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Abstract: In the present study, we demonstrated the importance of PEGylation timing of galactosylated liposome/plasmid 

DNA (pDNA) complexes (lipoplexes) for liver-selective transfection in mice. Because a fenestrated endothelium can be a barrier 

for penetration of lipoplexes though sinusoids, the particle size of lipoplexes is one of the determining factors for in vivo liver 

parenchymal cell (hepatocyte, PC)-selective transfection. Here, we found that syn-insertion, as a novel PEGylation timing, was 

useful to control the particle size of galactosylated lipoplexes. Syn-insertion of PEGylated lipids was performed by simple 

mixing of pDNA solution containing PEGylated lipids and dispersion of the cationic liposomes. Both syn- and pre-insertion of 

PEGylated lipids decreased the particle size of lipoplexes, whereas post-insertion did not. Moreover, syn-insertion of PEGylated 

lipids to galactosylated lipoplexes improved liver selectivity and the PC/non-parenchymal cell ratio of transgene expression after 

intravenous injection in mice. Hence, these data will be valuable for the design and preparation of PEGylated lipoplexes for gene 

targeting. 
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1. Introduction 

Gene delivery to the liver has a great therapeutic potential 

against intractable and refractory diseases such as 

hepatocellular carcinoma and familial hypercholesterolemia 

[1, 2]. Both viral and non-viral vectors targeted to the liver 

have been developed worldwide [3-9]. The transduction 

efficiency of viral vectors is generally high. However, the 

toxicities of viral vectors are problematic [10, 11]. In contrast, 

non-viral vectors have several advantages including low 

immunogenicity, easy handling, and low cost compared with 

viral vectors. Thus, the development of effective and safe 

non-viral vectors is promising for clinical use. 

Liver parenchymal cells (hepatocytes, PCs) are a major 

target, because PCs perform various biological functions 

such as secretion of proteins (e.g., albumin.), metabolism, 

and excretion. To deliver foreign genes to liver PCs, several 

factors must be considered, including the administration 

route, blood circulation, stability of the vectors in blood, 

penetration though a fenestrated endothelium, selection of 

ligands, and uptake by hepatocytes [12, 13]. In terms of the 

delivery routes for liver-targeted gene transfer, topical 

application has been reported, such as direct injection to the 

liver [14] and injection via the portal vein [6, 7]. However, 

topical administration to the liver requires surgery. 

Alternatively, an intravenous route is attractive. Naked 

plasmid DNA (pDNA), a simple and safe non-viral vector, is 

generally inactive because of degradation by nucleases and 
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rapid elimination by the reticuloendothelial system [15]. 

Hydrodynamic injection, rapid injection of a large volume of 

pDNA solution, is a highly effective method for 

liver-directed gene transfer [16, 17]. However, in 

hydrodynamic injection, the volume of injection is similar to 

the blood volume. Consequently, it is hardly applicable to 

humans without devisal such as topical application. Carrier 

systems are also required for gene transfer targeted to liver 

PCs. In particular, sugar modification of carriers is an 

effective approach for targeting [12, 13]. Unfortunately, the 

transfection efficiency after intravenous injection of 

galactosylated lipoplexes is inferior to that after intraportal 

injection [6]. This property might be mainly due to trapping 

of lipoplexes by the lung. In such a case, polyethylene glycol 

modification (PEGylation) is useful to prevent lung 

accumulation and improve retention in systemic circulation. 

In general, however, PEGylation can also decrease uptake by 

target cells. This phenomenon is known as the ‘PEG 

dilemma’ [18]. 

To overcome the PEG dilemma, the use of pH-responsive 

PEGylated lipids [19], enzyme-cleavable PEGylated lipids 

[20], and PEGylated lipids with short acyl chains [21] have 

been reported. As modification methods for PEGylation of 

lipoplexes, pre-insertion and post-insertion of PEGylated 

lipids have been reported [22, 23]. In pre-insertion, PEGylated 

lipids are inserted into the lipid bilayer of liposomes prior to 

lipoplex formation, whereas post-insertion incorporates 

PEGylated lipids into already-formed lipoplexes. Thus, 

post-insertion involves two steps to prepare lipoplexes, i.e. 

lipoplex formation and insertion of PEGylated lipids. In 

contrast, post-insertion has an advantage in transfection 

efficiency compared with pre-insertion [21, 24]. 

In this study, to achieve hepatocyte-selective gene transfer 

via an intravenous route, we selected PEGylated lipids with a 

short acyl chain for PEGylation of galactosylated lipoplexes. 

Importantly, we demonstrated that the PEGylation timing 

plays a crucial role in determining liver selectivity of the 

transgene expression of PEGylated galactosylated lipoplexes. 

To improve both the formulation step and transfection 

efficiency, we developed a novel insertion timing, 

‘syn-insertion’, in which PEGylated lipids were inserted into 

lipoplexes during lipoplex formation. 

2. Materials and Methods 

2.1. Materials 

Sodium pentobarbital was purchased from Kyoritsuseiyaku 

Corporation (Ibaraki, Japan). 

1,2-Dioleoyl-3-trimethylammonium-propane methyl sulfate 

salt (DOTAP), 

N-octanoyl-sphingosine-1-{succinyl[methoxy(polyethylene 

glycol)2000]} (mPEG-Cer8), 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2

-1,3-benzoxadiazol-4-yl) (NBD-DOPE), and 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamin

e rhodamine B sulfonyl) (Rh-DOPE) were purchased from 

Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 

Ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), 

chloroform, and cholesterol (Chol) were purchased from 

Nacalai Tesque Inc. (Kyoto, Japan). All chemicals were of the 

highest purity available. 

2.2. Experimental Animals 

Male ddY mice (5 weeks old, 24.7–30.4 g) were purchased 

from Kyudo Co., Ltd. (Kumamoto, Japan). They were housed 

in a cage in an air-conditioned room and maintained on a 

standard laboratory diet (MF, Oriental Yeast, Co., Ltd., Tokyo, 

Japan) and water ad libitum. All animal experiments were 

carried out in accordance with the Guidelines for Animal 

Experimentation of Nagasaki University. 

2.3. Preparation of pDNA 

The pCMV-luciferase vector encoding firefly luciferase 

under the control of the cytomegalovirus promoter was 

constructed previously [25]. pDNA was amplified in 

Escherichia coli strain DH5α, isolated, and purified using an 

EndoFree
®
 Plasmid Giga Kit (QIAGEN GmbH, Hilden, 

Germany). pDNA dissolved in a 5% glucose solution was 

stored at –20°C prior to experiments. Fluorescein (FL) or 

tetramethyl-rhodamine (TMR) labeling of pDNA was 

performed using a Label IT Nucleic Acid Labeling Kit (Mirus 

Co., Madison, WI, USA). 

2.4. Synthesis of the Galactosylated Cholesterol Derivative 

The galactosylated Chol derivative (Gal-C4-Chol) was 

synthesized as reported previously [6, 7]. Briefly, cholesteryl 

chloroformate and N-(4-aminobutyl)carbamic acid tert-butyl 

ester were reacted in chloroform for 24 h at room temperature. 

A solution of trifluoroacetic acid and chloroform was added 

dropwise, and then the mixture was stirred for 4 h at 4°C. The 

solvent was evaporated to obtain 

N-(4-aminobutyl)-(cholesten-5-yloxyl)formamide that was 

then combined with 

2-imino-2-methoxyethyl-1-thiogalactoside [26], followed by 

stirring for 24 h at 37°C. After evaporation, the resultant 

material was suspended in water, dialyzed against distilled 

water for 48 h (12 kDa cut-off dialysis tubing), and then 

lyophilized. 

2.5. Preparation of Cationic Liposomes 

Cationic liposomes were prepared as reported previously [6, 

7]. For DOTAP/Chol liposomes, DOTAP and Chol were 

dissolved in chloroform at a molar ratio of 1:1, vacuum 

desiccated, and then resuspended in a sterile 5% glucose 

solution at 8 mg/ml to form liposomes. For galactosylated 

liposomes, the molar ratio of DOTAP, Chol and Gal-C4-Chol 

was 2:1:1. To form small unilamellar vesicles, liposomes were 

extruded through polycarbonate membrane filters (100- and 

50-nm pore sizes, 11 times for each pore sizes) using a 

commercially available instrument (Mini-Extruder, Avanti 

Polar Lipids, Inc.). 
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2.6. Preparation of PEGylated Lipoplexes 

To form lipoplexes without PEGylation, 150 µl of 600 

µg/ml pDNA in a 5% glucose solution was mixed with an 

equal volume of cationic liposomes and then incubated for 

30 min at 60°C, except in experiments measuring 

temperature dependency. The charge ratio, which is the 

molar ratio of cationic lipids to pDNA phosphate residues, 

was 2.3. The charge ratio of unity was 3.52 and 2.70 µg of 

total lipid/µg of pDNA for DOTAP/Chol and 

DOTAP/Chol/Gal-C4-Chol liposomes, respectively. For 

pre-insertion of PEGylated lipids, the liposomes were 

incubated with an appropriate concentration of mPEG-Cer8 

for 30 min prior to lipoplex formation. For syn-insertion, 

mPEG-Cer8 was added to the pDNA solution prior to 

forming lipoplexes. For post-insertion, lipoplexes without 

PEGylated lipids were incubated with mPEG-Cer8 for 30 

min. The particle size and ζ-potential of lipoplexes at 25°C 

were measured using a Zetasizer Nano ZS instrument 

(Malvern Instruments Ltd., Worcestershire, UK). 

2.7. In Vivo Gene Transfer 

Lipoplexes (90 µg pDNA in 300 µl) were injected via the 

tail vein into mice. Six hours after administration, the mice 

were sacrificed under anesthesia (sodium pentobarbital, 40–60 

mg/kg, intraperitoneal injection). Subsequently, the liver and 

lungs were removed with surgical scissors. The tissues were 

washed twice with saline and homogenized in lysis buffer (0.1 

M Tris/HCl, pH 7.8, 0.05% Triton X-100, and 2 mM EDTA) 

[6, 7, 25]. The volume of the lysis buffer added was 4 µl/mg of 

tissue. The homogenates were centrifuged at 15,000 × g for 5 

min. Each supernatant was then assayed for luciferase activity. 

To evaluate intrahepatic localization of transgene expression, 

the luciferase activities in PCs and non-parenchymal cells 

(NPCs) were independently determined after centrifugal 

separation of PCs and NPCs in collagenase-digested liver as 

described previously [6]. 

2.8. Luciferase Assay 

Twenty microliters of tissue homogenate supernatant was 

mixed with 100 µl luciferase assay substrates (PicaGene
®
, 

Toyo Ink Mfg. Co., Ltd., Tokyo, Japan), The light produced 

was immediately measured using a luminometer (Lumat 

LB9507, Berthold Technologies, Bad Wildbad, Germany). 

Luciferase activity is indicated as relative light units (RLU)/g 

of tissue. 

2.9. Evaluation of Hemagglutination 

Lipoplexes were incubated with a murine erythrocyte 

suspension in serum (mimic of blood, erythrocytes:serum = 

2:3) for 5 min at 37°C, and then observed under a 

phase-contrast microscope (Leica DM IL LED, Leica 

Microsystems GmbH, Wetzlar, Germany). The camera for 

image acquisition was an EC3 (Leica Microsystems GmbH). 

The acquisition software was Leica Application Suite EZ 

(Leica Microsystems GmbH). 

2.10. Fluorescent Resonance Energy Transfer (FRET) 

Analysis 

We have demonstrated that FRET analysis is useful to 

evaluate the mechanism of lipoplex formation [7]. To evaluate 

membrane fusion during lipoplex formation, liposomes were 

double labeled with two types of fluorescent lipids, 

NBD-DOPE (1 mol%) and Rh-DOPE (1 mol%). To evaluate 

potential incorporation of several molecules of pDNA into one 

lipoplex particle, FL-pDNA and TMR-pDNA were mixed at a 

ratio of 1:4 prior to lipoplex formation. The fluorescent 

intensity spectra were measured using a 

spectrofluorophotometer (RF5300pc; Shimadzu Co., Kyoto, 

Japan). The excitation wavelengths for NBD and FL were set 

at 460 and 480 nm, respectively. Fusion of the lipid membrane 

in lipoplexes was measured by FRET reduction caused by 

lipid mixing between NBD-DOPE/Rh-DOPE double-labeled 

liposomes and unlabeled liposomes during lipoplex formation. 

Incorporation of several molecules of pDNA into one lipoplex 

particle was measured by FRET induction from FL-pDNA to 

TMR-pDNA incorporated in the same lipoplex particle. 

2.11. Statistical Analysis 

Statistical comparisons were performed by Student’s t test 

for two groups or by Dunnett’s test for multiple comparisons 

with a control group. 

3. Results 

3.1. Liver Selectivity of Lipoplexes Without PEGylation 

 

Fig. 1. Effect of galactosylation of lipoplexes without PEGylation on 

transgene expression in the liver and lung after intravenous injection in mice. 

Open bars: DOTAP/Chol liposomes; closed bars: DOTAP/Chol/Gal-C4-Chol 

liposomes. Each bar represents the mean + S.D. of four experiments. * P < 

0.05, ** P < 0.01 vs. DOTAP/Chol group. 

To confirm superior liver selectivity of galactosylated 

lipoplexes, we compared transgene expression of 

DOTAP/Chol and DOTAP/Chol/Gal-C4-Chol lipoplexes 

(Fig. 1). Transgene expression in the lung was much higher 



4 Shintaro Fumoto et al.:  The Insertion Timing of PEGylated Lipids to Galactosylated Lipoplexes Is  

Important for Liver-Selective Transfection in Mice 

than that in the liver for both lipoplexes, especially the 

DOTAP/Chol lipoplex. Galactosylation of lipoplexes 

significantly increased transgene expression in the liver, but 

decreased that in the lung. The ratio of transgene expression 

in the liver to that in the lung (liver/lung ratio) of 

DOTAP/Chol/Gal-C4-Chol lipoplexes was 0.110 ± 0.096, 

which was 37-fold higher than that of DOTAP/Chol 

lipoplexes (0.003 ± 0.001). Thus, 

DOTAP/Chol/Gal-C4-Chol lipoplexes were selected for the 

following experiments to evaluate the effects of insertion 

timing of PEGylated lipids to lipoplexes. 

3.2. Effect of PEGylation Timing on Physicochemical 

Characteristics of Lipoplexes 

Figure 2 shows the effects of insertion timing of PEGylated 

lipids on the particle size and ζ-potential of lipoplexes. 

Pre-insertion and syn-insertion of mPEG-Cer8 to lipoplexes 

significantly decreased the particle size, whereas 

post-insertion did not. The ζ-potential of lipoplexes was 

decreased by PEGylation, indicating that PEG moieties had 

sufficiently covered the surface of lipoplexes. 

To elucidate the mechanism of the reduction in particle 

size by PEGylation of lipoplexes, we assessed lipid 

membrane fusion during lipoplex formation (Fig. 3a and b) 

and potential incorporation of several molecules of pDNA 

into one lipoplex particle by FRET analysis (Fig. 3c and d). 

For membrane fusion, FRET reduction was analyzed by the 

increase in the ratio of NBD-DOPE fluorescence to 

Rh-DOPE fluorescence. The ratio of NBD-DOPE 

fluorescence to Rh-DOPE fluorescence in free liposomes 

was 0.139 ± 0.0002 (n =3). Extensive FRET reductions were 

detected in all lipoplexes (Fig. 3b). PEGylation inhibited 

FRET reduction, especially in syn-insertion, indicating that 

the PEG moieties had prevented membrane fusion. Next, 

incorporation of several molecules of pDNA into one 

lipoplex particle was assessed by FRET induction from 

FL-pDNA to TMR-pDNA (Fig. 3c and d). The ratio of 

TMR-pDNA fluorescence to FL-pDNA fluorescence in 

lipoplexes (>0.53) was slightly higher than that in free pDNA 

(0.467 ± 0.0005, n = 3) (Fig. 3d). This result indicated that 

several molecules of pDNA had occasionally incorporated 

into the same lipoplex particle. The ratios in pre- and 

syn-insertion lipoplexes were significantly lower than that in 

lipoplexes without PEGylation, whereas post-insertion did 

not change the ratio. Thus, the presence of PEGylated lipids 

during lipoplex formation suppressed the incorporation of 

several molecules of pDNA into one lipoplex particle. 

The absolute values of the ζ-potential of PEGylated 

lipoplexes were still high. Therefore, we evaluated the 

potential hemagglutination caused by positively charged 

lipoplexes (Fig. 4). PEGylation of lipoplexes prevented 

hemagglutination. This result also suggests that PEGylated 

lipids were successfully inserted into lipoplexes. From the 

viewpoints of physicochemical characteristics, pre- and 

syn-insertion of PEGylated lipids are preferable for 

hepatocyte-selective gene transfer. 

3.3. Liver-Selective Transgene Expression of Syn-insertion 

Lipoplexes 

Figure 5 shows transgene expression in the liver and lung 

after intravenous injection of lipoplexes in mice. Using 

pre-insertion, transgene expression in the liver and lung was 

extremely low compared with lipoplexes without PEGylation 

(Fig. 5a). Syn- and post-insertion of PEGylated lipids 

maintained transgene expression in the liver, while decreasing 

that in the lung compared with lipoplexes without PEGylation. 

The liver/lung ratio of the syn-insertion group was more than 

the unity, which was 20-fold higher than that of lipoplexes 

without PEGylation (Fig. 5b). The liver/lung ratio of 

post-insertion was less than the unity. Thus, syn-insertion was 

the best timing in terms of liver-selective gene transfer. 

 

Fig. 2. Effect of insertion timing of PEGylated lipids on the physicochemical characteristics of lipoplexes. (a) Particle size. (b) ζ-potential. The concentration of 

PEGylated lipids was set to 20 mol%. Each value represents the mean + S.D. of three experiments. *** P < 0.001 vs. control group (without PEGylation). 
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Fig. 3. FRET analysis of membrane fusion among liposomes during lipoplex formation (a, b) and incorporation of several molecules of pDNA into one lipoplex 

particle (c, d). (a, c) Mean emission spectra. Fluorescent intensity spectra were measured at excitation wavelengths of 460 nm (a) and 480 nm (c). (b) Ratio of the 

fluorescent intensity of NBD (F528) to Rh (F588), indicating membrane fusion. NBD and Rh double-labeled liposomes were mixed with unlabeled liposomes at 

a ratio of 1:4 prior to lipoplex formation. (d) Ratio of the fluorescent intensity of TMR (F575) to FL (F525), indicating the presence of several molecules of pDNA 

in one lipoplex particle. FL-pDNA and TMR-pDNA were mixed at a ratio of 1:4 prior to lipoplex formation. The concentration of PEGylated lipids was set to 20 

mol%. Each bar represents the mean + S.D. of three experiments. *** P < 0.001 vs. control group (without PEGylation). 

 

Fig. 4. Assessment of hemagglutination induced by lipoplexes. The 

concentration of PEGylated lipids was set to 20 mol%. Scale bar: 20 µm. 

3.4. Effect of the Concentration of PEGylated Lipids in 

Syn-insertion 

To decrease the particle size of lipoplexes, 5 mol% of 

PEGylated lipids was sufficient for syn-insertion (Fig. 6a). 

Increasing the concentration of PEGylated lipids in 

syn-insertion to more than 5 mol% did not affect the particle 

size. To decrease the ζ-potential of lipoplexes, PEGylated 

lipids of more than 10 mol% were required (Fig. 6b). 

PEGylation of lipoplexes tended to decrease transgene 

expression in the lung (Fig. 7a). In contrast, the decrease of 

transgene expression in the liver was slight. As a result, 

increasing the concentration of PEGylated lipids in 

syn-insertion improved the liver/lung ratio of transgene 

expression (Fig. 7b). 
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3.5. Tissue Distribution of Transgene Expression 

To compare the profiles of tissue distribution, we examined 

transgene expression in other tissues (Fig. 8). Without 

PEGylation, transgene expression in the spleen and heart was 

comparable to that in the liver (Fig. 8a). In contrast, 

syn-insertion improved liver selectivity not only against the 

lung but also the spleen and heart (Fig 8b). Transgene 

expression in the kidney was low using both types of 

lipoplexes. 

 

3.6. Effect of Temperature During PEGylated Lipoplex 

Formation 

Figures 9 and 10 show the effects of temperature during 

PEGylated lipoplex formation on the physicochemical 

characteristics and transgene expression. To reduce the 

particle size, 37°C or higher during lipoplex formation was 

necessary (Fig. 9a). In contrast, PEGylation of lipoplexes 

reduced the ζ-potential regardless of the temperature during 

lipoplex formation (Fig.9b). Decreasing the temperature 

significantly affected transgene expression in the lung, while 

that in the liver did not change (Fig. 10). 

 

Fig. 5. Effect of insertion timing of PEGylated lipids on transgene expression in the liver and lung after intravenous injection in mice. The concentration of 

PEGylated lipids was set to 20 mol%. (a) Transgene expression in the liver (closed bars) and lung (open bars). (b) Ratio of transgene expression in the liver to 

that in the lung after intravenous injection of lipoplexes. Each bar represents the mean + S.D. of four experiments. * P < 0.05, ** P < 0.01 vs. control group 

(without PEGylation). 

 

Fig. 6. Effect of the concentration of PEGylated lipids on the physicochemical characteristics of syn-insertion lipoplexes. Each value represents the mean ± S.D. 

of three experiments. ** P < 0.01, *** P < 0.001 vs. 0 mol% group. 
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Fig. 7. Effect of the concentration of PEGylated lipids on transgene expression after intravenous injection of syn-insertion lipoplexes in mice. (a) Transgene 

expression in the liver (closed circles) and lung (open inverted triangles). Each value represents the mean + S.D. of four experiments. There were no significant 

differences between transgene expression in the liver and lung. (b) Ratio of transgene expression in the liver to that in the lung. Each value represents the mean 

± S.D. of four experiments. ** P < 0.01 vs. 0 mol% group. 

 

Fig. 8. Tissue distribution of transgene expression. (a) Without PEGylation. (b) Syn-insertion (20 mol% PEGylated lipids). Each bar represents the mean + S.D. 

of four experiments. * P < 0.05 vs. liver. 

 

Fig. 9. Effect of temperature during syn-insertion lipoplex formation on the physicochemical characteristics. (a) Particle size. (b) ζ-potential. The concentration 

of PEGylated lipids was set to 20 mol%. Each value represents the mean ± S.D. of three experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. control group 

(without PEGylation). 
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Fig. 10. Effect of temperature during syn-insertion lipoplex formation on transgene expression in the liver and lung of mice. (a) Transgene expression in the liver 

and lung. (b) Ratio of transgene expression in the liver to that in the lung. The concentration of PEGylated lipids was set to 20 mol%. Each bar represents the 

mean + S.D. of five experiments. * P < 0.05, ** P < 0.01 vs. 60°C group. 

 

Fig. 11. Intrahepatic distribution of transgene expression after intravenous 

injection of syn-insertion lipoplexes in mice. Closed bars: PCs (liver 

parenchymal cells), open bars: NPCs (liver non-parenchymal cells). The 

concentration of PEGylated lipids was set to 20 mol%. Each bar represents 

the mean + S.D. of five experiments. * P < 0.05 vs control group (without 

PEGylation). 

3.7. PC Selectivity of Transgene Expression 

The purpose of the present study was to improve 

hepatocyte-selective gene transfer. Therefore, we assessed 

transgene expression in PCs and NPCs (Fig. 11). Transgene 

expression of syn-insertion lipoplexes in PCs was slightly 

higher than that of lipoplexes without PEGylation, while 

transgene expression in NPCs was decreased slightly. In 

addition, the PC/NPC ratio of syn-insertion lipoplexes was 

significantly higher than that of lipoplexes without 

PEGylation. 

4. Discussion 

In vivo transfection efficiency of non-viral vectors is often 

inferior to the in vitro transfection efficiency. Specific in vivo 

factors such as interactions with blood components and 

biodistribution restrict in vivo transfection. Thus, to deliver 

foreign genes to liver PCs, rational design is required for the 

development of non-viral vectors. Rational design of 

lipoplexes includes prevention of hemagglutination, escape 

from the lung, the particle size, and targeting ligands. In the 

present study, we designed small PEGylated galactosylated 

lipoplexes for liver PC targeting. The most important aspect 

was the insertion timing of PEGylated lipids to lipoplexes. We 

developed syn-insertion as a novel timing. The particle sizes 

of syn- and pre-insertion lipoplexes were small (Fig. 2). 

Transfection efficiency of syn-insertion lipoplexes was similar 

to that of post-insertion lipoplexes (Fig. 5a). Syn-insertion 

also improved liver selectivity of transgene expression (Fig. 

5b). Furthermore, syn-insertion improved liver selectivity 

against other tissues and PC selectivity of transgene 

expression (Figs. 8 and 11). Thus, syn-insertion may have a 

good balance of physicochemical characteristics and in vivo 

transfection efficiency. 

PEGylation of lipoplexes is a useful strategy to inhibit 

interactions with blood components. The first event after 

intravenous injection of lipoplexes is interaction with blood 

components, followed by trapping in the lung. Both blood 

cells and plasma components such as lipoproteins are thought 

to be limiting factors of in vivo transfection [27-29]. In 

particular, the cationic nature of lipoplexes induces 

hemagglutination [28]. Such large aggregates are easily 

trapped in lung capillaries. Our previous study indicates that 

the presence of large amounts of proteins such as albumin 

prevents hemagglutination [30]. The surface charge of 



 Gene and Cell Therapy 2016; 1(1): 1-11 9 

 

lipoplexes is inverted from positive to negative by interacting 

with serum. However, negatively charged lipoplexes covered 

with serum proteins can still be trapped by lung capillaries, 

because fibronectin in the blood can mediate interactions 

between cell surface integrins and lipoplexes [30]. Thus, 

inhibiting interactions with blood components is necessary to 

prevent pulmonary transfection. In this study, we selected 

mPEG-cer8 with a short acyl chain as a detachable PEGylated 

lipid [21, 24, 31]. Detachable PEGylated lipids can overcome 

the PEG dilemma in which PEG moieties on the surface of 

lipoplexes inhibit all interactions including those with target 

cells. Because a PEG moiety prevents endosomal escape [32] 

and cellular uptake [33], detachable PEGylated lipids are a 

rational choice. We showed that mPEG-cer8 inhibited 

hemagglutination (Fig. 4), which is similar to mPEG-DOPE 

[28]. This property of mPEG-cer8 is important to prevent the 

first-pass effect through lung capillaries. Hepatic transgene 

expression was maintained by syn-insertion of mPEG-cer8 to 

lipoplexes, while pulmonary transgene expression was 

decreased (Fig. 5), supporting the hypothesis that mPEG-cer8 

detaches from lipoplexes after the first-pass through lung 

capillaries. Detachment of mPEG-DOPE from lipoplexes had 

hardly occurred because transgene expression in the liver and 

lung were negligible when using syn-insertion lipoplexes 

containing mPEG-DOPE (data not shown). Taking these data 

into consideration, not only insertion timing, but also selection 

of PEGylated lipids is important to achieve targeted gene 

delivery. 

In terms of the physicochemical characteristics of 

lipoplexes, it has been reported that increasing the surface 

charge and particle size increases uptake by phagocytes 

including liver Kupffer cells [34-36]. Synergistic effects of 

steric hindrance by PEGylation [37], a size decrease, and 

surface charge mask result in escape from the 

reticuloendothelial system. Syn-insertion of PEGylated lipids 

decreased the particle size and masked the surface charge of 

lipoplexes (Fig. 2), suggesting escape from uptake by Kupffer 

cells. Because the size of fenestrae ranges from 100 to 200 nm 

[38-40], fenestrae can restrict penetration of lipoplexes. We 

previously demonstrated restricted penetration of lipoplexes 

without PEGylation through the fenestrated endothelium of a 

perfused rat liver [41]. In contrast, polyethylenimine/pDNA 

complexes, which have a smaller particle size as lipoplexes, 

easily penetrate through a fenestrated endothelium [42]. Thus, 

the small particle size of syn-insertion lipoplexes was also 

preferable for penetration through sinusoids in the liver. In fact, 

the PC/NPC ratio of syn-insertion was superior to lipoplexes 

without PEGylation (Fig. 11). Therefore, physicochemical 

characteristics may largely affect the biodistribution of 

lipoplexes. 

The concentration of mPEG-cer8 was an important factor to 

determine both the physicochemical characteristics of 

lipoplexes and their in vivo transection efficiency. A high 

concentration of mPEG-cer8 was required to decrease the 

ζ-potential (Fig. 6b) and increase liver selectivity of transgene 

expression (Fig. 7b), whereas a low concentration of 

mPEG-cer8 was sufficient to decrease the particle size (Fig 

6a). The decrease in the ζ-potential was probably due to 

sufficient covering of PEG moieties on the surface of 

lipoplexes, which was important to prevent pulmonary 

transgene expression. 

A high temperature during lipoplex formation was also 

required for high liver selectivity of transgene expression (Fig. 

10b). The particle size of lipoplexes was dependent on 

temperature during lipoplex formation, while the ζ-potential 

was not (Fig. 9). Thus, the temperature during lipoplex 

formation mainly affected the particle size of syn-insertion 

lipoplexes, thereby inhibiting pulmonary transfection. 

Pre- and syn-insertion of PEGylated lipids decreased the 

particle size, whereas post-insertion did not (Fig. 2). Therefore, 

the presence of PEGylated lipids during lipoplex formation is 

important to reduce the particle size. Steric hindrance by PEG 

moieties during lipoplex formation might stabilize a lipoplex 

intermediate and prevent interactions among lipoplex 

intermediates and subsequent formation of large aggregates. 

Accordingly, membrane fusion and incorporation of several 

molecules of pDNA into one lipoplex particle were inhibited 

(Fig. 3), which would be the reason for the small particle size 

of pre- and syn-insertion lipoplexes. To obtain a small particle 

size of syn-insertion lipoplexes, it was necessary to warm the 

mixture during lipoplex formation (Fig. 9a). It is well known 

that increasing the temperature increases the ζ-potential of a 

particle, which might be important to maintain repulsion 

among lipoplex intermediates and prevent large aggregate 

formation. Both the presence of PEGylated lipids and a high 

temperature during lipoplex formation are important to obtain 

small particle sizes. 

In terms of targeting ligands, we selected galactose for 

hepatocyte-selective gene transfer. Galactosylation of 

lipoplexes improved liver selectivity of transgene expression 

(Fig. 1). For liver targeting, the use of asialofetuin [43] and 

transferrin [44] has been reported. Because asialofetuin and 

transferrin are proteins, galactosylation has several advantages 

such as easy handling and pharmaceutical stability. In contrast, 

neutralized lipid nanoparticles without any ligands can be 

delivered to the liver via an interaction with apolipoprotein E 

[45]. Because the nanoparticle does not contain 

pharmaceutically unstable components, such a strategy may 

be useful to deliver foreign genes to the liver. 

5. Conclusion 

We demonstrated that the physicochemical characteristics 

and in vivo transfection efficiency of lipoplexes were highly 

dependent on the insertion timing of PEGylated lipids to 

lipoplexes. The syn-insertion of PEGylated lipids to 

galactosylated lipoplexes simultaneously decreased the 

particle size and increased liver selectivity of transgene 

expression. These properties were superior to those of pre- and 

post-insertion. Furthermore, we improved liver PC selectivity 

by syn-insertion of PEGylated lipids to galactosylated 

lipoplexes. These results suggest that the combination of 

PEGylated lipids with syn-insertion to galactosylated 

lipoplexes improves liver selectivity of transgene expression 
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after intravenous injection in mice. Hence, these data will be 

valuable for the design and preparation of PEGylated 

lipoplexes for gene targeting. 
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