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Abstract We investigated the complexation ratio of

siRNA and plasmid DNA combined with Lipofectamine

for the effective delivery of genetic materials. First, the

amount of Lipofectamine was varied with a fixed amount

of DNA or siRNA to determine in which proportions they

would form an optimal combination. Finally, to investigate

the effect of DNA or siRNA on the co-complexation of

both DNA and siRNA, the co-complex of DNA and siRNA

was prepared at the various ratios with a fixed amount of

DNA. All complexation was confirmed by gel retardation

of DNA or siRNA on agarose gels. The effects of siRNA

complexes on mRNA expression from plasmid DNA were

explored post-transfection, while the influence of plasmid

DNA complexes on the transfection of siRNA was deter-

mined in GFP-expressing H4IIE cells. The complex

between DNA and Lipofectamine was formed at a weight

ratio of 0.8:1, whereas the light band of siRNA/Lipofect-

amine disappeared at a weight ratio of 4:1. When the

amounts of DNA, siRNA, and the mixture were fixed, the

optimal ratio of nucleic acids and Lipofectamine in our

composition was 110:80:350 (ng). Confocal images and

flow cytometry showed that inhibition of GFP expression

by siRNA was not interfered with by co-complexed plas-

mid DNA. Moreover, mRNA expression of adiponectin

was not hampered by the addition of siRNA; rather, it was

increased. Thus, co-complexation of siRNA and plasmid

DNA may have a synergistic effect on delivery of the

therapeutic gene and siRNA.

Keywords siRNA � Plasmid DNA � Lipofectamine �
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Introduction

In patients with type 2 diabetes mellitus (T2DM), plasma

levels of adiponectin (ADN) are decreased significantly

(Hotta et al. 2000). ADN, an adipokine hormone secreted

primarily from adipose tissue, stimulates glucose uptake

and fatty acid oxidation and inhibits gluconeogenesis,

resulting in improved insulin sensitivity (Kola et al. 2006).

ADN decreases insulin resistance by lowering the triglyc-

eride content in muscles and the liver in obese mice via the

increased expression of molecules involved in both fatty

acid combustion and energy dissipation in muscles

(Yamauchi et al. 2001). ADN also stimulates glucose uti-

lization and fatty-acid oxidation by activating 50-AMP-

activated protein kinase (AMPK) (Yamauchi et al. 2002).

In contrast, the normal physiological role of resistin

remains unclear, but the hormone has been linked to the

development of obesity and T2DM. Resistin levels are

increased in obese mice, relative to normal-weight animals,

and administration of exogenous resistin to normal mice

results in both impaired glucose tolerance and insulin resis-

tance. Conversely, neutralization of resistin with an anti-

resistin antibody increases insulin sensitivity and blood

glucose levels in mice on a high-fat diet. Moreover, resistin

levels are modulated in vitro by antidiabetic thiazolidinedi-

one drugs (Steppan et al. 2001). To establish a therapeutic

strategy for T2DM, it is necessary to elevate ADN levels and

downregulate resistin levels in plasma.
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Combinations of two or more therapeutic agents with

pharmacodynamically synergistic or additive effects are

effective against a number of cancers and various other dis-

eases. Although drug/gene combinations have been investi-

gated and used in the treatment of cancer, only a few reports of

the simultaneous delivery of DNA and siRNA have been

published to date (Kang and Bae 2011; Jeon et al. 2012).

The combination of plasmid DNA and siRNA is feasible for

achieving synergistic or additive effects. Both plasmid DNA

and siRNA have anionic phosphodiester backbones with

identical negative charge: nucleotide ratios and should there-

fore interact electrostatically with cationic liposome/lipid sys-

tems to form cationic liposome/lipid-nucleic acid (‘‘lipoplex’’)

particles that can transfer the nucleic acids into cells. However,

plasmid DNA and siRNA are otherwise very different from

each other in molecular weight and molecular topography, with

potentially important consequences. The complexation ratios

of plasmid DNA and siRNA to cationic liposomes should be

examined to optimize transfection efficiency.

In this study, we constructed pCAG/ADN and prepared

lipoplexes to deliver plasmid DNA and siRNA simulta-

neously. Then, we investigated the optimized complexation

ratio through gel retardation and transfection, and the

effects of plasmid DNA or siRNA on transfection after co-

delivery.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal

bovine serum (FBS), penicillin–streptomycin, and trypsin–

EDTA were purchased from Gibco BRL (Grand Island,

NY, USA). Lipofectamine 2000 and Trizol were from

Invitrogen (Carlsbad, CA, USA). Distilled and deionized

water was used after sterilization. All other chemicals were

of reagent grade and were used without further purification.

The siRNA for the targeted silencing of GFP was pur-

chased from Bioneer Co. (Daejeon, Korea). The sequence

of the siRNA was 50-GCA UCA AGG UGA ACU UCA

A-30 (sense), and 50-UUG AAG UUC ACC UUG AUG

C-30 (antisense).

Construction of plasmid DNA

An ADN expression-enhanced plasmid DNA was con-

structed by deleting the CMV promoter from pVAX/ADN

and inserting the chicken b-actin (CAG) promoter and

CMV enhancer into the pVAX/ADN vector using the MluI

and BamHI restriction enzymes (NEB, UK); this construct

was named pCAG/ADN (Fig. 1). Plasmid DNA was pre-

pared using the Endo-Free Qiagen kit (Qiagen, CA, USA)

to remove bacterial endotoxins. The cloned plasmid DNA,

pCAG/ADN was sequenced to confirm its fidelity and was

compared with pVAX/ADN for the RT-PCR.

Cell lines

Human hepatocellular carcinoma cells (HepG2) were cul-

tured in DMEM supplemented with 10 % heat-inactivated

FBS, 100 U/mL penicillin and 100 lg/mL streptomycin at

37 �C in humidified incubator in 5 % CO2. Rat hepatoma

cells (H4II-E), stably expressing green fluorescent protein

(GFP), were provided by Dr. SK Kim (Chungnam National

University, Daejeon, Republic of Korea). The cells were

cultured in DMEM in 100 mm Petri dishes in a humidified

incubator in 5 % CO2 and maintained at 37 �C for 24 h.

All media were supplemented with 10 % heat-inactivated

fetal bovine serum, 100 U/mL of penicillin (Gibco BRL),

and 100 lg/mL of streptomycin (Gibco BRL).

Preparation of DNA or siRNA complexes

with transfection reagent

Lipoplexes were prepared by mixing the DNA or siRNA

with Lipofectamine (Invitrogen) at various ratios according

to the manufacturer’s instructions. The mixtures were

incubated for 15 min at 37 �C to facilitate complex for-

mation. The formation of these complexes was confirmed

by a gel retardation assay.

Agarose gel retardation

Complex formation between the plasmid DNA and Lipo-

fectamine was assessed using agarose gel electrophoresis.

Various ratios (0.05–2, w/w) of Lipofectamine/DNA mix-

tures combined with a fixed amount of DNA (1 lg of

pCAG/ADN) were incubated for 15 min to facilitate

complex formulation and loaded onto a 1 % agarose gel.

Various ratios (0.2–10, w/v) of Lipofectamine/siRNA

mixtures with a fixed amount of siRNA (10 pmol siRNA)

were incubated for 15 min to facilitate complex formula-

tion and loaded onto a 2 % agarose gel. Gel electrophoresis

was conducted in TBE buffer (45 mM Tris, boric acid,

1 mM EDTA) at 50 mV. The ethidium bromide-stained

DNA was examined using a UV illuminator.

In vitro transfection

Hepatoma cells were seeded into six-well plates at a den-

sity of 5 9 105/well in 2 mL complete medium. After

overnight incubation, the media were removed and

replaced with 500 lL serum-free media and Lipofectamine

complexes equivalent to 1.1 lg plasmid DNA and 30

60 pmol siRNA at the desired N/P ratios were added to
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each well. After 4 h, the media were replaced with 2 mL

fresh medium containing 10 % FBS, and incubated for

another 24 h at 37 �C (Zhang et al. 2008). All transfection

experiments were performed in triplicate.

Confocal laser scanning microscopy

To visualize GFP expression in cells, confocal laser scanning

microscopy was used. H4II-E cells were grown on

22 9 22 mm coverslips. The cells were transfected with

Lipofectamine complexes prepared in basal DMEM. Control

cells were untreated and maintained in basal DMEM. At 24 h

after transfection, the cells were rinsed with PBS and observed

with confocal microscopy (Leica TCS NT, Leica Microsys-

tems, Wetzlar, Germany) equipped with a diode laser and

associated filters for simultaneous 488 nm excitation.

Flow cytometry

For comparison of transfection efficiency, mean GFP

intensity was measured by flow cytometry. The cells were

transfected with Lipofectamine/siRNA complexes prepared

in basal DMEM and incubated for 24 h. After medium was

removed and the cells were washed twice with pre-cold

PBS, cells were transferred into a 5 mL polystyrene round-

bottom tube (BD Falcon, Bedford, MA, USA) using

200 lL pre-cooled fresh medium and maintained at 4 �C

for later flow cytometry analysis. GFP mean intensity of

the H4II-E cells was recorded in the FL1 channel using a

FACSCalibur (Becton–Dickinson, USA) flow cytometer

(Zou et al. 2005).

Reverse transcriptase-polymerase chain reaction

analysis

The transfected cells were lysed with Trizol (Invitrogen) and

protein was extracted with chloroform. Total RNAs were

precipitated with isopropanol and washed twice with 70 %

ethanol, diluted with DEPC-treated water. The purity and

concentration of RNAs were analyzed using a spectropho-

tometer at 260 and 280 nm. cDNA was synthesized from total

RNA in a reaction mixture containing 59 reaction buffer

(250 mM Tris–HCl pH 8.3, 375 mM KCl, 15 mM MgCl2,

50 mM DTT), 100 lg/mL oligo(dT), 10 mM dNTP, 100 U

M-MLV reverse transcriptase (Promega, Madison, WI). The

RT reaction product was amplified by PCR with forward 50-
GGA ATT CAT GCT ACT GTT GCA AGC TCT-30 and

reverse 50-GCT CTA GAT CAG TTG GTA TCA TGG TAG

AGA AG-30 for mouse ADN, and with forward 50-ATC CCA

TCA CCA TCT TCC AG-30 and reverse 50-ACC TGC TTA

CAC CAC CTT G-30 for humanGAPDH as an example house-

keeping gene. Amplification of mouse ADN was performed

with 30 cycles at 94 �C for 30 s, 59 �C for 40 s and 72 �C for

1 min. PCR products were separated on a 1 % agarose gel and

visualized by UV. cDNA was quantified using the ChemiDoc

XRS System (Quantity One, Bio-Rad) to quantitate ADN

mRNA or GAPDH mRNA in separate reactions.

Statistical analysis

Statistical analysis of the data was performed using stu-

dent’s t test or one-way analysis of variance (ANOVA). A

p value of \0.05 was considered to indicate statistical

(b)
0      0.01   0.02   0.05    0.1     0.2     0.5      1

ADN

GAPDH

ADN

GAPDH

pVAX/ADN(µg)

0      0.01   0.02   0.05    0.1     0.2     0.5      1

pCAG/ADN(µg)

(a)Fig. 1 a Construction of

pCAG/ADN, b in vitro

transfection of pVAX/ADN and

pCAG/ADN
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significance. All data are expressed as mean ± SD from

three independent experiments.

Results and discussion

In vitro transfection

To explore the feasibility of pCAG/ADN, transfection of

ADN-encoding plasmid DNA was investigated in HepG2

cells. The ratio of lipoplexes was fixed as 1:2.5 (w/w) and

the dose of DNA was increased, and vice versa. The ele-

vation of ADN mRNA expression levels by gene transfer

was dose-dependent with the two plasmids, pCAG/ADN

and pVAX/ADN (Fig. 1b). The ADN mRNA expression

levels with pCAG/ADN were twofold higher than those

with pVAX/ADN, which increased dose-dependently in

most cell lines transfected (Nan et al. 2010). Thus, it is

thought that the newly constructed plasmid DNA (pCAG/

ADN) was an effective approach to improving the

expression of ADN in the target organ, the liver.

Gel retardation of DNA or siRNA lipoplexes

The nucleic acids complexed with Lipofectamine, were

studied using gel retardation assays according to a previous

report (Jeong et al. 2009). To verify Lipofectamine/DNA

complex formation, agarose gel electrophoresis was per-

formed after the complexes were formed with 100 ng/lL

pCAG/ADN. Free DNA that failed to complex with Lipo-

fectamine was clearly visible at complex ratios of 0.05–2:1

(lg:lg). However, free DNA disappeared when the ratio of

Lipofectamine to DNA was greater than 0.83:1 (lg:lg)

(Fig. 2a). The movement of plasmid DNA on a 1 % agarose

gel was retarded as the amount of Lipofectamine increased.

At ratios above 0.8, plasmid DNA was able to bind to

Lipofectamine effectively, and the complete retardation of

DNA mobility was achieved at a 1:1 ratio. Complexes at

ratios below 0.67 formed incomplete complexes.

To confirm complex formation between Lipofectamine

and the negatively charged siRNA, we used an agarose gel

retardation assay. To verify Lipofectamine/siRNA complex

formation, agarose gel electrophoresis was performed after

the complexes were formed with 10 pmol/lL (80 ng) of

siRNA. Free siRNA that failed to complex with Lipofect-

amine was clearly visible at complex ratios of 0.2–10:1

(lg:lg). When the complexation weight ratios of Lipo-

fectamine:siRNA were less than 4:1, no retardation of

siRNA was observed. However, gel retardation was clearly

indicated when the complexation weight ratio of Lipo-

fectamine:siRNA was greater than 4:1 (Fig. 2b).

To identify the optimal proportions, co-complexes of

DNA and siRNA were prepared at various ratios with a

fixed amount of DNA and siRNA, 110 and 40 ng,

respectively. Then, the amount of Lipofectamine was

altered at various ratios and the formation of complexation

was confirmed by gel retardation in a 2 % agarose gel.

From these results, the amount of Lipofectamine was fixed

at 330 ng (Fig. 2c). To investigate whether a co-complex

of DNA and siRNA was formed, the amount of siRNA was

varied from 40 to 160 ng with the amount of DNA fixed at

110 ng, and the amount of DNA was increased from 150 to

300 ng at a fixed amount of 40 ng siRNA. Although it was

found that all DNA was complexed with Lipofectamine,

the siRNA band began to disappear at 120 ng DNA. Thus,

the minimum amounts of DNA and siRNA were 110 and

40 ng, respectively. As shown in Fig. 2d and e, siRNA and

plasmid DNA were retarded in the agarose gels (2 and 1 %,

respectively). With fixed amounts of DNA (110 ng) and

siRNA (40 ng), the appropriate complexation mixture was

330 ng Lipofectamine.

Effect of plasmid DNA on GFP inhibition by siRNA

In a previous study, the optimum complexation ratio of

DNA, siRNA and Lipofectamine was 110:80:350 (ng),

Based on this ratio, various compositions of transfection

complexes were applied to H4II-E cells. Silencing of GFP

expression by siRNA following the vitro transfection

experiment was observed using a confocal microscope at

24 h after the Lipofectamine-mediated transfection of the

H4II-E cells. GFP expression was evident in intact H4II-E

control cells (Fig. 3a), whereas the GFP intensity in the

cells treated with complexed siRNA was reduced, with

slight differences depending on formulation, as in the

micrographs (Fig. 3c–f). Naked siRNA showed higher GFP

intensity than any other treated groups, showing the low

transfection efficiency of siRNA alone (Fig. 3b).

As shown in Fig. 4, complexation of Lipofectamine

increased the transfection efficiency of siRNA alone by

approximately 12 %. However, the silencing effect of

siRNA was not affected by co-complexed plasmid DNA.

Moreover, increased amounts of siRNA, from 40 to 80 ng,

showed significant decreases. It was supposed that the

transfection efficiency of triple combination lipoplexes

would be related to the amount of siRNA. Thus, the

complexation ratio of DNA, siRNA, and Lipofectamine

(110:80:350) could increase the transfection efficiency of

siRNA to 20 %. Our results are consistent with a study that

did not include a specific delivery system for application of

siRNA (Sørensen et al. 2003).

Effect of siRNA on mRNA expression from DNA

To examine the influence of siRNA on the transfection of

plasmid DNA, the amount of cationic lipid was fixed at
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350 ng and the complexation ratio of DNA and siRNA was

varied. As shown in Fig. 5, the increase in mRNA

expression of ADN was dependent on the lipoplex ratio.

Moreover, mRNA expression of ADN was increased by

addition of siRNA, rather than inhibited by it. Plasmid

DNA and siRNA could be formulated differently with

Size Naked --------------- DNA 110 ng ------------------ 150 ng 200 ng 250 ng 300 ng
marker DNA 40 ng 60 ng 80 ng 160 ng ---------------- siRNA 40 ng ----------------

Size Naked ------------------------------Lipofectamine® ------------------------------- Naked Size
marker   siRNA    55 ng   83 ng   110 ng  170 ng   220 ng   280 ng  330 ng  440 ng    DNA    marker

Size       Naked
marker   siRNA 0.2         0.4         1         1.4        1.6          2           4           6            8          10

Size       Naked
marker      DNA       0.07      0.17      0.23       0.33      0.5       0.67      0.83        1        1.33      1.67

(b)

(c)

(d)

(a)

(e)

Size Naked --------------- DNA 110 ng ------------------ 150 ng 200 ng 250 ng 300 ng
marker DNA 40 ng 60 ng 80 ng 160 ng ---------------- siRNA 40 ng ----------------

Fig. 2 Gel retardation assay of

lipoplexes at various ratios.

a Lipofectamine/DNA ratio

(w/w), b Lipofectamine/siRNA

ratio (w/w), c Lipofectamine/

siRNA (40 ng)/DNA (110 ng),

d Lipofectamine (350 ng)/

siRNA/DNA (2 % agarose gel),

e Lipofectamine (350 ng)/

siRNA/DNA (1 % agarose gel)

Fig. 3 Inhibition of GFP-

expressing H4ll-E cells after

treatment with Lipofectamine

with GFP-siRNA and DNA

(n = 3). a Untreated H4II-E

cells, b treated with siRNA

alone, c treated with

Lipofectamine/DNA complex,

d treated with Lipofectamine/

siRNA complex, e treated with

Lipofectamine/siRNA (40 ng)/

DNA complex, and f treated

with Lipofectamine/siRNA

(80 ng)/DNA complex
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cationic liposomes and lipids, and mechanically because of

their sizes, the two species of nucleic acids vary substan-

tially, both in terms of intracellular uptake and accumula-

tion into defined intracellular vesicles (Spagnou et al.

2004). Because the mechanism underlying the enhance-

ment of mRNA expression from DNA by siRNA remains

unknown, further studies are needed.

Conclusions

When the amounts of the DNA, siRNA, and mixture were

fixed, the optimized ratio of nucleic acids and Lipofectamine

in our composition was found to be 110:80:350 (ng). To

some extent, the inhibition of GFP expression by siRNA was

interfered with by the co-complexed plasmid DNA. How-

ever, mRNA expression of ADN was not hampered by

addition of siRNA; rather, it was increased. Thus, co-com-

plexation of siRNA and plasmid DNA may potentially have

synergistic effects with therapeutic genes and siRNA.
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