectamine 2000

S3

Fig.5 Fluorescent microscope images of HEK 293 cells transfected by lipoplexes S1-S4 (A, C, E, G: N/P = 6; B, D, F, H: N/P = 8). Lipofectamine
2000 was used as control (1). Lipid/DOPE ratio was 1 : 1. The cells were observed by inversion fluorescence microscope after 24 h transfection.
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Lipofectamine 2000

Fig. 6 Fluorescent microscope images of HEK 293 cells transfected by lipoplexes D2-D6 (A, C, E, G, I: N/P = 6; B, D, F, H, J: N/P = 8). Lip-
ofectamine 2000 was used as control (K). Lipid/DOPE ratio was 1 : 1. The cells were observed by inversion fluorescence microscope after 24 h

transfection.
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fluorescence dots (data not shown). On the other hand, lipids
D2-D4 may induce more fluorescent protein than D5 and D6,
indicating that as linking group, DETA might be more suitable
than amino acid serine, and this is consistent with our previous
results.” Such transfection study was also performed in HeLa
cells by using D1-D4 as vectors (Fig. S47T). It was shown that as
the only lipid with aromatic ring on the backbone, D2 gave the
closest TE to lipofectamine 2000. The difference of TE between
single-tailed and double-tailed lipids might be attributed to the
shape of the liposomes. Considering the cross-sectional area of
hydrophilic cyclen headgroup and the hydrophobic domain, the
single-tailed lipids are liable to form aggregates like of spherical
micelles, while the double-tailed lipids are tend to adopt
a bilayer supramolecular structure, which is more liable to
compact DNA into small nanoparticles.*

Subsequently, luciferase reporter gene expression assay was
carried out to quantitatively study the transfection mediated by
the liposomes. As shown in Fig. 7A, D2 exhibited the best TE
among the six materials, which is consistent with the GFP
results. This also suggests that aromatic ring on the backbone
but not side chain may better facilitate the gene transfection.*
Since the TE of D2 was still lower than the comparison reagent
lipofectamine 2000, we adjusted the lipid structure by varying
the length of hydrophobic chains of D2 in order to further
optimize the TE. Lipids D2-10-D2-18, which contain different
saturated alkyl chains with 10-18 carbon atoms respectively,

This journal is © The Royal Society of Chemistry 2017

were prepared according to the synthesis method of D2 (Scheme
S3t). Gel retardation assay exhibit that the DNA binding ability
increased with the extension of chain length, and became
constant from the length of 14 carbon atoms (Fig. S51). To our
delight, luciferase assay showed that the TE might be largely
improved by such optimization. Lipid with C14 chains (D2-14)
gave 6.4 times higher TE than D2 (Fig. 7B), and the TE was close
to lipofectamine 2000. Besides, transfection study performed in
HeLa cells also exhibited the advantage of C14-containing
hydrophobic chains. However, its TE was similar to D2
(Fig. S61). Recently Shi et al. proved that the length of alkyl
chain could influence the fluidity of the bilayer.*® Short or
unsaturated alkyl chain both favor a higher rate of intermem-
brane transfer of lipid monomers and lipid membrane mixing,
leading to better endocytosis.

3.4 Cytotoxicity

Cell toxicity is another important issue that has to be addressed
for the development of novel cationic lipids. The cytotoxicity of
the lipoplexes prepared from D1-D6, S4 and D2-10-D2-18 at
various N/P ratios was examined in HEK 293 cells via MTS
reduction assay (Fig. 8). It was shown that the lipoplexes gave
comparable cytotoxicity to lipofectamine 2000 control. Under
low N/P ratios, the percentages of survival cells were higher than
those treated with lipofectamine 2000. D2 with benzene on the
backbone exhibited higher viability than its analogs, while
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lipids with shorter hydrophobic tails have higher toxicity, espe-
cially at high N/P ratios. Same assay was also carried out in HeLa
cells (Fig. S71). Unlike the results observed in HEK 293 cells,
materials with shorter chain led to higher cell viability. It was also
reported that toxicity effect is, generally, a cell dependent process
where every cell type shows different toleration levels.*® In all, the
cytotoxicity of the cyclen-based lipidic materials is lower than
commercially available transfection reagent.

4. Conclusion

In summary, fifteen novel cyclen-based amphiphilic cationic
lipids with different linking groups and hydrophobic tails were
prepared and characterized. The effect of the structure variety
on their activity as non-viral gene vectors was investigated. The
liposomes formed by these lipids and helper lipid DOPE could
efficiently bind DNA and condense it into nano-sized particles
with positive zeta-potentials and protect DNA from enzymatic
digestion. Structure-activity relationship studies revealed that
aromatic group in the lipid may improve the DNA binding
ability of the liposome. Lipids with double hydrophobic tails
gave much higher transfection efficiency than those with single
tail, and aromatic ring in the lipid backbone might facilitate the
transfection. Besides, the transfection efficiency could be
further improved by optimizing the hydrophobic tails. The lipid
with C14 tails gave much higher efficiency than its analogs.
Results show that such type of cationic lipids may act as
promising non-viral gene delivery carriers, and further modifi-
cation towards higher efficiency and biocompatibility is now in
progress.
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