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Background: Effective gene transfection without serum deprivation is a prerequisite for 

successful stem cell-based gene therapy. Polyethylenimine (PEI) is an efficient nonviral gene 

vector, but its application has been hindered by serum sensitivity and severe cytotoxicity.

Methods: To solve this problem, a new family of lipopolyplexes was developed by coating PEI/

DNA polyplexes with three serum-resistant cationic lipids, namely, lysinylated, histidylated, 

and arginylated cholesterol. The physical properties, transfection efficiency, cellular uptake, 

subcellular distribution, and cytotoxicity of the lipopolyplexes was investigated.

Results: The outer coat composed of lysinylated or histidylated cholesterol remarkably improved 

the transfection efficiency of the polyplex with a low PEI/DNA ratio of 2 in the presence of 

serum. The resulting lysinylated and histidylated cholesterol lipopolyplexes were even more 

efficient than the best performing polyplex with a high PEI/DNA ratio of 10. Results from cel-

lular uptake and subcellular distribution studies suggest that their higher transfection efficiency 

may result from accelerated DNA nuclear localization. The superiority of the lipopolyplexes 

over the best performing polyplex was also confirmed by delivering the therapeutic gene, 

hVEGF
165

. Equally importantly, the lipid coating removed the necessity of introducing excess 

free PEI chains into the transfection solution for higher efficiency, generating lipopolyplexes 

with no signs of cytotoxicity.

Conclusion: Noncovalent modification of polyplexes with lysinylated and histidylated choles-

terol lipids can simultaneously improve efficiency and reduce the toxicity of gene delivery under 

serum conditions, showing great promise for genetic modification of bone marrow stem cells.

Keywords: gene delivery, nonviral vectors, cationic lipids, polyethylenimine, lipopolyplex, 

bone marrow stem cells

Introduction
Stem cell-mediated gene therapy has emerged as an attractive strategy for the treat-

ment of cardiovascular diseases, skeletal disorders, ischemic damage, and cancer.1 

One of several types of stem cells, mesenchymal stem cells derived from bone marrow 

(BMSCs) have been extensively investigated because of their attractive characteristics 

of easy accessibility, low immunogenicity, capacity for self-renewal, and freedom 

from ethical issues.2

The first step in BMSC-mediated gene therapy is genetic modification of cells, 

which requires a gene delivery vector to achieve introduction of foreign DNA. 

Nonviral vectors, such as cationic polymers and cationic lipids, have become a promis-

ing alternative to viral vectors by offering a better safety profile, a larger cargo capacity, 

and easier handling. 3–5 Among the cationic polymers, polyethylenimine (PEI) is one of 
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the most successful and widely studied gene carriers. PEI can 

effectively condense DNA to form nanoparticles6 and pro-

mote endosomal escape through a so-called “proton sponge” 

effect.7,8 Moreover, compared with other commercially 

available transfection vectors, PEI is very stable, easy to 

manipulate, and inexpensive.9 However, use of PEI for gene 

delivery has encountered an efficiency-cytotoxicity dilemma. 

Optimal PEI performance often requires the presence of 

excessive PEI chains in the transfection solution, together 

with serum-free conditions to avoid destabilization of the poly-

plexes by negatively charged serum proteins.10,11 However, a 

large amount of uncomplexed PEI chains can cause signifi-

cant cytotoxicity due to cellular membrane damage.12–14 In 

addition, serum deprivation is known to induce apoptosis of 

BMSCs,15 which will hamper their therapeutic applications 

in vivo. In this context, chemical modifications, such as graft-

ing PEI with polyethylene glycol,16 hyaluronic acid,17 and 

alginate18 have been investigated to improve gene delivery 

into BMSCs. However, these modifications have potential 

disadvantages in terms of technical complexity and poor 

availability to BMSC-based gene therapy.

Noncovalent modification of PEI/DNA polyplexes with 

liposomes to form lipopolyplexes has been proposed as a 

simple and useful strategy to overcome some of the drawbacks 

of PEI. PEI/DNA polyplexes in combination with liposomes 

containing DOCSPER,19 DOSPER,19 DOTAP, 20 DOTMA,21 

DPPC,22 or DPPG 22 have been shown to improve the trans-

fection of immortal cell lines under serum conditions. Several 

parameters, in particular the lipid structure and vector/DNA 

molar ratio, were suggested to be factors influencing the trans-

fection behavior of the lipopolyplexes. Synergism between PEI 

and lipids in gene delivery has been proposed, whereby PEI 

improves intracellular trafficking of DNA while lipids promote 

cellular uptake of the complexes.20,23,24 Despite these positive 

results, there have been few studies of lipopolyplex-mediated 

gene delivery into BMSCs, which are inherently more difficult 

to transfect than immortal cell lines.

In previous studies, we have reported the synthesis and 

characterization of three alkaline amino acid-based cationic 

lipids, ie, lysinylated cholesterol (LC), histidylated choles-

terol (HC), and arginylated cholesterol (AC) (Figure 1). 25,26 

Cationic lipoplexes prepared from these lipids, especially 

LC and AC, have shown high levels of serum resistance 

and low toxicity in the transfection of 293T, HeLa, and 

NIH3T3 cell lines. The present study investigated whether 

modification of PEI/DNA polyplexes with these lipids could 

simultaneously improve the efficiency and safety of gene 

delivery into BMSCs under serum conditions. Parameters 

including lipid structure and lipid/DNA and PEI/DNA molar 

ratios were evaluated to determine the optimal conditions for 

lipopolyplex-mediated gene delivery. Cellular uptake and 

subcellular localization studies were conducted to explore 

possible mechanisms underlying the superior performance 

of certain lipopolyplexes. These lipopolyplexes were further 

evaluated for cytotoxicity and potential for vascular endothe-

lial growth factor (VEGF) gene delivery.

Materials and methods
Chemicals
Amino acid-based lipids including LC, HC, and AC were 

synthesized as described previously.26 Branched PEI (25 kDa) 

was purchased from Sigma (St Louis, MO) and was dissolved 

in 5% glucose at a concentration of 1 mg/mL (stock solution). 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) 

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) ammonium salt (Rhod-

DOPE) were purchased from Avanti Polar Lipids (Alabaster, 

AL). Fluorescein isothiocyanate was obtained from Merck 

(Darmstadt, Germany). The fluorescent dyes, YOYO-1 and 

TOTO-3, were obtained from Invitrogen (Carlsbad, CA).

Plasmid construction and preparation
The firefly luciferase (Luc) reporter gene from pGL3 (Pro-

mega, Madison, WI) was cloned into pcDNA3.1 (Invitrogen) 
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Figure 1 Chemical structures of amino acid-based cationic lipids used in this study.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4638

Song et al

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2012:7

between the NotI and XbaI sites, generating pcDNA-Luc. 

Plasmid pcDNA-hVEGF
165

 was constructed by inserting the 

full length human VEGF
165

 cDNA (GenBank AB021221.1) 

into pcDNA3.1 between the NheI and EcoRI sites. The nucle-

otide sequence was confirmed by DNA sequencing. Plasmids 

were amplified in Escherichia coli DH5α and extracted 

using an endotoxin-free plasmid purification kit (Qiagen, 

Hilden, Germany). The DNA concentration was measured 

at an absorbance of 260 nm and adjusted to 1 mg/mL in 5% 

glucose. In some experiments, pcDNA-Luc was labeled 

with YOYO-1 or TOTO-3 according to the manufacturer’s 

protocol.

Preparation of polyplexes, lipoplexes,  
and lipopolyplexes
Polyplexes were prepared by adding DNA solutions to 

PEI solutions at PEI nitrogen/DNA phosphate ratios (here-

inafter referred to as the PEI/DNA ratio) of 2, 6, and 10, 

respectively. The mixtures were incubated for 15 minutes 

at room temperature before use. LC, HC, and AC liposomes 

were prepared as described previously.26 Lipoplexes were 

obtained by gently mixing liposome solutions and DNA 

solutions at cationic lipid nitrogen/DNA phosphate ratios 

(hereinafter referred to as the lipid/DNA ratio) of 2.7 and 

5.3, respectively. To obtain lipopolyplexes, polyplexes with 

various PEI/DNA ratios were first prepared and incubated 

as described above. The resultant polyplex solutions were 

then pipetted into each of the three liposome solutions at 

lipid/DNA ratios of 2.7 and 5.3, respectively. The ternary 

complexes were incubated for a further 15 minutes at room 

temperature before use.

Size and zeta potential measurements
The average size and zeta potential of the complexes was 

measured by dynamic light scattering using a Zetasizer NS 

(Malvern Instruments, Worcestershire, UK) at 25°C. Next, 

50  µL of various complex solutions (containing 1  µg of 

pcDNA-Luc) were prepared. After 15 minutes of incubation, 

the complex solutions were diluted with double-distilled 

water to a final volume of 1 mL and measured. To deter-

mine the average size and zeta potential in the presence 

of 10% serum, the complex solutions were mixed with 

an equal volume of prefiltered (0.22 µm) Alpha Minimal 

Essential Medium (α-MEM; Gibco-Invitrogen, Carlsbad, 

CA) containing 20% fetal bovine serum (Hyclone, Logan, 

UT). The mixture was incubated for another 15 minutes, 

and diluted with double-distilled water to a final volume of 

1 mL and measured.

Transmission electron microscopy
A 20 µL drop of freshly prepared lipopolyplexes was placed 

on a carbon-coated copper grid and air-dried for 5 minutes. 

The rest of the sample on the grid was absorbed with paper 

and dried by air. After staining with phosphotungstic acid, 

samples were visualized with a JEM-100SX electron micro-

scope (JEOL, Akishima, Japan) operating at 100 kV.

Atomic force microscopy
The samples were prepared by placing 10 µL of lipopolyplex 

solution on freshly cleaved mica. After 5 minutes, the mica 

disk was gently rinsed by dipping once into double-distilled 

water and the excess water was removed using filter paper. 

After drying at room temperature, the samples were visual-

ized by atomic force microscopy (Asylum Research MFP-

3D-Bio, Santa Barbara, CA).

Isolation and expansion of BMSCs
Animal care and experimental procedures were performed 

according to the Guidelines for Animal Experimentation in 

China. The BMSCs were isolated and cultured as previously 

described.27 Briefly, bone marrow cavities from Sprague-

Dawley rats (6 weeks old, West China Animal Culture 

Center of Sichuan University) were flushed with growth 

medium composed of α-MEM plus 10% fetal bovine serum, 

2 mM L-glutamine, and 1% penicillin-streptomycin (Gibco-

Invitrogen). Cells were passed through a 70 µm strainer and 

then plated in 100 mm culture dishes with growth medium 

(passage 0). After 3 days of culture, nonadherent cells were 

removed by a change of medium, and thereafter the medium 

was changed on alternate days. Cells were subcultured at 

approximately 80% confluence by trypsinization and those 

at passage 2–3 were used for this study.

Transfection experiments with luciferase-
encoding plasmids
BMSCs were seeded into a 24-well plate at a density of 

1  ×  104 cells/cm2. After 24  hours of incubation, the cells 

were transfected with various complexes (0.8 µg of DNA 

per well). The cells were harvested in lysis buffer 48 hours 

after transfection. Luciferase activity was quantified using a 

luciferase assay kit (Promega) according to the given protocol. 

Briefly, the cell lysate was first centrifuged at 12,000 × g 

for 5 minutes at 4°C. Then, 100 µL of luciferase substrate was 

added to 20 µL of lysate supernatant and light emission was 

measured for 10 seconds using a Varioskan Flash microplate 

reader (Thermo Fisher Scientific, Waltham, MA). The protein 

concentration of the supernatant was measured using a BCA 
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protein assay kit (Pierce, Rockford, IL). Luciferase activity 

was expressed as relative light units per mg of protein.

Cellular uptake assays
Cellular uptake of DNA was investigated by flow cytometry. 

Briefly, complexes containing YOYO-1-labeled DNA were 

added to subconfluent cultures of BMSCs in 100 mm plates 

(18 µg of DNA per plate). After incubation for 4 hours, the 

cells were trypsinized and washed with phosphate-buffered 

solution three times to remove nonspecific extracellular 

fluorescent probes. The cells were then suspended in phos-

phate-buffered solution and analyzed for fluorescence on a 

FACSAria flow cytometer (BD Biosciences, San Jose, CA) 

with 488 nm excitation. The fluorescence of 10,000 single 

cells was measured for each sample.

Confocal laser scanning microscopy
DNA, PEI, and lipids were respectively labeled with 

TOTO-3, fluorescein isothiocyanate,28 and Rhod-DOPE 

(1% molar ratio in liposome formulation). BMSCs grown 

in 35 mm glass-bottomed dishes were treated with various 

complexes (3  µg of DNA per dish). After incubation for 

4 hours at 37°C, the treatment medium was removed, and 

the cells were washed three times with phosphate-buffered 

solution and incubated with Hoechst 33258 (Beyotime Insti-

tute of Biotechnology, Jiangsu China) for 30 minutes to stain 

nuclei. Images were obtained using a confocal laser scanning 

microscope (TCP SP5, Leica, Solms, Germany).

Cytotoxicity assays
Cytotoxicity was evaluated using a Cell Counting Kit-8 

(CCK-8, Dojindo, Kumamoto, Japan). BMSCs were seeded 

at a density of 1 × 104 cells/cm2 in 96-well plates with growth 

medium 24 hours prior to treatment. The complexes (0.2 µg 

of DNA per well) with various lipid/PEI/DNA ratios were 

added into the wells. After 4 hours, the transfection medium 

was replaced with fresh growth medium and the cells were 

cultured for another 48 hours. Then, 10 µL of CCK-8 solu-

tion was added to each well and the plates were incubated at 

37°C for 2 hours. Absorbance was measured at a wavelength 

of 450 nm and a reference wavelength of 630 nm, using a 

Varioskan Flash microplate reader.

Transfection experiments  
with hVEGF165-encoding plasmids
BMSCs were plated at a density of 1.0 × 104 cells/cm2 in 

12-well plates and treated with the complexes (1.6 µg of DNA 

per well) 24 hours after plating. After incubation for 4 hours, 

the medium was replaced with 1 mL of fresh growth medium 

and the cells were cultured for another 48 hours. Total RNA 

was extracted from the cells using Trizol reagent (Invitrogen) 

and treated with RNase-free Dnase I (MBI-Fermentas, 

St Leon-Rot, Germany) prior to cDNA synthesis to eliminate 

any residual plasmid or genomic DNA. Quantity and quality 

of RNA samples were evaluated by spectrophotometry and 

agarose electrophoresis. cDNA was synthesized from 2 µg 

of pure total RNA using RevertAidTM M-MuLV reverse 

transcriptase (MBI-Fermentas). Real-time polymerase chain 

reaction (PCR) was performed on a C1000™ Thermal Cycler 

(CFX 96™ Real-Time System, BioRad, Munich, Germany), 

using SYBR Premix Ex TaqTM II (Takara, Dalian, China). 

The sequences of the primers were as follows: hVEGF
165

, 

5′-AGGAGGGCAGAATCATCACGAA-3′ (forward) 

and 5′-TGGTGATGTTGGACTCCTCAGT-3′ (reverse); 

β-actin, 5′-CTCCTCCCTGGAGAAGAGCTA-3′ (forward) 

and 5′-CCTTCTGCATCCTGTCGGCAA-3′ (reverse). The 

specificity of amplification was verified by melt-curve analy-

sis and agarose gel electrophoresis. Relative gene expressions 

were calculated using the 2−∆(∆Ct) method, where ∆Ct = Ct 

(hVEGF
165

) − Ct (β-actin) and ∆(∆Ct) = ∆Ct (sample) − ∆Ct 

(control).29

To assess VEGF protein secretion, the culture medium 

was collected from each well 48 hours after transfection and 

diluted with α-MEM to a final volume of 2 mL. The medium 

was then centrifuged to remove debris and analyzed in trip-

licate for quantification of VEGF content using a RayBio® 

human VEGF enzyme-linked immunosorbent assay kit 

(RayBiotech, Norcross, GA), according to the manufacturer’s 

instructions. Enzyme-linked immunosorbent assay data were 

obtained using the Varioskan Flash microplate reader at a 

wavelength of 450 nm. Results were then normalized for the 

number of cells and time in culture.30

Statistical analysis
Quantitative data were expressed as the mean ±  standard 

deviation. Comparisons among groups were made using 

the Student’s t-test assuming two-tailed distribution and 

unequal variances. A P value  0.05 was considered to be 

statistically significant.

Results
Physicochemical properties of polyplexes 
and lipopolyplexes
The physical properties of the polyplexes and lipopolyplexes 

were evaluated by dynamic light scattering. The particle size 

and zeta potential of polyplexes prepared at a PEI/DNA ratio of 
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2 were 112 ± 3 nm (Figure 2A) and −18 ± 2 mV (Figure 2B), 

respectively. The negative zeta potential suggested that the 

DNA molecules were insufficiently condensed by PEI, with 

part of them still exposed on the surface of the complexes. With 

the increase in the PEI/DNA ratio, the size of the polyplexes 

decreased to around 70 nm and the zeta potential increased to 

25 mV, indicating complete DNA complexation.

The diameter of the three lipopolyplexes was in a narrow 

range of 145–190 nm (Figure 2A), which was 1.5-fold to 2.5-fold 

larger than that of the corresponding polyplexes. The zeta potential 

of the lipopolyplexes generally increased with increasing lipid/

DNA and PEI/DNA ratios, and was higher than that of the cor-

responding polyplexes (Figure 2B). Moreover, it was found that 

HC lipopolyplexes had a lower zeta potential than the LC and AC 

lipopolyplexes, possibly due to the weak alkaline nature of the 

imidazole group on HC. Images obtained by transmission electron 

microscopy (Figure 3A) and atomic force microscopy (Figure 3B) 

showed that all the lipopolyplexes were well dispersed spheri-

cal vehicles. As a result of sample shrinkage during drying, the 

diameter (around 100 nm) was relatively smaller than that obtained 

by dynamic light scattering.

After incubation with 10% fetal bovine serum, most 

of the lipopolyplexes showed only moderately increased 

particle size (200–400  nm, Figure  4A) and a reversed 
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zeta potential (Figure 4B). These results suggest that the 

lipopolyplexes attracted negatively charged proteins onto 

their surface, while being stable against aggregation under 

serum conditions. The particle size of the lipopolyplexes 

with a lipid/PEI/DNA ratio of 5.3/10/1 and polyplexes with 

a PEI/DNA ratio of 6 and 10 increased by approximately 

3.0–5.5-fold, indicating some degree of particle aggregation 

induced by serum exposure.

Transfection studies with plasmids 
encoding luciferase
Transfection of BMSCs with pcDNA-Luc was carried out in 

culture medium containing 10% fetal bovine serum to deter-

mine the transfection efficiency of the various complexes. 

The negatively charged low PEI/DNA ratio polyplex (PEI/

DNA = 2) showed almost no transfection activity (Figure 5). 

By combining it with LC or HC at a lipid/DNA ratio of 

2.7, the transfection efficiency was significantly improved 

by three orders of magnitude (Figure 5A and B), generat-

ing LC and HC lipopolyplexes that were 2.0 and 2.6 times 

more efficient than the commonly used high PEI/DNA ratio 

polyplex (PEI/DNA = 10, P ,0.05), respectively. The LC 

lipopolyplex was slight more efficient than the corresponding 

LC lipoplex, but the difference was not statistically signifi-

cant (P . 0.05). In contrast, the transfection efficiency of the 

HC lipopolyplex was higher than the combined value of the 

corresponding polyplex and lipoplex (P , 0.05), indicating 

that HC acted in synergy with PEI in facilitating transfection 

at the lipid/PEI/DNA ratio of 2.7/2/1. However, it is worth 

noting that the transfection activity of both the LC and HC 

lipopolyplexes dropped dramatically when the PEI/DNA 

ratio was higher than 2 or the lipid/DNA ratio was higher 

than 2.7. Although a synergistic effect on gene delivery was 

also observed between PEI and AC at the lipid/PEI/DNA 

ratio of 2.7/2/1, the AC lipopolyplex showed significantly 

lower transfection efficiency than the high PEI/DNA ratio 

polyplex (P , 0.05). This result suggests that lipid chemistry 

exerted a significant influence on gene delivery into BMSCs 

by lipopolyplexes.

Cellular uptake and subcellular 
distribution of DNA
As described above, LC and HC lipopolyplexes with a lipid/

PEI/DNA ratio of 2.7/2/1 were more efficient than the low 

and high PEI/DNA ratio polyplexes, while the corresponding 

AC lipopolyplex was ineffective. To gain insight into the 

mechanisms involved in their different transfection profiles, 

the cellular uptake of DNA induced by these complexes 

was analyzed by flow cytometry. The data are presented 

as the percentage of cells with internalized YOYO-DNA. 

As shown in Figure 6, three lipopolyplexes offered a much 

higher percentage of positive cells than the corresponding 

polyplexes, demonstrating that addition of cationic lipids to 

the low PEI/DNA ratio polyplex facilitated cellular uptake. 

Notably, despite a significant difference in transfection effi-

ciency (Figure 5), LC and HC lipopolyplexes induced the 

same level of cellular uptake (more than 99% of the cells 

were positive) as did the high PEI/DNA ratio polyplex. 
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Figure 5 Transfection efficiencies of LC lipopolyplexes (A), HC lipopolyplexes (B), 
and AC lipopolyplexes (C), and the corresponding lipoplexes and polyplexes in bone 
marrow stem cells.
Notes: Complexes were prepared at the indicated PEI/DNA and lipid/DNA ratios. 
Bone marrow stem cells were incubated for 4 hours with complexes in medium 
containing 10% fetal bovine serum. Forty-eight hours after transfection, the cells 
were lysed for quantification of luciferase activity. Data are shown as the mean ± 
standard deviation (n = 3, *P , 0.05 versus polyplex with a PEI/DNA ratio of 10; 
#P , 0.05 versus HC lipoplex with the lipid/DNA ratio of 2.7). 
Abbreviations: LC, lysinylated cholesterol; HC, histidylated cholesterol; AC, 
arginylated cholesterol; L, lipid; P, polyethylenimine; D, DNA.
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Therefore, it is speculated that the higher efficiency of the 

LC and HC lipopolyplexes was derived from an improvement 

in intracellular trafficking of DNA.

Subcellular distribution of the complexes was visual-

ized by confocal laser scanning microscopy. As shown in 

Figure  7, only weak DNA (red) and PEI (green) signals 

were observed in cells treated with the low PEI/DNA ratio 

polyplex, confirming poor cellular uptake, whereas much 

higher levels of cellular uptake were detected for LC and 

HC lipopolyplexes. These observations were consistent 

with the data obtained from flow cytometry analysis. For the 

high PEI/DNA ratio polyplex, DNA was localized mainly 

around the cell membrane and in the cytoplasm, but not in 

the nucleus (blue). In contrast, accumulation of DNA in the 

perinuclear region was readily observed in cells treated with 

LC and HC lipopolyplexes. In particular, nuclear localiza-

tion of free DNA (white arrows) could be detected for the 

HC lipopolyplex. Given that nuclear trafficking of DNA 

is a prerequisite for gene expression,31 these observations 

suggested an underlying reason for the higher transfection 

activity of LC and HC lipopolyplexes. Compared with LC 

and HC lipopolyplexes, the AC lipopolyplex induced a sig-

nificantly smaller degree of DNA uptake (Figure 6), although 

DNA was occasionally found in the nuclei. Confocal laser 

scanning microscopic analysis also revealed a lower degree 

of cellular internalization of the AC lipopolyplex components 

(Figure  7), which was in line with the lower transfection 

efficiency of the complex.

Cytotoxicity
The cytotoxicity of the various complexes was evaluated 

by determining the percentage of metabolic activity of the 

transfected cells in relation to the unexposed cells using the 

CCK-8 assay. In view of the consistency of the incubation 

time used in gene transfection tests, we adopted 4 hours as 

the incubation time for this study. The high PEI/DNA ratio 
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Figure 6 Representative flow cytometry pictures of DNA uptake by bone marrow stem cells. 
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polyplex showed apparent cytotoxicity, as reflected by 81% 

cell viability (Figure 8). In contrast, the low PEI/DNA ratio 

polyplex and three lipopolyplexes were almost nontoxic, 

suggesting that addition of lipids did not add to the toxicity 

of the complexes.

Transfection studies with plasmids 
encoding hVEGF165
The potential application of the optimized lipopolyplexes 

for cell-based gene therapy was also evaluated by delivering 

the therapeutic gene hVEGF
165

. The transfection activity was 

evaluated at both the mRNA and protein levels. The results 

from real-time PCR demonstrated that the LC and HC lipopo-

lyplexes conferred significantly higher hVEGF
165

 mRNA 

levels than the high PEI/DNA ratio polyplex (P  ,  0.05, 

Figure 9A), which was in good agreement with the results 

obtained with the luciferase-encoding plasmids. The results 

were also confirmed by measuring hVEGF
165

 protein secre-

tion in the culture medium using an enzyme-linked immuno-

sorbent assay (Figure 9B). Calculations based on cell number 

and culture time revealed that LC and HC lipopolyplexes 

provided hVEGF
165

 expression levels ranging from 6.2 to 

7.8 ng/106 cells/day.

Discussion
The clinical application of BMSC-mediated gene therapy 

relies heavily on the development of gene carriers that can 

effectively deliver genes into cells without affecting their 
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viability and fate. However, application of most existing 

nonviral vectors, including the “golden standard” polymer 

PEI, has been limited by a correlation between efficiency and 

cytotoxicity. The current study sought to solve this dilemma 

by noncovalent modification of PEI/DNA polyplexes with 

amino acid-based cationic lipids which had been proven to 

be serum-resistant and nontoxic.

In the absence of serum, all lipopolyplexes were well dis-

persed nanoparticles, giving a larger particle size and higher 

zeta potential than the corresponding polyplexes (Figures 2 

and 3). This suggests that cationic lipids formed an outer 

coat around the preformed polyplexes, in agreement with the 

“core-shell” structure of lipopolyplexes proposed by earlier 

studies.21,22 Nevertheless, it should be noted that the surface 

charge of lipopolyplexes also increased with increasing PEI/

DNA ratio. Thus, it is possible that the polyplex core was 

not entirely wrapped by the lipids, as shown in Scheme 1. 

After exposure to serum, most of the lipopolyplexes did 

not aggregate (Figure  4). However, absorption of serum 

proteins inevitably altered the size and surface charge of 

the nanoparticles.

Complete complexation of DNA with 25 kDa branched 

PEI is known to occur when the PEI/DNA ratio reaches 3.32 

However, PEI/DNA polyplexes usually give optimal transfec-

tion at a higher ratio of 10,32 where a considerable number 

of PEI chains remain free in solution.33,34 The excessive PEI 

chains can significantly increase transfection, presumably 

via their ability to induce membrane destabilization and 

disruption.35 Paradoxically, it is these free PEI chains that 

are held responsible for the immediate cytotoxicity of the 

complexes.36,37 The low PEI/DNA ratio polyplex of 2 prepared 

in this study was loosely compacted, conferred poor cellular 

uptake of DNA (Figures 6 and 7), and had little transfection 

activity (Figure 5). Modification of this low PEI/DNA ratio 

polyplex with LC or HC at a lipid/DNA ratio of 2.7 remark-

ably increased DNA uptake and transfection efficiency. It 

is most likely that the lipid coating protected the fragile 

polyplex core from dissociation or aggregation caused by 

serum proteins. In support of this hypothesis, the resulting 

lipopolyplexes (Supplementary Figure S1B–D) had a more 

homogeneous size distribution than the polyplex (Supplemen-

tary Figure S1A) after exposure to 10% fetal bovine serum. 

Complexation of DNA with excessive PEI chains (PEI/DNA 

ratio of 10) was found to be equally effective in promoting 

cellular uptake (Figure  6). Nevertheless, the transfection 

efficiency was several-fold lower than that of the best LC 

and HC lipopolyplexes (Figure 5). Confocal laser scanning 

microscopic observations suggest that nuclear localization 

of DNA was relatively hindered (Figure 7), presumably due 

to inhibition of the endosome lytic power of PEI by serum 

proteins.38,39 The lipid coating of the lipopolyplexes may help 

to overcome this obstacle by destabilizing the endosomal 

membranes.40 Equally importantly, in contrast with the high 

PEI/DNA ratio polyplex, LC and HC lipopolyplexes avoided 

introduction of excessive PEI chains and were completely 

nontoxic (Figure 8), conferring an additional advantage for 

the genetic modification of BMSCs.

It is noteworthy that the transfection activity of the LC 

and HC lipopolyplexes significantly decreased when the 

PEI/DNA ratio was higher than 2 or the lipid/DNA ratio was 

higher than 2.7 (Figure 5). This indicates that the success 

of lipopolyplexes relies on a loosely condensed polyplex 

core modified by a moderate amount of lipid. Interestingly, 

earlier studies have also reported that the highest enhance-

ment of transfection by PEI and DOTAP-Chol or DOTMA 

was achieved at relatively low PEI/DNA ratios of 4.523 and 

2,21 respectively, although the reason for this was unclear. 
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It is possible that the relaxed polyplex core benefited 

transfection by achieving a balance between DNA protection 

and subsequent DNA liberation for gene expression. In the 

event of a higher lipid/DNA ratio, excessive cationic lipids 

might compete with PEI for DNA molecules, destabilizing 

the polyplex core. In other words, a supramolecular structure 

combining the advantages of the polyplex core and lipid shell 

may rest on relatively low lipid/DNA and PEI/DNA ratios.

It was not expected that the AC lipopolyplex with a lipid/

PEI/DNA ratio of 2.7/2/1 resulted in much lower levels of 

cellular uptake and transfection than the corresponding LC 

and HC lipopolyplexes, because they had a similar particle 

size and surface charge in general (Figures 2 and 4). In the 

meantime, AC lipoplexes were also found to be inefficient, 

irrespective of the lipid/DNA ratio. This was quite differ-

ent from the results of our earlier study showing that AC 

lipoplexes were more efficient than HC lipoplexes for gene 

delivery into NIH3T3 and HeLa cells in the presence of 

serum.25 This cell type-dependent transfection efficiency 

can be explained by the notion that cellular internalization 

of nonviral vectors is affected by cell membrane composition 

and physiology.41,42 On the other hand, the surface chemistry 

of nanoparticles can influence the composition of the protein 

corona that forms on their surface under serum conditions.43 

Accordingly, the lack of efficiency of the AC lipopolyplex 

might result from unfavorable interactions between the cell 

membrane of BMSCs and the protein corona on the AC 

lipopolyplex. It also suggested that the optimal design of 

lipopolyplexes may vary for different cell types.

VEGF is one of the most potent direct-acting angio-

genic proteins identified to date and has been widely used 

in cell-based gene therapy.44 It has been demonstrated that 

implantation of mouse myoblasts engineered to secrete a cor-

responding isoform of VEGF at a level of 5 ng/106 cells/day 

is sufficient to establish normal homogeneous capillary-like 

vessels.30 In view of this, the results of this study (Figure 9) 

suggest that the optimized LC and HC lipopolyplexes were 

more efficient than the high PEI/DNA ratio polyplex in terms 

of therapeutic gene delivery into BMSCs, and might be 

able to transfect BMSCs under serum conditions to express 

functional levels of VEGF protein. Further in vivo studies 

are in progress to evaluate the therapeutic effect of BMSCs 

genetically modified with the lipopolyplexes.

Conclusion
In summary, this study demonstrates that noncovalent modi-

fication of PEI/DNA polyplexes with lysine/histidine-based 

cationic lipids to form lipopolyplexes allows a compromise 

to achieve higher transfection efficiency under serum condi-

tions while minimizing toxicity. The transfection efficiency 

of the lipopolyplexes peaked at a relatively low lipid/PEI/

DNA ratio. A partially condensed polyplex core modified by 

an outer shell of lipids contributed to a supramolecular struc-

ture that combined the advantages of PEI and lipids for gene 

delivery. Further insights into structure-function relationships 

will contribute to the design of future lipopolyplexes for more 

efficient gene delivery into BMSCs.
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Figure S1 Representative particle size distributions of various complexes after incubation with serum.
Note: Particle size distributions of the complexes were determined by dynamic light scattering after incubation in 10% fetal bovine serum for 15 minutes. 
Abbreviations: LC, lysinylated cholesterol; HC, histidylated cholesterol; AC, arginylated cholesterol; L, lipid; P, polyethylenimine; D, DNA.
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