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In this study, the lipid nanoparticles with excellent cellular uptake capacity were utilized to prepare
lipid nanoparticles/protamine/DNA ternary nanoparticles for gene delivery. Anionic lipid nanoparti-
cles consisting of monostearin (MS) and different content of oleic acid (OA) were prepared. The lipid
nanoparticles had an average size ranging from 23.6 to 71.3 nm and a zeta potential about −30 mV.
The protamine/DNA complex was prepared by mixing the DNA and protamine solution with 1:2 mass
ratio. The average size of protamine/DNA complex was 128.5 nm and with 19.4 mV zeta potential.
ipid nanoparticles
rotamine
lasmid DNA
ernary nanoparticles
ene transfection

Lipid nanoparticles/protamine/DNA ternary nanoparticles were then prepared by combining the pro-
tamine/DNA binary complex with lipid nanoparticles. The ternary nanoparticles had an average size
ranging from 192.7 to 260.6 nm and were negatively charged. Gene transfection efficiency was improved
by increasing OA content in lipid nanoparticles. Results of cellular uptake showed that the uptake abil-
ity of lipid nanoparticles was enhanced by increasing the OA content. Lipid nanoparticles with 20 wt%
OA/protamine/DNA ternary nanoparticles (w/w/w, 65:6:3) showed the best and the most durable gene

resen
transfection even in the p

. Introduction

Gene therapy is a promising treatment for some genetic-based
nd infectious diseases (Anas El-Aneed, 2004), and lots of efforts
ave been made for developing an efficient gene transfection vector
ystem.

Historically, there are mainly two categories of vector systems:
iral and non-viral. The use of viruses is a powerful technique, but
ccompanies a series of side effects, oncogenicity and safety issues.
on-viral vectors have shown low immunogenicity, and the capac-

ty to carry large inserts, which may be more suitable for clinical use.
owever, the transfection efficiency remained very low in compar-

son to conventional viral agents (Lonez et al., 2008; Morille et al.,
008).

Non-viral vectors are mainly composed of cationic polymers
nd cationic lipids such as polyethyleneimine (PEI) (Breunig
t al., 2005), poly (l-lysine) (PLL) (Choi et al., 2007), chitosan
Romoren et al., 2002), 3�-[N-(N′,N′-dimethylaminoethane)-
arbamoyl]cholesterol (DC-Chol) (Choi et al., 2008), 1,2-dioleyl-3-

rimethylammonium-propane (DOTAP) (Vaysse et al., 2006) and
o on. Some cationic lipid-based gene delivery systems are also
xplored later, including liposomes, emulsions and lipid nanopar-
icles. Lipid nanoparticles include solid lipid nanoparticles (SLN)

∗ Corresponding author. Tel.: +86 571 88208439; fax: +86 571 88208439.
E-mail address: yuanhong70@zju.edu.cn (H. Yuan).
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ce of serum.
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and nanostructured lipid carriers (NLC). SLN have been introduced
into the applications in the cosmetic industry and pharmaceuti-
cal researches in the last decades (Müller et al., 1995; Trotta et al.,
2003; Shidhaye et al., 2008). NLC were then developed based on the
SLN by incorporating liquid lipids or spatially different lipids in the
solid core of the particles. Gene transfections using cationic lipo-
somes and cationic lipid emulsions have been widely reported (Liu
et al., 1996; Kim et al., 2002). However, there are only a few reports
on lipid nanoparticles for gene delivery (Olbrich et al., 2001; Tabatt
et al., 2004; Rudolph et al., 2004).

The disadvantages of non-viral gene carrier systems are their
low transfection efficiency, toxicity (linked to their positive charge)
and lack of sustainable gene expression. These disadvantages make
non-viral gene carrier systems difficult to be used in clinical set-
tings. Some improvements have been made by condensing DNA
and then mixing them with liposomes (Junghans et al., 2005b; Sun
et al., 2005). DNA condensation was critical for efficient gene trans-
fections because it protected DNA from enzyme degradation and
subsequently made the vector system more stable in the presence
of serum (Lee and Huang, 1996; Junghans et al., 2005a).

Although cationic lipids have several advantages, cytotoxicity
remains a problem especially in vivo. This may result from the pos-

itive charge of the vector. In this study, anionic lipid nanoparticles
with different content of oleic acid (0–20 wt%) were prepared by
the aqueous solvent diffusion method. Monostearin (MS) was cho-
sen as solid lipids for its relative higher cellular uptake than some
other lipid components (Yuan et al., 2008). Poloxamer188 (0.1%,

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:yuanhong70@zju.edu.cn
dx.doi.org/10.1016/j.ijpharm.2010.03.025
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Table 1
The size and zeta potential of different lipid nanoparticles and their respective ternary nanoparticles.

Samples Number average size (nm) Zeta potential (mV)

Protamine/DNA binary complex 128.5 ± 18.6 19.4 ± 0.6
LN with 0 wt% OA 54.2 ± 13.8 −23.9 ± 1.2
LN with 5 wt% OA 72.3 ± 5.7 −31.1 ± 1.6
LN with 10 wt% OA 23.6 ± 2.6 −30.1 ± 0.5
LN with 20 wt% OA 26.7 ± 5.1 −31.3 ± 1.0
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LN with 0 wt% OA/protamine/DNA (65:6:3, w/w/w)
LN with 5 wt% OA/protamine/DNA (65:6:3, w/w/w)
LN with 10 wt% OA/protamine/DNA (65:6:3, w/w/w)
LN with 20 wt% OA/protamine/DNA (65:6:3, w/w/w)

/v) solution was selected as an aqueous phase. It was shown that
oloxamer 188 could stabilize some liposome systems and increase
ene delivery capacity (Law et al., 2006). In our study, plasmid DNA
as mixed with protamine for condensation, and then incubated
ith lipid nanoparticles to prepare ternary nanoparticles for gene
elivery. It has been reported that the addition of protamine could
nhance the efficiency of gene transfections (Balhorn et al., 2000;
ujita et al., 2008), and the nuclear localization signals (NLS) in
rotamine molecule could orientate DNA to the nucleus of cells
Gao and Huang, 1996; Ziemienowicz et al., 1999). The gel retar-
ation and Deoxyribonuclease I (DNase I) protection were carried
ut to evaluate the condensing ability of protamine. The cytotoxi-
ity was assessed by MTT (5-diphenyl-tetrazolium bromide) assay
n human embryonic kidney (HEK293) cells. The gene transfec-
ion was conducted using pEGFP and luciferase expression gene
s reporter genes. The cellular uptake was performed to evaluate
ts effect on gene transfection.

. Materials and methods

.1. Materials

Monostearin (MS) was provided by Shanghai Chemical Reagent
o. Ltd., China. Poloxamer 188 was purchased from Shenyang

iqi Pharmaceutical Co. Ltd., China. LipofectamineTM 2000 was
rom Invitrogen Corporation, USA. Protamine sulfate was pur-
hased from Shanghai Sangon Biological Engineering Technology

Services Co., Ltd. Hoechst33342 used as staining reagents for
ucleuses was from Sigma Chem. Co., St. Louis, USA. Octadecy-

amine (ODA) was purchased from Fluka, USA and fluorescein
sothiocyanate (FITC) was purchased from Acros Organic, USA
or the preparation of ODA-FITC. 3-(4,5-dimethylthiazol-2-yl)-2,5-

iphenyl-tetrazolium bromide (MTT) was purchased from Sigma
St. Louis, MO, USA) for cytotoxicity assay. Deoxyribonuclease
(DNase I) was from Takara Biotechnology (Dalian) Co., Ltd.

CA Protein Assay Kit was purchased from Beyotime Institute of
iotechnology, Jiangsu, China. The luciferase assay agent was pur-

ig. 1. TEM images of lipid nanoparticles with 20wt% OA, the protamine/DNA bina
les/protamine/DNA ternary nanoparticles (65:6:3, w/w/w).
± 21.2 −16.2 ± 0.1
± 32.5 −18.4 ± 0.5
± 24.2 −19.6 ± 4.5
± 14.4 −17.1 ± 4.8

chased from Chemi&BioLuminescence, Shanghai, China. PEGFP-N1
(4.7 kb), luciferase gene and human embryonic kidney (HEK293)
cells were gifted from National Institute of Health, USA. Fetal bovine
serum (FBS) was purchased from Sijiqing Biologic Co., Ltd. (Zhe-
jiang, China). Dulbecco’s modified eagle’s medium (DMEM) was
purchased from GibcoBRL (Gaithersberg, MD, USA). Ethanol and
other chemicals were analytical reagent grade.

2.2. Preparation of anionic lipid nanoparticles

Lipid nanoparticles (LN) with 0 wt%, 5 wt%, 10 wt%, and 20 wt%
content of oleic acid were prepared by the aqueous solvent diffu-
sion method reported in our previous study (Hu et al., 2005). Thirty
mg monostearin and 0 mg, 1.5 mg, 3 mg or 6 mg oleic acid were
mixed in 3 mL ethanol for the preparation of 0 wt%, 5 wt%, 10 wt%,
20 wt% LN, respectively. The organic solution was then dispersed
into 30 mL poloxamer 188 solution (0.1%, w/v) agitating at 400 rpm
in the 60 ◦C water bath for approximately 5 min. It was then cooled
at room temperature. The dispersion was frozen at−70 ◦C to precip-
itate LN. After collection by centrifugation (20,000 rpm for 15 min),
lipid nanoparticles were re-dispersed in 30 mL poloxamer 188 solu-
tion (0.1%, w/v).

2.3. Preparation and characterization of ternary nanoparticles

The ternary system was prepared using methods reported
before (Birchall et al., 2000). Protamine/DNA binary complex was
prepared by mixing 0.5 mg/mL protamine with 0.5 mg/mL DNA
solution at room temperature for 15 min. The ternary nanoparti-
cles consisting of LN/protamine/DNA were prepared by sequential
addition of lipid nanoparticles to protamine/DNA binary complex
at proper ratios. The average diameter and zeta potential of ternary

nanoparticles were measured by dynamic light scattering using a
zetasizer (3000HS, Malvern Instruments Ltd., UK).

The surface morphology of nanoparticles was further examined
by transmission electronic microscopy (JEM-1230EX, Japan). Binary
complex and ternary nanoparticles suspensions were dropped onto

ry complex (weight ratio of protamine to DNA was 2:1) and lipid nanoparti-
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Table 2
IC50 of lipid nanoparticles on HEK293 cell lines and MCF-7 cell lines by the MTT
assay.

Samples IC50 (�g/mL) on HEK293 IC50 (�g/mL) on MCF-7

LN with 0 wt% OA 320.8 ± 41.5 310.5 ± 1.8
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LN with 5 wt% OA 329.4 ± 12.1 390.0 ± 9.1
LN with 10 wt% OA 323.6 ± 13.4 370.4 ± 2.5
LN with 20 wt% OA 322.1 ± 6.01 334.3 ± 20.9

he copper grids and lipid nanoparticles suspensions were further
tained with 2% aqueous solution of sodium phosphotungstate for
egative stain. The air-dried samples were then directly observed
nder the transmission electronic microscopy.

.4. Cytotoxicity of lipid nanoparticles

The cytotoxicity of lipid nanoparticles was evaluated using
EK293 cells and MCF-7 cells (Human breast adenocarcinoma cell

ine) by the MTT assay. Cells were cultured in a 24-well plate at
he density of 1 × 105 cells/mL. After incubation for 24 h, the media
ere exchanged with 1 mL culture medium containing different

oncentrations of lipid nanoparticles with 0 wt%, 5 wt%, 10 wt%
nd 20 wt% content of OA. Controlled experiments were carried
ut using the complete growth culture medium only. After incu-
ation for 72 h, 50 �L MTT solution (5 mg/mL in PBS) was then
dded to each well. The medium was removed after 4 h. Then, the
rystals were solubilized with 1 mL DMSO and then detected by
microplate reader (BioRad, Model 680, USA) at 570 nm. Survival
ercentage was calculated as compared to controlled cells (100%
urvival). We then calculated the inhibition concentration of 50%
ells (IC50) using the survival percentages at different concentra-
ions of LN according to the report by Mosmann (1983).

HEK293 cells and MCF-7 cells were also treated with

rotamine/DNA binary complex, ternary nanoparticles and

ipofectamineTM 2000/DNA complex for 72 h, and the cell viability
as measured by MTT assay. All the experiments were performed

n triplicate.

ig. 2. Cell viabilities of binary complex, lipofectamine/DNA complex,
N/protamine/DNA nanoparticles in HEK293 cell lines and MCF-7 cell lines
n = 3) (*p < 0.05 compared with the cell viability of lipofectamine/DNA complex,
-test).
armaceutics 392 (2010) 224–231

2.5. Gel retardation assay

To evaluate the condensation capability of binary complex
(different weight ratios of protamine to DNA) and ternary nanopar-
ticles (different amounts of lipid nanoparticles), agarose gel
electrophoresis (0.8%, w/v) were carried out under a voltage of
120 V for 30 min. Images were obtained using a UV transilluminator
and a digital imaging system (GL 200, Kodak, USA).

2.6. DNase I protection assay

DNase I was added to binary complex and ternary nanoparticles
to obtain a final concentration of 1 U DNase I/2.5 �g DNA, and the
mixtures were incubated at 37 ◦C for 30 min followed by adding
0.5 M EDTA to terminate the reaction. Afterwards, 10% SDS solu-
tion was added to the samples to obtain a final concentration of
1% to release DNA from protamine or lipid nanoparticles. Samples
were then analyzed by electrophoresis on the agarose gel and the
integrity of the DNA in each sample was compared to naked DNA
treated with DNase I.

2.7. In vitro gene transfection

Luciferase gene and pEGFP-N1 were used to evaluate the effi-
ciency of gene transfections. HEK293 cells and MCF-7 cells were
seeded in 24-well plates at a density of 1 × 105 cells/well in 1 mL
of complete medium. After incubation for 24 h, the medium was
replaced with 0.5 mL 10%-FBS medium or serum-free medium
containing various concentrations of ternary nanoparticles. The
medium was then replaced with 1 mL of fresh complete medium
after six hours’ incubation. Luciferase gene expression was assessed
by measuring luciferase activity in cell extracts using chemi-
luminescence detector (FB12, Sirius, Berthold Dection System,
Germany). The relative light units (RLU) were normalized to pro-
tein concentrations in the cell extracts measured by the BCA
method using an ELISA plate reader (BioRad, Model 680, USA). Gene
transfection tests with lipofectamineTM 2000/DNA complex were
performed as positive controls according to the manufacture’s pro-
tocol. Cells transfected with pEGFP-N1 were also directly examined
under a fluorescence microscope (Olympus America, Melville, NY).

2.8. Cellular uptake of lipid nanoparticles

HEK293 cells were seeded at a density of 1 × 105 cells/well in
1 mL of growth medium. Cells were then incubated with ODA–FITC
labeled lipid nanoparticles with 5 wt%, 10 wt% and 20 wt% content
of OA suspension (prepared as reported before (Yuan et al., 2007))
at the concentration of 100 �g/mL for different incubation duration
of 1 h, 3 h, 6 h, 12 h, 24 h. After washing the cells with PBS three
times, 100 �L cell lysate (1 mg/mL) was added to each well and
incubated for 5 min, and then the cells were harvested by adding
1 mL PBS. Finally, the cell lysate was centrifuged at 10,000 rpm for
10 min, and the supernatant was supplied to fluorescence assay
by using fluorometer (F-4000, HITACHI Co., Japan) (excitation:
495 nm; emission: 517 nm). The cellular uptake percentages of flu-
orescent lipid nanoparticles were normalized by protein amount,
which was determined by BCA protein Assay Kit (Beyotime biotech-
nology, China). The cellular uptake percentages of fluorescent lipid
nanoparticles were calculated from the following equation:

Cellular uptake percentage (%)

= Fluorescent value of the sample/protein amount of the sample × 100

Fluorescent value of total LN/protein amount of controlled group

Fluorescent images of cells incubated with ODA-FITC labeled
lipid nanoparticles were examined under a fluorescence micro-
scope (OLYMPUS America, Melville, NY) at 1 h, 3 h, 6 h, 12 h, 24 h.
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F (B). For B, lane 1 is naked DNA; lane 2 is protamine/DNA complex (w/w, 2:1); lanes 3–6
a /DNA nanoparticles (w/w/w, 3:2:1), respectively.
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Fig. 4. Agarose gel electrophoresis of DNA extracted from different vectors after
being incubated with DNase I. Lane 1 is naked DNA without any treatment; lane
2 is naked DNA treated with DNase I for 30 min; lanes 3–6 are DNA extracted
from 0 wt%, 5 wt%, 10 wt% and 20 wt% OA-LN/protamine/DNA nanoparticles (w/w/w,
3:2:1) treated with DNase I for 30 min, respectively; lane 7 is for DNA extracted from
protamine/DNA complex (w/w, 2:1) (OC stands for open circular, SC stands for super
coil).
ig. 3. Gel retardation assay of protamine/DNA complex (A) and LN/protamine/DNA
re lipid nanoparticles with 0 wt%, 5 wt%, 10 wt% and 20 wt% content OA/protamine

.9. Statistical analysis

Results are reported as means ± standard deviation (S.D.). Paired
-test was applied to assess the statistical difference among dif-
erent groups. Differences were considered statistically significant
hen p < 0.05.

. Results and discussion

.1. Preparation and characterization of ternary nanoparticles

In this study, lipid nanoparticles were prepared using MS and
ifferent content of OA in poloxamer 188 solution. The size and zeta
otential were measured using a zetasizer. As shown in Table 1, the
inary complex of protamine/DNA had a size of 128.5 ± 18.6 nm.
N with 0 wt% content of OA had an average size of 54.2 ± 13.8 nm.
he sizes of LN with 10 wt% and 20 wt% content of OA were smaller
han that of LN with 5 wt% content of OA. The zeta potential of pro-
amine/DNA binary complex (w/w, 2:1) was 19.4 ± 0.6 mV, while
ipid nanoparticles and their corresponding ternary nanoparticles

ere negatively charged (Table 1). The protamine/DNA binary
omplex formed by electrostatic interactions between the posi-
ive arginine-rich domain of protamine and the negative major
roove of DNA. Anionic lipid nanoparticles may further interacted
ith positively charged protamine/DNA binary complex to form

he ternary nanoparticles for gene transfections.
TEM images of lipid nanoparticles with 20 wt% OA, the pro-

amine/DNA binary complex, lipid nanoparticles/protamine/DNA
ernary nanoparticles were observed under a transmission elec-
ronic microscopy (JEM-1230EX, Japan). The lipid nanoparticles
ith 20 wt% OA formed regularly spherical particles (Fig. 1A).
dding lipid nanoparticles to the protamine/DNA binary complex

Fig. 1B) caused the formation of ternary nanoparticles (Fig. 1C)
hich were about 200 nm in diameters.

.2. Cellular toxicity

The IC50 of lipid nanoparticles was all above 300 �g/mL at incu-
ation time of 72 h (Table 2) on both HEK293 cells and MCF-7 cells,
hich suggested that lipid nanoparticles were safe gene carriers.

HEK293 cells and MCF-7 cells were treated with protamine/DNA
inary complex, ternary nanoparticles and lipofectamineTM

000/DNA complex for 72 h, and the cell viability was evaluated
y MTT assay. Compared to lipofectamineTM 2000/DNA complex,
ernary nanoparticles exhibited significantly higher cell viability
p < 0.05, t-test) as shown in both HEK293 cells and MCF-7 cells

Fig. 2).

Cationic lipid can interact with enzymes such as protein kinase
(PKC) and inhibit its activity, thus leads to cytotoxicity (Fischer

t al., 1999). Cationic polymer such as PEI and PLL may interact
ith negatively charged serum protein, which precipitated in large

Fig. 5. Gene transfection of ternary nanoparticles on both HEK293 and MCF-7
cells at the transfection time of 72 h (*p < 0.05 compared with that of 0 wt% OA-
LN/protamine/DNA at the same weight ratio).
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lusters and adhered to cell surfaces. When administered into cir-
ulatory system, they are rapidly bound to plasma proteins and
leared from the circulation (Fischer et al., 1999; Ward et al., 2001).
owever, the overall zeta potentials of the ternary nanoparticles
repared in this study were all negatively charged, which may avoid
he toxicity resulted from cationic vectors.

.3. Gel retardation assay

Gel retardation assay was carried out to evaluate the condensing
bility of protamine/DNA binary complex and lipid nanopar-
icles/protamine/DNA. The complete retardation of the binary
omplex can be observed when the weight ratio of protamine to

NA was above 1.0 (Fig. 3A).

In preliminary trials, we found that anionic lipid nanoparti-
les could condense protamine/DNA binary complex (w/w, 2:1)
hile the weight ratio of lipid nanoparticles to DNA exceeded 3

Fig. 3B).

Fig. 6. Effect of post-transfection time on transfection of lipofectamine 2000/DNA
complex and 20 wt% OA-LN/protamine/DNA nanoparticles on HEK293 cell lines
(*p < 0.05 was against to transfection efficiencies of 20 wt% OA-LN/protamine/DNA
or lipofectamineTM 2000/DNA complex at the post-transfection time of 24 h, respec-
tively).

ig. 7. Effect of serum on transfection of 20 wt% OA-LN/protamine/DNA nanoparticles, lipofectamineTM 2000/DNA complex and protamine/DNA complex on HEK293 cell
ines (*p < 0.05 compared with transfection efficiencies of 20 wt% OA-LN/protamine/DNA, lipofectamineTM 2000/DNA complex, binary complex without serum, respectively,
nd the efficiency of LN/protamine/DNA was also against to that of binary complex when with serum).
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Fig. 8. Effect of serum on transfection of 20 wt% OA-LN/protamine/DNA nanoparticles, lipofectamineTM 2000/DNA complex and protamine/DNA complex on MCF-7 cell lines
(*p < 0.05 compared with transfection efficiencies of 20 wt% OA-LN/protamine/DNA, lipofectamineTM 2000/DNA complex, binary complex without serum, respectively, and
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he efficiency of LN/protamine/DNA was also against to that of binary complex whe

.4. DNase I protection assay

One of the major barriers for gene efficiency in vitro and in vivo is
he degradation of plasmid DNA by nucleases, e.g., DNase I, DNase
I, etc.

DNase I was used as a model enzyme to detect whether or not
he ternary nanoparticles could protect plasmid DNA from nucle-
se digestion. Protamine/DNA binary complex, LN/protamine/DNA
anoparticles were exposed to DNase I for 30 min. Naked DNA
reated with DNase I was completely fragmented (as shown in
ig. 4) after 30-min incubation, while binary complex and ternary
anoparticles efficiently protected DNA form enzyme degradation
Fig. 4).

The presence of DNA topology was also investigated using

garose gel electrophoresis. Naked DNA not treated with DNase I
Lane 1 in Fig. 4) presented two bands, the upper circular form (OC)
nd the lower supercoiled from (SC). When naked DNA was incu-
ated with DNase I, just fragments with different lengths of base
air were seen. However, binary complex and ternary nanoparticles
h serum).

could protect the plasmid DNA from degradation and both the OC
and SC patterns of DNA could be seen by agarose gel electrophore-
sis.

3.5. In vitro gene transfection test

The intracellular expression of DNA (luciferase genes) was
measured as relative light unit (RLU) and the results were nor-
malized by protein content. The effects of the concentration of
lipid nanoparticles, content of OA in lipid nanoparticles, post-
tansfection time and serum on the gene transfection of HEK 293
cells were investigated. PEGFP-N1 was used as the other model
plasmid to evaluate the efficiency of gene transfection and cells
transfected with pEGFP-N1 loading vectors were directly exam-

ined under a fluorescence microscope (Olympus America, Melville,
NY).

To determine the optimal ratio of lipid nanoparticles to DNA
for high transfection efficiency, various concentrations of lipid
nanoparticles and a constant concentration (3 �g/mL) of plas-
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The addition of liquid oleic acid to the lipid matrix of lipid
nanoparticles enhanced cellular uptake, and the cell uptake
capacity increased as the content of OA increased (20 wt%-OA
LN > 10 wt%-OA LN > 5 wt%-OA LN). It has been reported that the
affinity between fatty acid and cell membrane was related to the
ig. 9. Fluorescent images of HEK293 cell incubated with ODA-FITC labeled lipid
00 �g/mL).

id DNA and protamine (6 �g/mL) were used for luciferase
ene expression. While the weight ratio of lipid nanopar-
icles to DNA reached 65:3 (protamine/DNA = 6:3, w/w), the
ernary nanoparticles demonstrated the best gene transfection
n both HEK293 and MCF-7 cells (Fig. 5). Data also showed
hat lipid nanoparticles with OA achieved higher efficiency in
ene transfection than that of lipid nanoparticles without OA.
he gene transfection efficiency was the highest as the OA con-
ent reached 20 wt% compared to other lipid nanoparticles with
ower OA content (p < 0.05, t-test). Lipid nanoparticles with 20 wt%
ontent of OA were therefore selected as the optimal formula-
ion.

Using selected lipid nanoparticles with 20 wt% content of OA,
e compared the effect of post-transfection time on transfections

f LN/protamine/DNA nanoparticles. LipofectamineTM 2000/DNA
omplex was used as a positive control. Fig. 6 shows that the
ransfection efficiency of lipofectamineTM 2000/DNA complex was
ighest at 24 h post-tansfection, and decreased rapidly at 48 h and
2 h post-transfection. On the other hand, the transfection effi-
iency of 20 wt% OA-LN/protamine/DNA nanoparticles was highest
t 72 h post-transfection time. It appeared that the gene expression
f LN/protamine/DNA nanoparticles was more durable than that of
ipofectamineTM 2000/DNA complex.

The effect of serum on gene transfections of LN/protamine/DNA
anoparticles and lipofectamineTM 2000/DNA complex was eval-
ated. As shown in Fig. 7 (HEK293 cell lines) and Fig. 8 (MCF-7
ell lines), the gene transfection efficiency of lipofectamineTM was
ignificantly decreased (p < 0.05, t-test) in the presence of the
edium containing 10% serum, while the level of transfections for

inary complex and ternary nanoparticles was increased (p < 0.05,
-test). The gene transfection efficiency of ternary nanoparticles
as greatly enhanced by incorporated lipid nanoparticles to the

inary complex (p < 0.05, t-test). The possible explanation is that
ells may be more viable under the circumstance with 10% serum
edium. Furthermore, the pre-condensation of DNA by protamine
Junghans et al., 2005a, 2005b) and the use of poloxamer 188 (Law
t al., 2006) as the re-dispersed solution for LN preparation may
ontribute to the relative more stable status of LN/protamine/DNA
anoparticles than that of lipofectamineTM 2000/DNA complex in
he serum-containing medium.
particles at different time intervals (the concentration of lipid nanoparticles are

3.6. Cellular uptake of lipid nanoparticles

HEK 293 cells were used for the cellular uptake. Lipid nanopar-
ticles with various content of OA were labeled with ODA-FITC.
After incubating with ODA-FITC-labeled lipid nanoparticles for 1 h,
3 h, 6 h, 12 h and 24 h, cells were examined under a fluorescent
microscopy. Cell lysates were then collected for fluorescence detec-
tion.

As shown in Fig. 9, lipid nanoparticles with OA were incor-
porated into HEK293 cells more quickly than those without OA,
and the cellular uptake capacity was greater when the content of
OA increased. Quantitative cellular uptake further confirmed what
was observed from fluorescent images (Fig. 10). This result was
in agreement with that from gene transfection assay. The lipid
nanoparticles with 20 wt% OA can be effectively incorporated into
cell membranes and facilitate the delivery of genetic materials into
cells.
Fig. 10. Cellular uptake percentages of lipid nanoparticles on HEK293 cell at differ-
ent incubation times (*p < 0.05 was against to cellular uptake of lipid nanoparticles
with 0 wt% content of OA at the same time interval, respectively).
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ength of the carbon chain and the degree of saturation of the fatty
cid. Oleic acid, an unsaturated fatty acid, may show higher affinity
o cell membrane than that of saturated fatty acid (Tranchant et al.,
997). Furthermore, the fusing point of mixed lipid was lower than
hat of singular lipid, and cells were more likely to uptake materials
ith lower fusing point (Gualbert et al., 2003).

. Conclusion

Lipid nanoparticles using MS and different amounts of OA in the
rganic phase were prepared by solvent diffusion method. In this
esearch, LN/protamine/DNA ternary gene delivery systems were
pplied. The cellular toxicity of lipid nanoparticles was very low and
C50 were all about 300 �g/mL. It showed that addition of OA to the
ipid matrix enhanced cellular uptake and increased gene transfec-
ion efficiency. Our results indicated that lipid nanoparticles with
0 wt%OA/protamine/DNA was an effective non-viral gene transfer
ector even in the presence of serum, and its gene expression was
urable as long as 72 h, which may be optimal for future in vivo
pplication of this gene delivery system.
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