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In this work, we have successfully prepared a series of new sterol-based cationic lipids (1–4) via an effi-
cient ‘Click’ chemistry approach. The pDNA binding affinity of these lipids was examined by EB displace-
ment and agarose-gel retardant assay. The average particle sizes and surface charges of the sterol-based
cationic lipids/pDNA lipoplexes were analyzed by dynamic laser light scattering instrument (DLS), and
the morphologies of the lipoplexes were observed by atomic force microscopy (AFM). The cytotoxicity
of the lipids were examined by MTT and LDH assay, and the gene transfection efficiencies of these lipid
carriers were investigated by luciferase gene transfection assay in various cell lines. In addition, the intra-
cellular uptake and trafficking/localization behavior of the Cy3-DNA loaded lipoplexes were preliminarily
studied by fluorescence microscopy. The results demonstrated that the pDNA loading capacity, lipoplex
particle size, zeta potential and morphology of the sterol lipids/pDNA lipoplexes depended largely on the
molecular structure factors including sterol-skeletons and headgroups. Furthermore, the sterol-based lip-
ids showed quite different cytotoxicity and gene transfection efficacy in A549 and HeLa cells. Interest-
ingly, it was found that the cholesterol-bearing lipids 1 and 2 showed 7–104 times higher transfection
capability than their lithocholate-bearing counterparts 3 and 4 in A549 and HeLa cell lines, suggested that
the gene transfection capacity strongly relied on the structure of sterol skeletons. Moreover, the study on
the structure–activity relationships of these sterol-based cationic lipid gene carriers provided a possible
approach for developing low cytotoxic and high efficient lipid gene carriers by selecting suitable sterol
hydrophobes and cationic headgroups.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Developing new cationic lipids as non-viral gene carriers for the
delivery of therapeutic genes (DNA, oligo DNA, SiRNA, etc.) had
been achieved increasing attention in the past few decades.1,2 A
preferred lipid gene carrier should be highly biocompatible,3 and
could efficiently transport therapeutic genes4 into target cells to
express functional proteins for disease treatment. Prior works re-
vealed that the biological manners/behaviors of lipid gene carriers
largely relied on their molecular architectures including hydropho-
bic moieties,5,6 cationic headgroups7,8 as well as linkers.9–11 Con-
sidering the profound impact of molecular structure on the
safety and efficacy of lipid gene carriers, it is important to expand
the structural diversity/variety of the cationic lipids and to further
elucidate their structure–activity relationships towards the ra-
tional design of low toxic and high efficient lipid gene carriers.
Therefore, developing modular, efficient and facile strategies or
tactics for the preparation/modification of new lipid gene carriers
were in high demand.
Cu+-mediated azide/alkyne 1,3-dipolar cycloaddition (CuAAC)
reaction so-called ‘Click’ reaction, was considered a convenient,
efficient and green synthetic method and one of the most power-
ful tools in chemical synthesis. In a typical ‘Click’ reaction, an
azide-containing organic moiety reacted with an alkyne-contain-
ing moiety under the catalysis of monovalent copper (Cu+), re-
sulted in the formation of triazole ring12 by which the two
moieties connected together. To date, ‘Click’ reaction has been
widely applied in many realms such as synthesis of organic mol-
ecules,13,14 functional conjugation on polymers15–17 and materi-
als,18,19 as well as non-damage labeling of living cells.20,21

Recently, several lipid amphiphiles have been synthesized from
modular functional building blocks/moieties via ‘Click’ reaction.
Driscoll and co-workers22 synthesized several ‘Click’-modified
cationic cyclodextrins as gene vectors and studied their neuronal
siRNA delivery properties, and Smith et al efficiently synthesized
some cholesterol–dendritic polyamine conjugates as degradable
self-assembly dendrons by ‘Click’ method23 and investigated their
gene binding affinity, transfection performance and intracellular
uptake capacity. These works demonstrated that ‘Click’ chemistry
could be used as a promising tool for developing new functional
cationic lipids as gene carriers.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2013.08.047&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2013.08.047
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http://dx.doi.org/10.1016/j.bmc.2013.08.047
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On the other hand, sterols were known as natural-based lipids
that played vital roles including membrane formation, hormone
metabolism and cell signal transduction in organelles. Many of
them possessed special features such as hydrophobicity, rigidity,
mesogenic behaviors and so on, which made them functional build-
ing blocks in the construction of supramolecular architectures24

and soft materials.25 Recently, some steroidal compounds (such as
cholesterol and cholic acid26) have been utilized to construct func-
tional gene/drug carriers. Since Huang27 first reported that choles-
terol derived cationic lipids could be utilized as non-viral gene
carriers in 1991, up to now, many cholesterol-based cationic lipids
have been synthesized and utilized as efficient gene carriers. Wolff
and co-workers28 connected imidazole moiety to cholesterol to pre-
pare liposome with ‘proton buffering’ effect for efficient gene trans-
fer. Miller and co-workers29 found that a combination of cholesterol
polyamine (CDAN) and DOPE could improve the stability of the lip-
oplex. Kim and co-workers30 investigated the effect of the trimeth-
ylamine headgroup and spacer structures on gene delivery.
Zenkova and co-workers31 revealed that some cholesterol cationic
lipids modified with pyridine and methyl imidazole headgroups
could gain low cytotoxicity and high transfection efficacy, similar
properties could also be found on some glucosidal-modified choles-
terol cationic lipids.32 Bhattacharya et al.33,34 developed a series of
ether-containing cholesterol lipids as efficient gene carriers and
studied their impact on the gene transfection efficiency. Besides,
some cholesterol–dendrimer conjugates or cholesterol-hybridized
lipids were also developed and proved to be efficient gene carriers.
For instance, Smith and co-workers35 prepared some cholesterol–
dendritic polyamine conjugates and found the synergistic effects
of the cholesterol moieties could play vital roles in their apparent
pDNA binding capacities. Rana and co-workers36 found choles-
terol-hybridized cationic lipids would reduce the toxic effects of li-
pid-mediated SiRNA delivery. Yang and co-workers37 synthesized
some cholesterol-conjugated amphiphilic oligopeptides (HR-Chol),
which could reach 95% GFP gene transfection capacity, much higher
than that of bPEI-25K in HepG2 cells. Moreover, some bioreduction-
responsive cholesterol-based gene carriers were developed. In our
earlier work, we prepared a series of disulfide-bearing cholesterol
cationic lipids (CHOSS),38 which possessed low cytotoxicity and
high gene transfection efficiencies, and an interesting perinucleic
localization effect of its Cy3-pDNA payload. Recently, we found
the self-assembly and transfection behaviors of some cholesterol
cationic lipids could be controlled by tuning the types of cationic
headgroups. However, although many cholesterol lipid gene carri-
ers were developed, the structural dependence of their self-assem-
bly and biological properties was not well known yet. On the other
hand, the sterol family involved hundreds of molecular members,
apart from cholesterol, lithocholic acid, bile acids and their deriva-
tives were essential natural steroidal compounds, some of them
were recently developed as cationic ‘molecular umbrella’39,40 for
in vitro gene transfection. However, many cationic steroidal lipids
were prepared through tedious synthetic procedures, which would
hamper their further chemical modification or optimization. More-
over, elucidation of structure–activity relationships (SAR) is essen-
tial to rational design of new steroid-based cationic lipids, in prior
works, Gruneich et al.41,42 studied the SAR between the hydropho-
bicity of lipid moiety of some steroid-based cationic lipids and the
resultant lipofection activity. However, up to now, for most of the
synthesized sterol-based cationic lipids, their SAR were still far
from systematic elucidation. Additionally, the biological-related
manners of many sterol-based cationic lipids, including cytotoxic-
ity, transgene capability and intracellular trafficking/localization
were not very clear so far.

In this work, we designed and synthesized a series of new cho-
lesterol and lithocholate derived cationic lipids (1–4) with similar
molecular building blocks, in which hydrophobic sterols were
connected with cationic headgroups via ‘Click’ reaction method.
These cationic lipids showed high pDNA binding/loading affinities
examined by agarose gel retardant assays, the nanoparticle sizes,
surface potentials and morphologies of these sterol cationic lip-
ids/pDNA lipoplexes were investigated by dynamic laser light scat-
tering (DLS) and atomic force microscopy (AFM). The cytotoxicities
of these newly synthesized lipids were evaluated by a thiazoyl blue
tetrazolium bromide (MTT) method, and the gene transfection effi-
ciencies of them were investigated by Luciferase assay in various
cell lines. Finally, the intracellular uptake, trafficking/localization
of the sterol lipids/Cy3-labeled pDNA payloads were observed
and recorded by fluorescent microscopy.
2. Results and discussion

2.1. Synthesis of the sterol-based cationic lipids

‘Click’ chemistry (CuAAC) was considered as a valuable tool for
the facile connection of versatile alkynyl-bearing and azido-bearing
molecular blocks at ambient reaction conditions, it offered a prom-
ising way to prepare molecular analogs with structural diversity
from various modular building blocks via a combinatorial
approach.43 Herein, four sterol-based cationic lipids (1–4) were syn-
thesized by coupling of alkynyl-bearing sterol hydrophobes with
azide-bearing building blocks via CuAAC ‘Click’ chemistry. The syn-
thetic routes were described in Scheme 1. Firstly, alkynyl-bearing
sterol hydrophobes (5 and 6) were synthesized by coupling of cho-
lesteryl chloroformate 12 and methyl lithocholate chloroformate 13
with propargyl alcohol. Secondly, the azide-bearing building blocks
(7 and 8) were prepared via an azido-substitution reaction using so-
dium azide (NaN3) as a nucleophile and two Bromo-bearing com-
pounds (9 and 10) as the precursors, and 9 and 10 were
synthesized from a starting material 3-Bromo-1-propamine (11)
through acylation on amino groups by using Boc2O and Boc-(l)-ly-
sine as the acylating agents, respectively. Then the as-prepared
alkynyl-bearing sterol hydrophobes (5 and 6) were separately con-
nected with azide-bearing buiding blocks (7 and 8) to form Boc-pro-
tected sterol-based cationic lipids via ‘Click’ reaction, in which Cu(I)
catalyst was in situ prepared by reduction of CuSO4�5H2O with so-
dium ascorbate in aqueous solution.44 After that, Boc protection
groups were removed in the presence of trifluoroacetic acid to af-
ford four sterol-based cationic lipids, which included two choles-
terol-based cationic lipids (1 and 2) and two lithocholate-based
lipids (3 and 4) as the final products with the isolation yields of
62–79%. The structural elucidation of each sterol-based cationic li-
pid by NMR and ESI-MS was described in detail in the experimental
part, and the 1H NMR spectra of these sterol-based cationic lipids
were shown in Figure 1. The proton signal around 8.2 ppm could
be identified as the protons on the newly formed triazole rings,
and the proton signal at 5.1 ppm inferred the attached –CH2–
groups. Meanwhile, two obvious proton signal peaked at 8.4 and
7.8 ppm were observed on the lipids 2 and 4, which were attributed
to the a (at 7.4 ppm) and x (at 8.4 ppm) amino groups on (l)-lysine
headgroups. Moreover, a singlet signal at 5.3 ppm (proton on the
double bond of cholesterol) could be observed on the cholesterol-
bearing lipids 1 and 2, whereas the lithochoate-containing lipids 3
and 4 did not show such signal. These results demonstrate that
the new sterol-based cationic lipids 1–4 were successfully and effi-
ciently prepared via ‘Click’ chemistry approaches.
2.2. pDNA binding of sterol-based cationic lipids

pDNA binding affinities of the sterol-based cationic lipids were
evaluated by EB displacement assay and agarose gel DNA-retarda-
tion assay. As shown in Figure 2, the fluorescence intensity of the
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Scheme 1. Synthetic routes and molecular structures of steroid-based cationic lipids. Reagents and conditions: (a) propargyl alcohol, CH2Cl2/pyridine, rt, 12 h; (b) Boc2O
anhydride, Na2CO3, rt, 6 h; (c) NaN3, DMF, 80 �C, 8 h; (d) Boc-(l)-lysine, EDC�HCl/DMAP, CH2Cl2, rt, 24 h; (e) (1) CuSO4�5H2O/sodium ascorbate, THF/H2O, 80 �C, 2 h; (2)
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pDNA/EB dye mixed solution decreased to 28–34% upon addition
of monoamine headgroup bearing lipids 1 and 3 at the +/� charge
ratio of 4–6, while the fluorescence intensity almost completely
quenched with the addition of (l)-lysine (diamine) headgroup
bearing lipids 2 and 4 at a higher +/� charge ratio of 2–4, indicated
diamine headgroup bearing lipids tended to bind pDNA more
tightly than their monoamine counterparts, due to their relatively
stronger positive-negative charge interactions with pDNA.45 The
pDNA binding affinities of the newly synthesized lipids were also
studied by agarose gel DNA-retardation assay in the presence of
10 mM PBS in TAE buffer solution, as shown in Figure 3, the inten-
sity of the migrating free pDNA bands were found decreases grad-
ually with the increasing amount of sterol-based cationic lipids. It
could be clear seen that the lipids 2 and 4 could retard pDNA
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completely at the +/� charge ratio of 2–4, while 1 and 3 showed
lower pDNA binding affinity with a complete pDNA retardation
at +/� charge ratio of 4–6, elicited the conduction of (l)-lysine (dia-
mine) headgroup could enhance the pDNA binding affinity of the
sterol-based cationic lipids, and which was consistent with the re-
sults of EB displacement assay. Similarly, we previously reported a
series of disulfide-containing cholesterol lipids (CHOSS),38 which
also demonstrated complete pDNA retardation/binding at the N/P
(+/�) ratio of 2–6. These results indicated that the newly synthe-
sized sterol-based cationic lipids could achieve high pDNA bind-
ing/loading affinities.

2.3. Hydrodynamic particle size and zeta potential

It had been revealed that cell adhesion and intracellular uptake
behaviors were greatly affected by morphology of aggregated
lipoplexes such as size and shape,46 which strongly depended on
the molecular structures including hydrophobic/philic blocks,
chemical linkages, as well as headgroups.47 Herein, the hydrody-
namic particle size and zeta potential of the sterol-based cationic
lipids/pDNA lipoplexes were measured by dynamic laser scattering
instrument (DLS). As shown in Figure 4a, the average particle sizes
of all lipoplexes could be seen increased from 220–320 nm to 390–
570 nm at the +/� ratio range from 2 to 6, then the sizes decreased
at the +/� charge ratio higher than 6, elicited the cationic lipids-in-
duced pDNA condensation and the formation of the lipoplexes.48

Among them, (l)-lysine headgroup bearing lipids (2 and 4) formed
larger lipoplexes (480–570 nm) than that of monoamine head-
groups bearing lipids (1 and 3, 250–420 nm lipoplexes), indicated
the type of headgroup play vital roles in the formation of lipoplexes.
Moreover, it could be noticed that there was no obvious particle
size difference between 2/pDNA and 4/pDNA lipoplexes, whereas
3/pDNA lipoplex showed an obviously smaller average particle size
(250–390 nm) than that of 1/pDNA (390–420 nm) within the +/�
ratio range from 6 to 24, indicated the particle size of lipoplex
aggregates did not only depends on the headgroups, but also on
the skeleton structure of the sterol lipids. Moreover, it could be ex-
pected that the sterol-based cationic lipids/pDNA lipoplexes might
have different uptake or intracellular behaviors due to their differ-
ent hydrodynamic particle sizes. On the other hand, the surface
charges of all sterol-based lipids/pDNA lipoplexes increased from
�22 to �15 mV to +22 to +36 mV with the gradually increasing of
the +/� charge ratio up to 20 (Fig. 4b). It could be found that the sur-
face charge converted from negative to positive (Fig. 4b) at low +/�
charge ratio of about 2–5, indicated the ‘Click’ synthesized sterol-
based cationic lipids could efficiently bind with pDNA. In addition,
the positive zeta potential of the lipoplexes was expected to facili-
tate their adhesion process onto negative-charged cell membrane.

2.4. Morphology study by AFM

The morphology of the sterol-based cationic lipids/pDNA lipo-
plexes were further investigated by atomic force microscopy



Figure 3. Agarose-gel retardant assay of pDNA binding affinity with the addition of
the steroid-based cationic lipids (a) lipid 4, (b) lipid 3, (c) lipid 2, (d). lipid 1 at
various +/� charge ratios.
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(AFM), and all the lipoplexes were as-prepared at +/� ratio of 15. As
shown in Figure 5, 1/pDNA, 2/pDNA and 4/pDNA lipoplexes are ob-
served as near-spherical shaped38 nanoparticles with average
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Figure 4. Average particle sizes (a) and zeta potentials (b) of the steroid-based cationic l
by dynamic light scattering analysis at room temperature with a laser wavelength k = 6
diameter of about 70–210 nm, however, 3/pDNA lipoplex demon-
strated much smaller particle sizes around 30–70 nm, indicated
that the particle size of the lipoplexes could be greatly influenced
by the structure of the sterol-based lipids. It could also be noticed
that the lipoplex sizes observed by AFM (70–210 nm) is much smal-
ler than that measured by DLS (280–500 nm) at +/� ratio of 15, the
difference between AFM and DLS results could be interpreted as the
hydration effect of lipoplexes could result in the formation of larger
‘swelled’ particles in DLS measurement,49 whereas the drying pro-
cess of lipoplexes would produce smaller ‘shrinked’ particles in
AFM observation.50 Moreover, since the accuracy of DLS measure-
ment are greatly influenced by solution, particle shape and size dis-
tribution, alternatively, AFM was often employed as a more efficient
method to directly observe and identify nanoparticles.51

2.5. Cytotoxicity of sterol-based cationic lipids by MTT assay

Cytotoxicity was regarded as an essential restriction element in
practical application of gene carriers. To develop new synthetic
gene carriers with the merit of low cytotoxicity and high transfec-
tion efficacy, the dependence of cytotoxicity on the molecular
structure factors52 should be taken into account. As shown in Fig-
ure 6a and b, the in vitro apparent cytotoxicity of the sterol-based
cationic lipids were examined in A549 and HeLa cells by MTT
method, with bPEI-25k as the control. Lower cell cytotoxicities in
both A549 and HeLa cells could be observed when incubated with
lipid 4 (IC50 = 63.8 lg/mL in A549; and IC50 = 41.9 lg/mL in HeLa),
and higher cytotoxicity (IC50 = 19.6 lg/mL in A549; and
IC50 = 27.0 lg/mL in HeLa) was observed after incubation with lipid
2. Meanwhile, the lithocholate-bearing lipid 3 showed an drasti-
cally high cytotoxicity (IC50 = 13.9 lg/mL in HeLa), which almost
approached to the same level of the control bPEI-25k (IC50 = 11.5 -
lg/mL in HeLa), and even higher cytotoxicity (IC50 = 5.6 lg/mL)
than that of bPEI-25k (IC50 = 13.8 lg/mL) in A549 cells, whereas
its cholesterol-bearing analog 1 showed much lower cytotoxicity
(IC50 = 73.6 lg/mL in A549; and IC50 = 52.8 lg/mL in HeLa). These
results demonstrated the structural elements including the sterol
skeletons, linkers and headgroups strongly affected the apparent
cytotoxicity. Besides, we found that lipid 2 showed moderate cyto-
toxicity (IC50 = 124 lg/mL in COS-7), higher than that of our earlier
synthesized (l)-lysine headgroup-bearing cholesterol disulfide li-
pid CHOSS-Lys (IC50 = 241 lg/mL in COS-7),38 elicited the triazole
ring might play some roles in apparent cytotoxicity.

2.6. Cytotoxicity of sterol-based cationic lipids by LDH assay

Cell plasma membrane damage/destruction was regarded as
one of the important elements that caused cytotoxicity. Herein,
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Figure 5. AFM morphologies of the steroid-based cationic lipids/pDNA lipoplex aggregates at the +/� charge ratio of 15 (a) lipid 1/pDNA, (b) lipid 2/pDNA, (c) lipid 3/pDNA,
(d) lipid 4/pDNA. Each of the samples were scanned in the tapping mode.
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Figure 6. The cytotoxicity (MTT) assays of the steroid-based cationic lipids in various concentrations (from 0 to 200 lg/mL) (a) in A549 cells (b) in HeLa cells.
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to further understand the mechanism of the cytotoxicity induced
by the sterol-based cationic lipids, lactate dehydrogenase (LDH) as-
say was employed for quantitative evaluation of the plasma mem-
brane damage mediated by lipids 1–4 under the equal
concentration of 50 lg/mL in HeLa cells.53 As shown in Figure 7,
it could be noted that lipids 1, 2 and 4 showed slightly plasma
membrane damage effects (<3.0%), lower than that of the control
lipofectamine 2000 (5.8%). Meanwhile, lipid 3 showed much higher
plasma membrane damage (28.3%) in HeLa cells, which reached
one third of that of bPEI-25k (83.1%). On the other hand, it could
be noted that 3 showed higher apparent cytotoxicity than bPEI-
25K in HeLa cells under the concentration of 50 lg/mL in MTT
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assay (Fig. 6b), however, it showed much lower cytotoxicity (mem-
brane damage) than that of bPEI-25k in LDH assay, suggested that
the plasma membrane damage effect of lipid 3 might only partially
contribute to its apparent cytotoxicity. Thus, we deduced that
apart from cell membrane damage, the rest of the apparent cyto-
toxicity of 3 might be attributed to its metabolism-related intracel-
lular processes such as the activating of pregnane X receptor (PXR,
NR1I2) by the lithocholated metabolite 3-keto-LCA or other Xeno-
biotic ligands.54 Moreover, to some extent, it could be seen that the
trend of cytotoxicity of lipid 1–4 in LDH assay was consistent with
that in MTT assay.

2.7. Luciferase transfection assay of sterol-based cationic lipids

The gene transfection efficiency of the sterol-based cationic lip-
ids was evaluate by luciferase gene expression assay in A549, HeLa
(Fig. 8), as well as HEK293T (Fig. S2) cell lines. The lipoplexes were
firstly prepared by mixing the sterol-based cationic lipids with
pDNA at various +/� charge ratios. It could be seen that the relative
luciferase gene expression level of these sterol-based cationic lip-
ids was quite different in all of the cell lines. Lipid 2, which bearing
both cholesterol skeleton and (l)-lysine headgroup, showed the
highest optimum luciferase gene transfection capability
(6.1 � 104 RLU/mg protein in A549 and 6.6 � 105 RLU/mg protein
in HeLa cells) at the +/� charge ratio of 5, which reached 1.3–
4.0-fold higher transfection efficacy of bPEI-25k (1.5 � 104 RLU/
mg protein in A549 and 5.0 � 105 RLU/mg protein in HeLa) and
0.15–0.25-fold of lipofectamine2000 (2.7 � 105 RLU/mg in A549
and 4.9 � 106 RLU/mg protein in HeLa). When transfected with li-
pid 1, much lower luciferase expression (5.6 � 102 RLU/mg protein
in A549 and 2.3 � 104 RLU/mg protein in HeLa) was observed. The
higher transfection efficacy of lipid 2 compared to 1 might be
attributed to the enhanced cellular uptake and ‘endosomal escape’
effect mediated by the (l)-lysine headgroup attached to lipid 2.38,55

However, the lithocholate-bearing lipids 4 and 3 do not show such
obvious gene transfection capacity in A549, HeLa (Fig. 8) and
HEK293T (Fig. S2) cells, in contrast, they demonstrated very low
transfection efficiency in A549 and HeLa, and even negligible effi-
ciency in HEK293T cells. Similar results could also be seen in pEGFP
gene transfection (Fig. S3). It could be noted that the lipid 2 and 4,
both bearing a (l)-lysine headgroup, possessed quite different gene
delivery capacity, despite their similar pDNA binding affinity, lipo-
plex particle size and zeta potential. Besides, Lipid 3 showed much
lower transfection efficacy than 1, although its lipoplex size was
Figure 7. LDH cytotoxicity assays of the steroid-based cationic lipids (50 lg/mL) in
HeLa cells.(⁄p <0.05%).
smaller. The results suggested that not only cationic headgroups,
but also sterol skeletons of the sterol-based cationic lipids, played
vital roles in gene transfection. Moreover, among the cationic lip-
ids, lipid 2 achieved the highest gene transfection efficiency, while
its efficiency is not optimized to the maximum level yet. Thus, for
practical application, it is necessary to optimize lipid 2 by develop-
ing its new formulations (e.g., lipid 2-based liposomes) in the fu-
ture. In addition, we further calculated and estimated the rough
material cost for lipid 2 (about $17.2/mg), which seems much low-
er than that of commercially available lipofectamine2000 (Invitro-
gen, USA, about $204.2/mg), indicated lipid 2 could be developed as
a potential transfection reagent for high efficient gene delivery.

It had been known that gene transfection strongly relied on two
consecutive processes: the intracellular uptake, and the intracellu-
lar trafficking/localization of lipoplexes. Herein, we investigated
the cellular uptake of the sterol lipids/Cy3-pDNA lipoplexes
(Fig. S4) by fluorescence microscopy, and pDNA was pre-labeled
with a red-fluorescent agent Cy3 by a Label IT� Tracker™ Cy3-
labeling kits.38 It could be observed that the red fluorescence were
dispersed in the cells after 4 h incubation of the sterol lipids/Cy3-
pDNA lipoplexes, similar to that of lipofectamine2000/Cy3-pDNA
polyplexes, while only weak red fluorescence could be seen in
the cell incubated with naked Cy3-pDNA, indicated the Cy3-pDNA
could be efficiently transferred into the cells by using sterol-based
cationic lipids as the carriers. Although the intracellular uptake of
pDNA mediated by sterol lipids have been successfully observed,
however, the structural dependence of the uptake pathway of
these sterol-based cationic lipids was still not known. Recently,
Doh and co-workers56 revealed that a cholesterol-derived cationic
lipid Chol-E mainly underwent a clathrin-dependent uptake path-
way and showed membrane cholesterol depletion resistance. In
this case, we supposed that the cholesterol and lithocholate based
lipids might pass through different structure-dependent endocyto-
sis pathways to enter the cell, since different intracellular uptake
pathway (such as clathrin, caveloae, lipid-raft, phagocytosis, pino-
cytosis mediated endocytosis, and so on) of the carriers/pDNA
complexes might lead to different results of gene transfection.
The related study on the endocytosis pathways of the sterol cat-
ionic lipids by using of the specific pathway inhibitors was carrying
out in our current research.

2.8. Intracellular trafficking/localization of the sterol-based
cationic lipids

It had been revealed that intracellular trafficking/localization of
lipoplexes might influence the gene delivery efficacy. The intracel-
lular localization of the sterol-based cationic lipids/ Cy3-labeled
pDNA lipoplexes in HeLa cells were studied by fluorescence micro-
scope with bPEI-25K as a control, and the cell nuclei and lysosome
were separately labeled with fluorescent dyes DAPI (blue) and
Lysotracker (green), respectively. As shown in Figure 9, after 4 h
transfection with 1/Cy3-pDNA lipoplex, it could be clearly seen
that red fluorescent spots dispersed inside cell plasma, and some
of them located around or within the DAPI-stained nucleus, but
few of them was found in lysosome. In contrast, after incubation
with 3/Cy3-pDNA lipoplex, some red fluorescent spots were ob-
served located on the outside of plasma membrane, which might
be related to the membrane destruction effect of 3. Meanwhile,
when incubated with 2/Cy3-pDNA and 4/Cy3-pDNA lipoplexes,
red fluorescence spots were observed uniformly distributed inside
the plasma membrane and co-localized with the lysosome, the
lysosomal co-localization behavior might be attributed to the pro-
ton buffering effect of the (l)-lysine headgroups. Likewise, the bPEI-
25k/pDNA polyplex also presented an obvious lysosomal co-local-
ization behavior, due to its well-known ‘proton sponge’ effect. The
results demonstrated that the intracellular localization of the
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Figure 8. Luciferase gene transfection efficiencies for the steroid-based cationic lipids/pDNA complexes under various +/� charge ratios in (a) A549 and (b) HeLa cell lines,
and commercially available bPEI-25K and lipofectamine 2000 was used as controls.
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enveloped Cy3-pDNA could be affected by the molecular structure
(including sterol skeletons and headgroups) of the sterol-based
cationic lipids. Moreover, it could be interestingly noticed that lipid
2 and 4 have similar intracellular localization effect but quite dif-
ferent gene transfection efficiencies, elicited some unknown mech-
anisms/factors might regulate the gene transfection efficacy.
Furthermore, the endocytosis pathways and intracellular traffick-
ing mechanisms of the sterol-based cationic lipids were under
investigation in our lab.

3. Conclusion

In summary, we successfully prepared a series of new sterol-
based cationic lipids by modularly and efficiently incorporate ste-
rol-based hydrophobic blocks with cationic building blocks via
‘Click’ chemistry approach. It was found that these synthesized cat-
ionic lipids could bind/load pDNA efficiently. The physico-chemical
properties of their pDNA lipoplexes, such as particle sizes, mor-
phologies and surface charges were found greatly depend on the
molecular structure factors including sterol skeletons and head-
groups. On the other hand, these sterol-based cationic lipids were
found exhibit quite different cytotoxicity and luciferase gene trans-
fection efficacy, which also strongly-relied on their molecular
structures. Interestingly, the cholesterol-bearing lipids 1 and 2
showed much higher transfection capability (7–104 times) than
their lithocholate-bearing counterparts 3 and 4, suggested that
cholesterol could be employed as an more efficient moiety than
lithocholate for constructing new lipid gene carriers. Among the
lipids, it could be noted that lipid 2 achieved high gene transfection
capability, made it an efficient transfection agent candidate for effi-
cient gene delivery application. Finally, the study also provided an
efficient and promising approach for developing low cytotoxic and
high efficient lipid gene carriers by selecting suitable sterol hydro-
phobes and cationic headgroups as the building blocks.

4. Experimental section

4.1. Materials

Cholesteryl chloroformate (12, 97%) was purchased from Acros
Organics and utilized as received. Methyl lithocholate-3-hydroxy
chloroformate (13) was prepared according to literature.57

Propagyl alcohol (97%) was supplied by Alfa Aesar and used as
received. 3-Bromo-1-propamine (11, 99%) was bought from Alad-
din, Shanghai. N-(3-dimethyl-aminopropyl)-N0-ethylcarbodiimide
hydrochloride (EDC�HCl, 99%), 4-dimethyl amino pyridine
(DMAP) and trifluoroacetic acid (TFA) were provided by Shanghai
Sinopharm Chemical Reagent Co. Ltd, CuSO4�5H2O (99%) and so-
dium ascorbate (98%) were purchased from Shanghai Sinopharm
Chemical Reagent Co. Ltd and utilized as-received. Boc-(l-)-lysine
was synthesized as refer to the published literatures.58 Other
reagents and solvents were analytical grade and utilized as
received.

Agarose was purchased from Gene Tech, Shanghai. Ethidium
bromide (EB) (95%) and branched poly(ethylene imine) (bPEI-
25k, Mw = 25,000) were supplied by Sigma & Aldrich. Lipofect-
amine™2000 was received from Invitrogen (USA) (lot no.
637822). Thiazoyl blue tetrazolium bromide (MTT) was bought
from Biobasic Inc, (Markham, Canada), lactate dehydrogenase
(LDH) cytotoxicity assay kit II (Cat#ab65393) were provided by
Abcam Corporation (UK). Luciferase assay and bicinchoninic acid
(BCA) protein quantization kits were supplied by Promega
(USA) and Applygen Technologies (Beijing, China), respectively.
0.01 M phosphate buffer solution (1� PBS), DMEM medium
and 10% fetal bovine serum (FBS) were purchased from Hangz-
hou Genom Co. Ltd. 96-well and 24-well microplates and 50 mL
cultivation flasks were received from Corning Co. Ltd. Human epi-
thelial cervical cancer (HeLa), Human Embryonic Kidney
(HEK293-T), Carcinomic human alveolar basal epithelial (A549)
cell lines were provided by Dr. Bo Wan of state key laboratory
of genetic engineering of Fudan University, Shanghai, and African
Green Monkey Kidney (COS-7) cell line was generously provided
by the laboratory of Prof. Yuhong Xu (School of Pharmacy, Shang-
hai Jiaotong University). Luciferase gene (pCMV-Luc) and pEGFP
plasmid DNA were prepared and purified in our own laboratory.
Label IT� Tracker™ intracellular nucleic acid (Cy3-labeled pDNA)
localization kits including Trans IT�-LT1 transfection reagent was
purchased from Mirus Bio LLC, USA. Lysotracker green DND-26
was received from Invitrogen (Cat#L7526, USA). DAPI was re-
ceived from Roche (Cat#70217321, USA). In addition, all the
other reagents and chemicals were of analytical grade, and were
utilized as-received.



Samples Cy3- pDNA Lysotracker DAPI Merge 

Lipid 1 

Lipid 3 

Lipid 2 

Lipid 4 

bPEI-25k 
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4.2. Preparation procedures of sterol-based cationic lipids

4.2.1. Synthesis of sterol-propynyl building blocks
4.2.1.1. Synthesis of cholesteryl-3-hydroxy-2-propynyl carba-
mate (5). Cholesteryl chloroformate (12, 7.4 g, 0.02 mol) dis-
solved in 50 mL of dichloromethane was added dropwise into a
100 mL flask with propagyl alcohol (5.6 g, 0.1 mol) and 10 mL pyr-
idine dissolved in 20 mL of dichloromethane. The mixture was kept
stirring for 12 h at room temperature, and then poured into 100 mL
of distilled water and further extracted with 150 mL ethyl acetate
(EtOAC). The aqueous phase was discarded, and the organic phase
was collected and concentrated under reduced pressure, and con-
tinuously purified by flash column chromatography (eluent:
EtOAC/hexane = 1/2, v/v) to get cholesteryl-3-hydroxy-2-propynyl
carbamate (5) as white solid (8.2 g, 92.7% yield).

1H NMR (CDCl3, 300 Hz) d 5.40 (s,1H, CH@C, cholesterol), 4.72
(s, 2H, C„CCH2), 4.57 (m, 1H, –CH–), 2.52 (s, 1H, C„CH), 2.23–
0.61 (m, 45H, cholesterol).

4.2.1.2. Synthesis of methyl lithocholate-3-hydroxy-2-propynyl
carbamate (6). Methyl lithocholate-3-hydroxy chloroformate
(13, 7.8 g, 0.02 mol) dissolved in 50 mL of dichloromethane was
added dropwise into a 100 mL flask with propagyl alcohol (5.6 g,
0.1 mol) and 10 mL pyridine dissolved in 20 mL of dichlorometh-
ane. The mixture was kept stirring for 12 h at room temperature,
and then poured into 100 mL of distilled water and further ex-
tracted with 150 mL EtOAC. The aqueous phase was discarded,
and the organic phase was collected and concentrated under re-
duced pressure, and continuously purified by flash column chro-
matography (eluent: EtOAC/hexane = 1/2, v/v) to get methyl
lithocholate-3-hydroxy-2-propynyl carbamate (6) as white solid
(6.7 g, 75.2% yield).

1H NMR (CDCl3, 300 Hz) d 4.72 (s, 2H, C„CCH2), 4.57 (m, 1H, –
CH–), 3.66 (s, 3H, COOCH3), 2.52 (s, 1H, C„CH), 2.21–0.61 (m, 38H,
lithocholate).

4.2.2. Preparation of azido-bearing cationic blocks
4.2.2.1. Synthesis of 3-Bromo-1-propamine-NHBOC (9). In a
100 mL flask with 3-Bromo-1-propamine hydrobromide salt (11,
4.4 g, 0.02 mol) and pyridine (10 mL) dissolved in 100 mL tetrahy-
drofuran/20%NaOH (w/w) aqueous solution (v/v = 1/1) mixed solu-
tion, then di-tert-butyl dicarbonate (Boc2O, 4.8 g, 0.022 mol)
dissolved in 20 mL tetrahydrofuran was added dropwise and the
mixture was kept stirring for 6 h under room temperature. After
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that, the reaction mixture was poured into distilled water and ex-
tracted with EtOAC, dried with MgSO4 anhydride and concentrated
under reduced pressure, and the crude product was purified by
flash column chromatography (eluent: EtOAC/hexane = 1/4, v/v)
to obtain 3-Bromo-1-propamine-NHBOC (9) as a yellowish oil
(3.1 g, 62.6% yield) .

1H NMR (CDCl3, 300 Hz) d 4.31(1H, –CHCON–), 3.34(2H, –CH2–),
3.11(2H, –CH2–), 1.99(2H, –CH2–), 1.27 (9H, Boc).

4.2.2.2. Synthesis of 3-azido-1-propamine-NHBOC (7). In a
100 mL flask with 3-Bromo-1-propamine-NHBOC (9, 2.3 g,
0.01 mol) and sodium azide (0.72 g, 0.011 mol) dissolved in 5 mL
DMF the mixture was kept stirring for 8 h at 80 �C. Then the mix-
ture was cooled down and gently poured into 100 mL distilled
water, then extracted with 100 mL EtOAC, the solvent phase was
concentrated under reduced pressure, and crude 3-azido-1-prop-
amine-NHBOC (7) was obtained and utilized directly without fur-
ther purification.

4.2.2.3. Synthesis of 3-Bromo-1-propamine-NH-lysine-BOC
(10). In a 100 mL flask with 3-Bromo-1-propamine hydro-
chloride salt (11, 2.2 g, 0.01 mmol) and Boc-(l-)-lysine (3.5 g,
0.01 mol) were dissolved in 20 mL tetrahydrofuran with 10 mL
pyridine, then EDC�HCl/DMAP (3.0 g/0.1 g) was added and the mix-
ture was kept stirring for 24 h under the room temperature. After
that, the mixture was gently poured into 100 mL distilled water
and extracted with 100 mL EtOAC, the organic solvent phase was
washed with distilled water and concentrated under reduced pres-
sure, and purified by flash column chromatography (eluent:
EtOAC/hexane = 1/3, v/v) to get 3-Bromo-1-propamine-NH-lysine
-BOC (10) as a colorless oil (2.6 g, 56.5% yield).

1H NMR (CDCl3, 300 Hz) d 4.28(1H, –CHCON), 3.42(2H, –CH2–),
3.11(2H, –CH2–), 2.05 (2H, –CH2–), 1.42 (18H, Boc).

4.2.2.4. Synthesis of 3-azido-1-propamine-NH-lysine-BOC
(8). In a 100 mL flask with 3-Bromo-1-propamine-NH-ly-
sine-BOC (10, 1.2 g, 0.0025 mol) and sodium azide (0.33 g,
0.005 mol)) dissolved in 10 mL DMF and was kept stirring for 8 h
under 80 �C. Then the mixture was cooled down and gently poured
into 50 mL distilled water, then extracted with 100 mL EtOAC, the
solvent phase was concentrated under reduced pressure, and crude
3-azido-1-propamine-NH-lysine-BOC (8) was obtained and uti-
lized directly without further purification.

4.2.3. General procedures for the synthesis of sterol-based
cationic lipids (1–4) by CuAAC ‘Click’ method

In a 100 mL flask added with as-prepared sterol-propynyl build-
ing blocks (5 or 6, 1.0 mmol) and azido-bearing cationic blocks (7
or 8, 1.1 mmol) in 20 mL tetrahydrofuran, and quickly added
CuSO4�5H2O/Sodium ascorbate (0.5 mmol/1 mmol) which were
firstly dissolved in 5 mL distilled water, the reaction mixture was
kept at 80 �C for 2 h, the yellow solid was removed by filtration
and the filtrate was added with 50 mL 5% EDTA (w/w) aqueous
solution to coordinate excessive Cu(I), then extracted with
100 mL EtOAC. After that, the solvent was removed under reduced
pressure, then the yellow residue was purified by flash column
chromatography (EtOAC/Hexane = 1:1) to get Boc-protected ste-
rol-based cationic lipids, which was reacted with excessive trifluo-
acetic acid (5 mL) at room temperature for 1 h to remove the Boc
protecting group, then the solvent trifluoacetic acid was evapo-
rated, the residue was precipitated with diethyl ether (Et2O) and
dried to get pure sterol-based cationic lipids 1–4 as the final
products.

Lipid 1 (Yield:79%).
1H NMR: (CDCl3, 300 Hz) d 8.17 (s, 1H, ArH, triazole), 7.89

(b, NHþ3 ), 5.32 (s, 1H, –C@CH–, cholesterol), 5.13 (s, 2H,
triazole–CH2–OOC–), 4.44 (t, 2H, C–CH2–triazole), 4.31 (m, 1H,
–OOC–O–CH–), 2.77 (t, 2H, NHþ3 –CH2–), 2.47 (t, 2H, NHþ3 –CH2–
CH2–), 2.26–0.61 (45H, cholesterol).

13C NMR: (CDCl3, 300 Hz) d 154.1, 138.5, 124.8, 121.9, 76.5,
59.7,55.4, 55.2, 54.8, 53.9, 48.7, 45.8, 41.1, 38.9, 38.8, 36.8, 35.5,
34.8, 34.3, 30.5, 26.9, 26.5, 22.9, 22.4, 21.7, 21.6, 19.8, 18.0, 17.5,
11.0

ESI-MS [M+H+]: 569.4, Calculated: 569.5.
Lipid 2 (Yield:69%).
1H NMR: (CDCl3, 300 Hz) d 8.65 (b, NHþ3 ), 8.21 (s, 1H, ArH, tria-

zole), 7.87 (b, NHþ3 ), 5.36 (s, 1H, –C@CH–, cholesterol), 5.16 (s, 2H,
triazole–CH2–OOC–), 4.51(s, 1H, –CH–CONH–), 4.40 (t, 2H, C–CH2–
triazole), 4.33 (m, 1H, –OOC–O–CH–), 3.11(t, 2H, –CONH–CH2–),
2.77 (t, 2H, NHþ3 –CH2–), 2.47 (t, 2H, NHþ3 –CH2–CH2–), 2.26–0.62
(45H, cholesterol).

13C NMR: (CDCl3, 300 Hz) d 169.1, 154.1, 139.6, 125.5, 122.8,
77.7, 60.7, 56.5, 55.9, 52.5, 49.8, 47.4, 42.3, 38.9, 38.8, 37.9, 36.7,
36.4, 36.2, 35.6, 31.7, 30.8, 29.9, 28.2, 27.7, 27.6, 27.0, 26.8, 24.1,
23.5, 23.1. 22.8, 21.6, 21.0,19.1, 18.5, 12.1.

ESI-MS [M+H+]: 697.5; Calculated: 697.5.
Lipid 3 (Yield:62%).
1H NMR: (CDCl3, 300 Hz) d 8.20 (s, 1H, ArH, triazole), 7.89 (b,

NHþ3 ), 5.16 (s, 2H, triazole–CH2–OOC–), 4.48 (m, 1H, –OOC–O–
CH–), 4.47 (t, 2H, C–CH2–triazole), 3.56 (s, 3H, -COOCH3), 2.77 (t,
2H, NHþ3 –CH2–), 2.47 (t, 2H, NHþ3 –CH2–CH2–), 2.26–0.61 (39H,
lithocholate).

13C NMR: (CDCl3, 300 Hz) d 174.3, 154.3, 142.0, 125.6, 123.9,
78.3, 60.5, 56.2, 55.9, 52.8, 51.7, 48.3, 47.0, 42.6, 41.5, 38.8, 36.7,
35.7, 35.2, 34.6, 33.1, 32.1, 30.7, 27.3, 27.0, 26.3, 24.2, 23.3, 21.6,
20.6,18.4, 12.1.

ESI-MS [M+H+]: 573.3; Calculated: 573.5.
Lipid 4 (Yield: 66%).
1H NMR: (CDCl3, 300 Hz) d 8.67 (b, NHþ3 ), 8.20 (s, 1H, ArH, tria-

zole), 7.89 (b, NHþ3 ), 5.15 (s, 2H, triazole–CH2–OOC–), 4.48 (m, 1H, –
OOC–O–CH–), 4.47 (t, 2H, C–CH2–triazole), 4.17 (m, 1H, –NHþ3 –CH–
CONH–), 3.56 (s, 3H, –COOCH3), 2.76 (t, 2H, NHþ3 –CH2–), 2.50(t, 2H,
NHþ3 –CH2–CH2–), 2.26–0.61 (39H, lithocholate).

13C NMR: (CDCl3, 300 Hz) d 174.3, 169.0, 154.3, 141.7, 125.4,
123.9, 78.1, 60.4, 563, 55.8, 52.6, 52.0, 51.3, 47.5, 42.8, 41.5, 40.4,
38.8, 36.3, 35.6, 35.1, 34.8, 34.6, 32.1, 31.0, 30.9, 29.9, 29.7, 28.0,
26.8, 26.5, 26.2, 24.0, 23.3, 21.6, 20.6, 18.3, 12.0.

ESI-MS [M+H+]: 701.5; Calculated: 701.5.

4.3. NMR and mass spectral measurements

1H NMR spectra were characterized under room temperature on
a Varian VXR-300 Fourier transform NMR spectrometer at
300.0 MHz for proton nuclei, and 13C NMR spectra were measured
on a Bruker Avance NMR spectrometer at 100.0 MHz for the 13C
nuclei, and tetramethylsilane (TMS) was utilized as the internal
chemical shift reference. Mass spectra (ESI-MS) were routinely
measured on a Varian SATURN 2000 instrument.

4.4. Ethidium bromide replacement assay

Ethidium bromide (0.5 lg) and pDNA (Luciferase pDNA, 4.0 lg)
were firstly mixed in 1 mL of 0.01 M PBS buffer solution (pH 7.4),
and kept incubation at room temperature for 2 min. Then, each ste-
rol-based cationic lipids under various +/� charge ratios of 0.5–20
was separately placed into the pDNA/EB mixture solution, and con-
tinuously kept incubation for 10 min. Subsequently, fluorescence
spectra for the above complex solution were recorded on a Hitachi
F-7000 fluorescence spectrometer with excitation and emission
wavelength at k = 510 and 590 nm, respectively, and the emission
intensities of the initial pDNA/EB mixture solution (I100) and a
pDNA-free EB solution (I0) were taken as the corresponding
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references of relative intensity 100% (F100) and 0% (F0). Further-
more, the emission intensities at 590 nm (I) for the pDNA/EB mix-
ture solution under various +/� charge ratios were measured, and
their relative intensities F were calculated in accordance to F =
(I � I0)/(I100 � I0).

4.5. Agarose gel retardation assay

The pDNA binding capacities of the new sterol-based cationic
lipids was investigated by agarose gel retardation assay. The solu-
tion of sterol-based cationic lipids/pDNA lipoplex was first pre-
pared under a predetermined +/� charge ratio with 0.01 M PBS
and 1.0 lg of pDNA in 20 lL of pure water and kept incubation
for 30 min. Then, the lipoplex solution was loaded onto 1% agarose
gel (w/v) with EB (0.5 lg/mL in gel) and TAE buffer (pH 7.4), and
the naked pDNA was used as the control. After the gel electropho-
resis under +100 V for 1 h, the retardant of pDNA was recorded on
a UVP benchtop 2UV transilluminator system.

4.6. Average particle sizes and zeta potentials of the lipids/pDNA
lipoplexes

Average particle sizes and zeta potentials of the Sterol-based
cationic lipids/pDNA lipoplexes were analyzed on a Malvern Zeta-
sizer Nano ZS90 (UK) at room temperature. The lipoplexes solution
were first prepared by mixing sterol-based cationic lipids and
pDNA (2.0 lg/mL) under diverse +/� charge ratios in 1 mL of pure
water, and then laser light at k = 633 nm was employed at a fixed
scattering angle of 90� for the nanoparticle size analyses.

4.7. Nanoparticle morphologies by atomic force microscopy

Nanoparticle morphologies of the sterol-based cationic lipids/
pDNA lipoplexes were characterized at room temperature on a
Nanoscope IVa atomic force microscopy (AFM, Veeco Instrument)
in a tapping mode, and AFM measurements were conducted with
Olympus AC160TS cantilever (Frequency: 300 kHz, stiffness:
42 N/m). The lipoplexes solution were first prepared by mixing
sterol-based cationic lipids and pDNA (5.0 lg/mL) under the
+/� charge ratios of 15 in 1 mL of pure water, then the samples
for AFM analysis were preliminarily prepared by dropping the
as-prepared lipoplex solution onto fresh mica, and were air-dried
at room temperature prior to AFM measurements.

4.8. MTT cytotoxicity assay of sterol-based cationic lipids

MTT assays were conducted with A549 and HeLa cell lines for
evaluating cytotoxicities of synthesized sterol-based cationic lipids
as well as their pDNA lipoplexes. Herein, the water-soluble sterol-
based cationic lipids were dissolved into distilled water to prepare
the stock solution (2 mg/mL for each cationic lipid). Firstly, the
cells were seeded into 96-well microplates under 5 � 103 cells
per well, and were cultivated under 37 �C and 5% CO2 for 24 h in
the 100 lL DMEM medium containing 10% FBS. Subsequently,
the medium was replaced with fresh DMEM medium containing
10% FBS, and then the stock solution of sterol-based cationic lipids
in predetermined amounts were added individually into the wells
(with the final concentration ranging from 1 to 100 lg/mL) and
commercially available branched-polyethylenimine (bPEI-25K)
was utilized as a reference. After 24 h incubation, 20 lL of MTT
(5.0 mg/mL) was added into each well, and kept incubation for
4 h. After removing the medium, DMSO (100 lL/well) was added
to dissolve the formed MTT formazan. Finally, with gently shaking
the microplates for 10 min for dissolving formazan, each sample
with six replicates (n = 6) was analyzed on a microplate reader
(BioTek, ELX800, USA) at k = 490 (k = 630 nm as reference
wavelength). In this study, a branched-polyethylenimine (bPEI-
25k) was applied as a reference for MTT cytotoxicity assay.

4.9. LDH cytotoxicity assay of sterol-based cationic lipids

HeLa cells were seeded into 24-well microplates under 4 � 103

cells per well, and were cultivated under 37 �C and 5% CO2 for 24 h
in the 100 lL DMEM medium containing 10% FBS. Then each well
was added with the stock solution of sterol-based cationic lipids
(final concentration: 50 lg/mL), and commercially available
branched-polyethylenimine (bPEI-25K) and lipofectamine 2000
were utilized as references. After that, 100 lL LDH reaction buffer
was added into each well and the mixture was further incubated at
room temperature for 30 min, the cells were centrifuged at
600 rpm for 10 min to precipitate the cells and its fragments. The
clear supernatant (10 lL/well) was transferred into an optically
clear 96-well plate. The samples were assayed with microplate
reader (BioTek, ELx800, USA) at 490/630 nm as measure/reference
wave length respectively. The results are calculated according to
the protocol of LDH-Cytotoxicity Assay Kit II.

4.10. Luciferase transfection assay

For the Luciferase assay, A549, HeLa and HEK293T cells were
firstly seeded into 24-well microplates (3 � 105 cells/well), and
were incubated under 37 �C and 5% CO2 with DMEM medium con-
taining 10% FBS for 24 h. Lipoplexes solution were preliminarily
prepared by mixing sterol-based cationic lipids (dissolved in
0.01 M PBS) and Luciferase pDNA (1.0 lg/well, dissolved in
0.01 M PBS) under a predetermined +/� charge ratio. After
30 min standing, the prepared lipoplex solution was gently poured
into the wells in the 24-well plates, and continued to incubate for
4 h with 200 lL FBS-free DMEM medium, and commercially avail-
able branched-polyethylenimine (bPEI-25K) and lipofectamine
2000 were utilized as references. Then the medium was replaced
with 200 lL fresh DMEM medium containing 10% FBS and further
incubated for 24 h. Consequently, the Luciferase transfection as-
says were conducted in accordance to the protocol of Promega
Luciferase assay system. Finally, total luciferase protein was mea-
sured with BCA assay kit (Applygen Technologies Inc.), and relative
light unit per milligram of Luciferase protein (RLU/mg) was thus
calculated to evaluate the cell transfection efficacy of the sterol-
based cationic lipids (n = 3).

4.11. pEGFP gene transfection assay

HeLa cells were seeded in 24-well plates at a density of about
5.0 � 104 cells/well with 200 lL DMEM medium (10% FBS, 37 �C,
5% CO2). Lipoplexes solution were preliminarily prepared by mix-
ing sterol-based cationic lipids (dissolved in 0.01 M PBS) and pEG-
FP pDNA (1.0 lg/well, dissolved in 0.01 M PBS) under +/� charge
ratio of 5. The medium was replaced with serum-free medium
and the lipoplex solution were added and incubated for another
4 h with lipofectamine 2000 as the reference. The medium was
then replaced with 200 lL complete culture medium (with 10%
FBS) and cultured (37 �C, 5% CO2) for an additional 20 h. The GFP
fluorescence was observed and recorded on a Nikon Ti-S inverted
fluorescence microscope.

4.12. Intracellular localization of the Cy3-labeled DNA
enveloped lipoplexes

HeLa and COS-7 cells were seeded into 6-well microplates
(4 � 105 cells/well in 1 mL DMEM medium with 10% FBS), and
incubated at 37 �C under 5% CO2 for 24 h. pDNA was pre-labeled
with a red-fluorescent agent Cy3 by a Label IT� Tracker™
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Cy3-labeling kits,38 then Cy3-labeled pEGFP-N1 DNA complexed
with sterol-based cationic lipids and bPEI-25k were added into
each well at the +/� charge ratio about 5. For fluorescence imaging,
HeLa cells were washed with 1� PBS for three times to eliminate
fluorescence background after 4 h incubation, the cells were fixed
with 4% paraformaldehyde in 0.12 M phosphate buffer (pH 7.2)
for 10 min, and washed three times with 1� PBS. Furthermore, cell
stains DAPI (working concentration 100 ng/mL) and Lysotracker
(working concentration 500 ng/mL) were added to stain cell nuclei
and lysosome, respectively. After 15 min incubation, the HeLa cells
were washed with 1� PBS for three times and the fluorescent
images were recorded on Nikon Ti-S invert fluorescence micros-
copy. Similarly, the COS-7 cells were washed with 1� PBS for three
times after incubated with the Cy3-DNA enveloped lipoplexes for
4 h, and was directly observed and recorded on Nikon Ti-S invert
fluorescence microscopy.
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