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Purpose. To evaluate the transfection efficiency in cell culture of
rabies plasmid DNA vaccine carried by a novel artificial lipoprotein
system.
Methods. Phospholipid nanoemulsions resembling the lipid core of
natural lipoproteins were prepared. The artificial lipoprotein carrier
system for DNA was constructed by assembling of the nanoemulsion
(NE)–palmitoyl-poly-L-lysine (p-PLL)–rabies DNA complex. Aga-
rose gel electrophoresis, zeta potential, and mobility measurement
were conducted to determine the surface charge balance in various
complex compositions. Transfection and transfection efficiency were
examined by fluorescence microscopy and flow cytometry, respec-
tively.
Results. The artificial lipoprotein system was successfully constructed
and the rabies DNA vaccine was effectively transfected in glioma cell
line SF-767. The amount of p-PLL incorporated into the artificial
lipoprotein formulations had a significant effect on transfection effi-
ciency. The new system also proved to be more efficient in cellular
transfection of rabies DNA vaccine than the commercial lipofect-
amine formulation.
Conclusions. Effective transfection of rabies DNA vaccine in cell
culture can be achieved using the novel artificial lipoprotein carrier
system, and the charge balance of the NE–p-PLL–DNA complex
appears an important factor.

KEY WORDS: artificial lipoprotein; cell culture; nanoemulsion; pal-
mitoyl poly-L-lysine; rabies plasmid DNA; transfection efficiency;
vaccine delivery.

INTRODUCTION

DNA vaccine is a simple ring of DNA containing a gene
encoding an antigenic protein. DNA vaccine uses DNA se-
quences from the virus that encode specific proteins against
which a protective or therapeutic immune response is desired
(1–3). Because DNA vaccines only encode selected compo-
nents of a pathogen, rather than the entire pathogen, they
place the vaccinated host at no risk for infection. DNA vac-
cine can also initiate both humoral and cellular immune re-
sponses without being pathogenic and thus behaves like the
attenuated organisms. The early work by Wolff et al. (2)
found that injection of naked DNA into muscle of mice re-
sulted in transfection and expression of the reporter gene.
Since then, researchers have explored DNA-encoded anti-

gens as a novel vaccination covering a large number of patho-
gens (1,3).

Similar to other types of gene therapy, DNA vaccine
requires a carrier or vector to deliver the exogenous genes.
Use of live or attenuated organisms like bacteria (4,5) or
viruses (6) as DNA vectors are considered risky due to their
poor safety profiles (3). The liposome-based DNA carriers
mostly involve cationic lipids that electrostatically interact
with negatively charged DNA (7), but significant cellular tox-
icity has been found associated with these systems (8–11).
Concerns about the viral-induced immune responses, the risk
associated with replication-competent viruses, and the cellu-
lar toxicity of cationic liposomes have stimulated efforts to-
ward the development of lipoprotein-based gene delivery sys-
tems (11–14). Recently, our laboratory has developed an ar-
tificial lipoprotein delivery system as a novel gene carrier
(11). Compared to lipofectamine system (a commercial lipo-
somal gene transfection system), our new delivery system,
carrying a model plasmid DNA containing the reporter gene
for �-galactosidase, demonstrated similar transfection effi-
ciency but with a much lower cytotoxicity. In the experiment,
the cell viability was up to 75% using our system compared to
only 24% when using lipofectamine system.

Our previous work, however, has not examined any
therapeutic gene, especially the DNA vaccine, carried by the
artificial lipoprotein. DNA vaccines expressing rabies virus
glycoprotein have been constructed and tested for immuno-
genicity and protection against challenge (15–17). Although
these constructs are capable of inducing a protective immu-
nity, large amount of the DNA is required (17). Furthermore,
it takes more than six weeks to develop measurable responses
(17). Thus, it is necessary to improve the efficiency of the
DNA vaccines. In this paper, we attempted to use artificial
lipoproteins as a carrier to deliver a DNA vaccine expressing
rabies virus glycoprotein into cell culture. Similar to the struc-
ture of natural lipoproteins, the artificial lipoprotein delivery
system consists of nanoemulsion cores made of natural lipids
and surface lipidized poly-L-lysine, which replaces the surface
protein as in natural lipoproteins (Fig. 1). The gene encoding
rabies virus glycoprotein (18) was constructed in plasmid and
used as the rabies DNA vaccine. The surface charge param-
eters (zeta potential and mobility) of the artificial lipopro-
tein–plasmid DNA complex was determined. The effect of
varying the ratio of lipidized poly-L-lysine to the nanoemul-
sion on transfection efficiency (expressing the rabies virus
glycoprotein in human glioma cell line SF767) was studied. In
addition, a comparison study of the capability of transfecting
human glioma SF-767 cell line between the artificial lipopro-
tein and Lipofectamine 2000 was conducted.

MATERIALS AND METHODS

Materials

Egg yolk phosphatidylcholine (99%), cholesterol (99%),
triolein (99%), cholesterol oleate (98%), L-�-lysophospha-
tidylcholine (99%), poly-L-lysine hydrobromide (MW 48,100
Da based on viscosity), and palmitoyl chloride (98%) were
purchased from Sigma (St. Louis, MO, USA). Electrophoret-
ic grade agarose was purchased from Bio-Rad (Hercules, CA,
USA). Lipofectamine 2000 was purchased from Invitrogen
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Corporation (Carlsbad, CA, USA). All others chemical were
analytical grade obtained from Sigma or J. T. Baker (Phil-
ipsburg, NJ, USA).

Preparation of Nanoemulsion and Synthesis of
Palmitoyl Poly-L-Lysine

The nanoemulsion (NE) was prepared as described by
Shawer et al. (19). In brief, the lipid components of oily phase
(triolein, 70%; egg yolk phosphatidylcholine, 22.7%; lyso-
phosphatidylcholine, 2.3%; cholesterol oleate, 3%; and cho-
lesterol, 2%) were dissolved separately in chloroform and
mixed thoroughly. Organic solvent was removed, and NaCl
solution (2.4 M) was added to dried lipids in ratio 0.01:1 (w/v,
total weight of lipids in gram vs. ml of 2.4 M NaCl solution)
(11,19). The mixture was sonicated using a Model 450 Sonifier
(Branson Ultrasonics Corporation, Danbury, CT, USA) and
passed through an Emulsiflex B3 device (Avestin, Ontario,
Canada). Submicrometer particle Sizer Model 370 (Nicomp
Particle Sizing System, San Barbara, CA, USA) was used to
measure particle size distribution of nanoemulsion.

Lipidization of poly-L-Lysine (PLL) was performed as
described by Kim et al. (20). Palmitoyl fatty chain was linked
to the �-amino group of PLL. The resulting polymer, palmi-
toyl poly-L-lysine (p-PLL), was verified by H-NMR (d-
DMSO) and characterized by agarose gel electrophoresis us-
ing Nile Red as the fluorescent dye (Nile Red stains the pal-
mitoyl chains). Agarose gel (0.4%) was prepared in TAE
buffer (40 mM Tris-acetic acid, 1 mM EDTA, pH 8.0).
Twenty microliters of PLL solution (1 mg/ml) and 20 �l of
p-PLL solution (1 mg/ml) were added to dried Nile Red dye
and incubated for 30 min, respectively. Six microliters of glyc-
erin was added to increase the density of the sample, and the

samples were then loaded into the wells of the agarose gel.
Horizontal mini-gel system (CBS Scientific Company Inc,
CA, USA) was used to run the electrophoresis for 1 h at 90
volts (20 mA) at room temperature. The mobility of the
samples in the electric field was visualized by ChemiImager
System (Alpha Innotech Corporation, San Leandro, CA).

Assembly of Nanoemulsion, p-PLL, and Rabies Plasmid
DNA Complex

Fifty microliters of NE was diluted with 0.2 ml phos-
phate-buffered saline (PBS) solution. Various amounts of
p-PLL were incubated for 1 h at 37°C with diluted NE based
on the weight ratio of p-PLL to triolein (triolein was a major
component of NE). The weight ratios were 0:1, 0.125:1, 0.25:1,
0.5:1, 1:1, and 2:1 (p-PLL to triolein). After the incubation,
2 �g of pCDNA-RG (rabies glycoprotein plasmid DNA) was
added and incubated for 15 min at room temperature. The
electrophoretic mobility of NE–p-PLL and NE–p-PLL–
pCDNA-RG were examined using agarose gel (0.4%) as
described above. Zeta potential and mobility of the NE–p-
PLL–pCDNA-RG complexes were measured by Submicron
Particle Size Analyzer 90Plus (Brookhaven Instrument Cor-
poration, Holtsville, NY, USA).

Construction and Transfection of Rabies Plasmid DNA

Plasmid DNA expressing rabies virus glycoprotein was
constructed in pCDNA-3 vector. Rabies virus glycoprotein
cDNA (18) was cloned into pCDNA-3 vector using standard
molecular cloning technique. After confirming the sequence
and orientation of the transgene in the vector, the pCDNA-
RG was obtained. Transfection study was carried out on hu-

Fig. 1. Construction of NE–p-PLL–DNA vaccine complex.
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man glioma cell line SF-767 obtained from the tissue bank of
brain tumor research center (University of California-San
Francisco, CA, USA). The glioma cell line was used because
of its characteristics of aggressive growth (11). The cells were
grown in 75 cm2 plastic cell culture flasks containing 13 ml of
Eagle’s Minimum Essential Media (EMEM) (Cambrex Co.,
Walkersville, MD, USA) supplemented with 10% fetal bo-
vine serum (FBS), 100 U/ml penicillin, and 100 �g/ml strep-
tomycin (Sigma Chemicals, St. Louis, MO, USA). Cells were
allowed to grow for 10 days to maintain the exponential
growth. Transfection was performed in 6-well culture plates
and 3 × 105 cells were seeded in each well. Before cells were
transfected, they were allowed to grow for 24 h.

For transfection, NE (50 �l) was diluted with 0.2 ml PBS
solution and incubated with various amount of p-PLL (p-
PLL:triolein ratio of 0.125:1, 0.25:1, 0.5:1, and 1:1) for 1 h at
37°C. After the incubation, 2 �g of pCDNA-RG was added
and incubated for 15 min at room temperature. One milliliter
of EMEM (without FBS) was added to each well following by
addition of NE–p-PLL–pCDNA-RG complex and incubated
for 12 h at 37°C and 5% CO2. Afterward, incubation media
was discarded and 1 ml of EMEM containing 20% FBS was
added to each well and incubated for additional 36 h. The
transfected cells were rinsed three times with PBS and then
fixed in acetone solution (80% v/v, acetone:water) for 10 min
at −20°C. Fixed cells were air-dried and stored in refrigerator
pending indirect immunofluorescence assay (IFA). For IFA,
cells were rinsed three times with PBS and a 1:50 dilution of
a rabies glycoprotein-specific mouse monoclonal anti-G-
antibody (Accurate Chemical and Scientific Corporation,
Westbury, New York, USA) was added (18). Cells were in-
cubated for 1 h at 37°C and rinsed three times with PBS (3–4
min each). A 1:100 dilution of a secondary goat anti-mouse
fluorescein (FITC)-conjugated antibody (Accurate Chemical
and Scientific Corporation) was added, and cells were incu-
bated for 1 h at 37°C. Cells were rinsed three times with PBS,
air-dried, and examined using an Olympus fluorescence mi-
croscopy (Olympus American Inc, Melville, NY, USA).

Lipofectamine 2000 was used as the positive control. The
ratios of DNA to lipofectamine (w/v) were 1:0.5, 1:2, 1:3, and
1:5 according to the manufacturer’s protocol for optimization
of the transfection. NE–p-PLL–pCDNA-3 (plasmid only
without rabies gene) was used as the negative control. In
addition, p-PLL–pCDNA-RG (similar amount of p-PLL but
with no nanoemulsion) was also used as the formulation con-
trol.

Evaluation of Transfection Efficiency

The transfection efficiency of transient expression of ra-
bies glycoprotein in the glioma cells was determined by flow
cytometric evaluation. Binding of rabies glycoprotein-specific
mouse monoclonal anti-G-antibody was revealed by second-
ary staining using secondary goat anti-mouse fluorescein
(FITC)-conjugated antibody. The staining procedure was
similar to that for the above-mentioned microscopic exami-
nation but with some modifications. Because flow cytometry
runs cells in suspension, the cells were washed and suspended
in PBS. Suspended cells were incubated with the first anti-
body (1:50 dilution) for 1 h. Cells were centrifuged, media was
discarded, and cells washed with PBS. Cells were incubated
with the secondary antibody (1:100) for 1 h, centrifuged,

washed with PBS, and resuspended in PBS. Twenty thousand
cells for each sample were examined in FACS Calibur flow
cytometry device (Becton Dickimson, San Jose, CA, USA)
using FLOWJO software (Tree Star Inc, San Carlos, CA,
USA). Clumps and debris were excluded using forward and
side-scatter windows. Transfection efficiency was calculated
based on the percentage of the positive cells (that expressed
rabies glycoprotein) in total number of cells.

RESULTS

Preparation of the Artificial Lipoprotein as DNA Carrier

Milky transparent emulsion was produced through the
sonication procedure, when temperature was kept at 55°C,
above the phase transition temperature of lipids to ease emul-
sification. Sonication was conducted under a nitrogen envi-
ronment to reduce lipid oxidation during emulsification. The
size of the emulsion was further reduced using the Emulsiflex
B3 device. The mean particle size (measured as number
weighted) was reduced to 54.3 ± 24.8 nm (Fig. 2). Zeta po-
tential of nanoemulsion was –43.67 ± 1.38 mV and its mobility
was –3.4 ± 0.11 [�/s] [V/cm].

Characterization of the p-PLL was performed by 1H-
NMR using a Brucker-400 AMX spectrometer and the result
was as follows. 1H-NMR (400 Hz, d-DMSO): � 0.82 (d, 3H,
CH2-CH3, J � 5.6 Hz), � 2.14 (CH2-CH2 –CO2-). Zeta po-
tential of PLL and modified p-PLL were 37.65 ± 3.43 and
40.64 ± 3.51, respectively. The chemical modification did not
significantly change the surface charge of the polymer, main-
taining its suitability of carrying DNA. The electrophoretic
data indicated that in the presence of Nile Red, the p-PLL
showed fluorescence emission while unmodified PLL did not
emit fluorescence (Fig. 3).

The phospholipid nanoemulsion particles had a nega-
tively charged surface, and the agarose gel electrophoresis
showed that it moved toward the anode (Fig 4, lane 1). In-
corporation of p-PLL into the nanoemulsion particles re-
sulted in a change of the surface charge, observed through the
retardation of the electrophoretic mobility in electrical filed
(lane 2 to Lane 6). The result indicated that p-PLL was suc-
cessfully incorporated into the phospholipid nanoemulsion
particles.

Assembly of the Complex of Nanoemulsion, p-PLL, and
Rabies Plasmid DNA

Because the net charge on DNA is negative, there exists
electrostatic repulsion between DNA and NE. The incorpo-
ration of p-PLL into NE made the surface charge positive,
and the complex became electrostatically attractive with
DNA. It can be seen in Fig. 5 that pCDNA-RG (lanes 1 and
8) migrated toward the anode due to its negative charge. In
lane 2, pCDNA-RG was incubated with p-PLL alone and
both were well interacted, resulting in the disappearance of
the DNA band (because p-PLL condensed DNA molecules
and thus ethidium bromide could not intercalate into DNA
molecules resulting in no fluorescence emission). In lane 3,
pCDNA-RG was incubated with NE only, and DNA mol-
ecules migrated toward the anode, indicating unfavorable in-
teraction between DNA and NE due to the electrostatic re-
pulsion. Lanes 4 to 7 were the complexes of NE with different
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amounts of p-PLL and a fixed amount (2 �g) of pCDNA-RG
(the ratio of p-PLL to triolein was 0.125:1, 0.25:1, 0.5: 1, and
1:1, respectively). Similar to lane 2, no DNA band was ob-
served, again indicating that DNA molecules were condensed
by NE–p-PLL complexes.

Because of its importance to cellular transfection, the
surface charge of the NE–p-PLL–pCDNA-RG complex was
further determined. Zeta potential of these complexes was
−43.67, −18.35, 12.51, 16.86, and 21.29 (Fig. 6), and its mobility
was −3.41, −1.43, 0.98, 1.32, and 1.66 (Fig. 7) for p-

PLL:triolein ratio of 0:1, 0.125:1, 0.25:1, 0.5:1, and 1:1, respec-
tively (the amount of pCDNA-RG was kept constant at 2
�g/50 �l of NE).

Transfection of Rabies Plasmid DNA

The expression of rabies glycoprotein was monitored by
using antibody against the rabies virus glycoprotein as de-
scribed (18). The transfected cells were fixed with acetone

Fig. 3. Agarose gel electrophoresis of PLL and p-PLL stained with
Nile Red dye.

Fig. 4. Agarose gel electrophoresis of the complex of NE and p-PLL
stained with Nile Red dye (lane 1: NE; lane 2 to lane 6 were NE–p-
PLL complexes with p-PLL to triolein ratio of 0.125:1, 0.25:1, 0.5:1,
1:1, and 2:1, respectively).

Fig. 2. Size distribution of nanoemulsion by photon correlation spectroscopy. The number weighted mean particle
size was 54.3 ± 24.8 nm (n � 5).

Alanazi, Fu, and Lu678



and reacted with polyclonal antibodies against rabies virus
glycoprotein, followed by FITC-conjugated anti-mouse sec-
ondary antibody. The expression of rabies virus glycoprotein
was then visualized under fluorescence microscopy (Fig. 8).
Binding of FITC antibody with glycoprotein on the cell mem-

brane of transfected cells made the cells show light green
fluorescence. The non-transfected cells, however, lacked of
antibody specific affinity (i.e., absence of rabies glycoprotein)
and exhibited a black background. The transfection can

Fig. 6. Zeta potential of the NE particles and their complexes with
different amount of p-PLL (pCDNA-RG was kept constant) (n � 5).

Fig. 8. Picture of transfected cells using NE–p-PLL–pCDNA-RG
complex under fluorescence microscopy. (A) and (B) represent the
formulation with p-PLL to triolein ratio of 0.5:1 and 1:1, respectively.

Fig. 5. Agarose gel electrophoresis of the complex of NE and p-PLL
with rabies plasmid DNA vaccine stained with ethidium bromide
(lanes 1 and 8: pure pCDNA-RG; lane 2: p-PLL–pCDNA-RG; lane
3: NE–pCDNA-RG; lanes 4 to 7: the complex of NE with different
amount of p-PLL and pCDNA-RG. The p-PLL to triolein ratio was
0.125:1, 0.25:1, 0.5:1, and 1:1, respectively).

Fig. 7. The mobility of the NE particles and their complexes with dif-
ferent amounts of p-PLL (pCDNA-RG was kept constant) (n � 5).
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clearly be observed from the cells that expressed rabies gly-
coprotein and were tagged with the fluorescent probe. Trans-
fection efficiency of the rabies glycoprotein plasmid DNA
carried by the artificial lipoprotein formulation and lipofect-
amine 2000 in human glioma SF-767 cell line is presented in
Fig. 9. The transfection efficiency of the negative control
(NE–p-PLL–pCDNA-3) was 0.30 ± 0.23. The transfection ef-
ficiency of the positive controls (p-PLL–pCDNA-RG) was
6.86 ± 0.1 (L0.5) and 8.67 ± 0.51(L1), respectively. The trans-
fection efficiency of rabies DNA carried by lipofectamine
2000 was 4.46 ± 0.23, 5.39 ± 0.43, 23 ± 3.85, and 3.5 ± 0.59
when the ratio of pCDNA-RG–lipofectamine was formulated
as 1:0.5, 1:2, 1:3, and 1:5, respectively. However, the transfec-
tion efficiency of rabies DNA carried by our artificial lipo-
protein system (NE–p-PLL–pCDNA-RG complex) was 6.76
± 0.32, 6.25 ± 0.21, 36.33 ± 8.08, and 96.30 ± 0.14 for the
formulations with p-PLL:triolein ratio of 0.125:1, 0.25:1, 0.5:1,
and 1:1, respectively. The transfection using the artificial li-
poprotein system was effective, and the transfection effi-
ciency of the new system was significantly higher than that of
lipofectamine 2000.

DISCUSSION

DNA-based vaccine is composed of nucleic acid material
encoding an antigenic protein, which can be expressed in vivo
for induction of antigen-specific immune responses. Experi-
ments in animal models have shown the feasibility of produc-
ing effective DNA vaccines against various viruses, bacteria,
and parasites (21). However, successful DNA vaccine immu-
nization still depends largely on development of delivery sys-

tems that can efficiently and safely introduce the exogenous
genetic material into the target hosts.

Owing to the safety concerns of using viruses and bacte-
ria as DNA carriers (3) and the cytotoxicity of DNA–cationic
liposome complexes (8–11), many attempts have been made
to search for efficient nonviral DNA vaccine carriers with less
cellular toxicity. Kim et al. developed a Terplex system, con-
taining natural low-density lipoprotein and stearyl-poly-L-
lysine, as a novel gene delivery vector and have shown prom-
ising results (12,20,22). Hara et al. (1997) used the hydropho-
bic core of the chylomicron remnant to solubilize DNA–
cationic lipids complex to deliver DNA to liver (14).
Recently, artificial lipoprotein system was developed in our
laboratory as a novel gene delivery system (11). The artificial
lipoprotein system mimics the natural lipoproteins and is
composed of 70% triglyceride (triolein), 25% phospholipid
(22.7% egg yolk phosphatidylcholine and 2.3% lysophospha-
tidylcholine), 3% cholesterol ester (cholesterol oleate), and
2% cholesterol. The new delivery system was capable of
transfecting human glioma cell line in vitro with much lower
toxicity compared to lipofectamine. To evaluate further its
use for therapeutic genes and its transfection efficiency, this
research examined the utilization of the artificial lipoprotein
system to delivery rabies DNA vaccine in cell culture.

The artificial lipoprotein system consists of an oil-in-
water nanoemulsion stabilized by an interfacial layer of natu-
ral phospholipids (Fig. 1). Results from gel electrophoresis
(Fig. 4, lane 1) and measurement of zeta potential (–43.67 ±
1.38 mV) and mobility (–3.4 ± 0.11 [�/s][V/cm]) confirmed
that the net charge of the NE was negative. DNA carries a
negative charge, and thus the NE alone is an unsuitable DNA

Fig. 9. Percentage transfection efficiency in human glioma SF-767 cell line with the artificial lipoprotein
formulation and lipofectamine 2000. Lane 1 (top) is the negative control (NE–p-PLL–pCDNA-3). Lanes
2 (L0.5) and 3 (L1) are the positive controls (p-PLL–pCDNA-RG) and the quantity of p-PLL added was
equivalent to that in lanes 10 and 11, respectively. Lanes 4, 5, 6, and 7 refer to the transfection using
lipofectamine 2000 with pCDNA-RG–lipofectamine ratio of 1:0.5, 1:2, 1:3, and 1:5, respectively
(pCDNA-RG quantity was kept constant). Lanes 8, 9, 10, and 11 refer to the transfection using artificial
lipoprotein system (NE–p-PLL–pCDNA-RG) with the p-PLL to triolein ratio of 0.125:1, 0.25:1, 0.5:1,
and 1:1, respectively (pCDNA-RG quantity was kept constant) (n � 3 for all experiments).
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carrier (Fig. 5, lane 1, DNA was not held by NE). Therefore,
poly-L-lysine was chemically lipidized and incorporated into
the nanoemulsion through hydrophobic interactions (11) to
condense and carry DNA molecules on the complex surface.
Incorporation of p-PLL into NE was successfully achieved,
and the addition of p-PLL in amounts ranging from 0.125 to
2, as the p-PLL:triolein ratios, was capable of retaining the
electrophoretic mobility of the NE indicating the neutraliza-
tion of the NE surface charge (Fig. 4).

The assembly of the artificial lipoprotein carrier with
DNA can be represented by Fig. 1. The schematic illustration
showed that free cationic polyamine group of p-PLL interacts
with negatively charged DNA. When DNA binds to poly-
amine group, the electrostatic repulsion among the nucleic
acid phosphates are neutralized leading to DNA collapse into
a compact state, reducing its volume four to six orders of
magnitude less than that of uncondensed DNA (23). Con-
densed DNA was shown to not emit fluorescence with ethid-
ium bromide because the condensation prevents ethidium
bromide from intercalating into the DNA molecules (11). Re-
sults from gel electrophoresis (Fig. 5) showed that DNA was
condensed by p-PLL (lane 2) as well as NE–p-PLL complex
(lanes 4–7) but not by NE alone (lane 3). DNA molecules
were held by NE–p-PLL complex when a sufficient amount of
p-PLL was added. Furthermore, because cell membrane has a
negatively charged surface, it is important to mask the nega-
tive charge of the DNA–carrier complex. The zeta potential
and mobility of the NE–p-PLL–pCDNA-RG complexes are
shown in Figs. 6 and 7, respectively, indicating that increasing
the p-PLL amount can lead to reversal of zeta potential and
mobility from negative to positive values while maintaining its
DNA carrying capability.

Transient expression of rabies glycoprotein was visual-
ized under fluorescence microscopy, and Fig. 8 indicates that
a significant number of cells were transfected and expressed
the rabies glycoprotein. The percentage transfection effi-
ciency (%TE) was obtained through flow cytometric assay
(Fig. 9). The highest transfection efficiency was achieved
when the cells were incubated with the artificial lipoprotein
complex composed of NE–p-PLL–pCDNA-RG at 1:1 p-
PLL:triolein ratio, when the amount of pCDNA-RG was kept
constant at 2 �g/50 �l of NE. The %TE of the negative con-
trol was detected at very low level (0.30 ± 0.23), indicating the
sensitivity of the detection method. Increase of p-PLL
amount in the artificial lipoprotein formulation resulted in an
increase in the %TE. This phenomenon could be attributed
to the increase in net surface positivity of the NE–p-PLL–
pCDNA-RG complex, resulting in a greater affinity to inter-
act with the negatively charged cell membrane (24). The NE–
p-PLL–pCDNA-RG complexes (p-PLL:triolein ratios of 0.5:1
and 1:1) showed up to 5.3-fold and 11-fold increase in the
%TE compared to p-PLL–pCDNA-RG complex when
equivalent amounts of p-PLL and pCDNA-RG were used,
respectively. The results clearly demonstrated the important
role of the artificial lipoprotein carrier system. The highest
%TE with lipofectamine 2000 was 23 ± 3.85 and it was
achieved with 1:3 ratio (pCDNA-RG:lipofectamine) accord-
ing to the manufacturer’s recommended protocol. Compared
to the lipofectamine system, the artificial lipoprotein carrier
system for DNA illustrated about a 4.2-fold increase in %TE
based on the highest %TE, indicating the high effectiveness
of the new carrier system.

In conclusion, a novel artificial lipoprotein system has
been developed as a new carrier for DNA vaccines. The
amount of p-PLL incorporated into the artificial lipoprotein
formulations had a significant effect on transfection effi-
ciency. The new system demonstrated a highly effective trans-
fection capability of rabies DNA vaccine in cell culture. The
new system also proved to be more efficient in cellular trans-
fection of rabies DNA vaccine than the commercial lipofect-
amine 2000 formulation.
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