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Chapter I General introduction 
 

1.1. Drug delivery system (DDS)  

 Drug delivery system (DDS) has been considered as a key technology to achieve efficient 

drug treatment by reducing undesirable side effects [1–3]. Especially, the highly cytotoxic drugs, 

such as anti-cancer drugs, should be delivered to the diseased site specifically to maximize the 

therapeutics effect. As DDS carriers, various types of nano-sized materials, namely, 
nanocarriers are used [4]. When drugs are encapsulated into nanocarriers, the side effect of drugs 

could be reduced due to the reduction of nonspecific diffusion of drug to healthy tissues. 

Furthermore, the blood clearance time of encapsulated drug becomes longer, since nanocarriers 

(generally ~100-nm diameter) could evade renal filtration that excretes nanoparticles of less than 

6-nm dimeter [5]. 

 Nanocarrier-based drugs (nanomedicines) have been clinically available as mainly 

anti-cancer drugs from 1995. Since tumor tissues show leaky blood vessel structure and impaired 

lymphatic drainage, nanomedicines can be accumulated into tumor tissues (enhanced permeability 

and retention (EPR) effect) [6,7]. Based on this phenomenon, nanomedicines are recognized as an 

effective strategy for cancer treatment. Doxil, a structurally stabilized liposomal doxorubicin, is the 

most successful nanomedicine and has been used clinically for cancer treatment from 1995 [8]. 

Doxil is ~100-nm spherical liposome encapsulating doxorubicin in its inner space and displaying 

polyethylene glycol (PEG) chain. Doxil shows longer circulation time in blood and significantly less 

side-effect than free doxorubicin. Currently, nanomicelles composed of block copolymer have 

emerged and used for the delivery of anti-cancer drugs such as paclitaxel, doxorubicin, and cisplatin, 

etc. [9] Several ongoing clinical trials showed excellent efficacy of nanomicelles-mediated drug 

delivery. Thus, nanomedicine is a promising formulation of anti-cancer drugs in terms of the 

tumor-directed DDS.  

 Contrary to the tumor targeting based on the EPR effect (i.e. passive targeting), it has been 

still difficult to achieve the active targeting to the specific tissues other than tumor tissues. Several 

ligands that can recognize the specific membrane proteins of interest have been used to modify the 

surface of nanoparticles, however, this strategy has not fully approved for clinically available 

formulation, due to the difficulties of the selection of target molecule that is expressed specifically in 

target site and not in non-target sites.  

 

1.2. Bio-nanocapsule (BNC) as a hepatitis B virus-mimicking DDS nanocarrier 

 Although nanocarriers should be implemented with targeting machinery, active targeting 

has not been achieved yet, since the nanofabrication of functional components into the tiny particle 

is difficult (i.e., a spatial limitation of synthetic nanocarriers). On the other hand, viruses are natural 
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occurring nanocarriers [10], of which the diameter is from several tens to hundreds of nanometers. 

They could infect host cells efficiently and specifically by the rational assembly of their components 

(surface proteins, lipid bilayer, and core proteins). Several functions of viruses are shared with 

nanocarriers as follows; 1) the evading activity from host immune systems (stealth activity), 2) the 

targeting activity to specific cells (host tropism), 3) the cell entry activity, 4) the controlled release 

activity of their genetic materials, and 5) the transporting activity of their contents to appropriate 

organelles. Indeed, some viruses are used as gene vectors from basic to clinical research [11]. They 

show incredible transfection efficiency compared with conventional synthetic vectors such as 

cationic liposomes [12,13], illustrating the excellent potentials of virus-derived DDS nanocarriers. 

Similarly, virus-like particles (VLPs) are used as a DDS nanocarrier [14–16]. VLPs are composed of 

viral proteins (capsid or envelope protein) with or without lipid bilayer. When drugs are incorporated 

into VLPs, they could be delivered to the host cells of original virus. Since VLPs lack viral genome, 

they could not replicate and thereby be used as safe DDS nanocarrier. Although viral vectors and 

VLPs thus possess advantages as DDS nanocarrier, the following issues should be addressed before 

moving to the clinical application. First, large scale production system of virus-derived nanocarriers 

has to be established; and second, immunogenicity of viral proteins should be eliminated. 

 Hepatitis B virus (HBV, Fig. 1.1 left) has three types of surface antigens (small (S) protein 

containing S region, middle (M) protein containing pre-S2 + S regions, and large (L) protein 

containing pre-S1 + pre-S2 + S regions) [17]. Due to the inhibitory effect of pre-S1 region on the 

secretory apparatus, the synthesis of L protein had been failed for long time. By the addition of 

synthetic signal peptide at the N-terminus of L protein, Kuroda et al. succeeded in the production of 

large amounts of HBV envelope L protein particle using recombinant yeast cells in 1992 [18]. One 

recombinant L particle displays about 110 molecules of L protein embedded in lipid bilayer derived 

from yeast endoplasmic reticulum. Initially, the VLP is recognized as an immunogen of HBV 

vaccine for inducing effective immune reaction against HBV. Particularly, the pre-S1 region of L 

protein is involved in the recognition with the HBV receptor on the surface of human hepatocyte 

[19,20]. Thereafter, recombinant L particle expected to behave like HBV in terms of human 

hepatocyte-specific infection. After the introduction of plasmid DNA or compounds into the inner 

hollow space of L particle by electroporation, they could be delivered to human hepatocyte in vitro 

and in vivo [21]. This nanoparticle was designated as “bio-nanocapsule (BNC)” (Fig. 1.1 right) and 

several types of BNC derivatives have been developed so far [22].  
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Fig. 1.1 Schematic representations of HBV and BNC. HBV is composed of envelope (lipid 

bilayer and surface proteins [S, M, and L protein]) and their contents (genomic DNA, core proteins 

[HBcAg], and DNA polymerase). BNC is composed of lipid bilayer and L protein. BNCs are 

spherical ~100-nm nanoparticles (from transmission electron microscope observation). 

 

 The most feasible formulation of BNC is the liposomal complex. When BNCs are mixed 

with liposomes (LPs), BNC spontaneously form stable BNC-LP complex [23]. Since various 

methods to encapsulate payloads into LPs have been already established, the availability of BNC-LP 

complex could expand the possibility of BNC technology in various applications. Currently, after the 

optimization of complex formation between BNC and LPs, BNC was found to form “virosome”, 

defined as a hybrid of viral proteins and LP [24,25]. The lipid bilayer of BNC fully fuses with LP 

membrane under acidic condition at high temperature. Virosome formulation enables us to control 

both lipid composition and BNC contents of BNC-LP complex. However, one question arises; how 

BNC fuses with lipid membrane? I presumed that BNC harbors membrane fusion activity, and 

thereby mediates the fusion between BNC and cellular membrane for the entry into cytoplasm. This 

activity might play a pivotal role in the uncoating process of HBV. In Chapter II, I demonstrated the 

identification of membrane fusion activity of BNC, the delineation of fusogenic domain in pre-S1 

region, and the elucidation of intracellular trafficking of BNC-LP complexes. 

 

1.3. Short interfering RNA (siRNA) therapeutics: potentials and problems 

 RNA interference (RNAi) has been recognized as a novel therapeutic strategy [26–28]. 

RNAi-mediated gene silencing could be an effective treatment for incurable diseases, since it 

mediates the disease pathogenesis directly. RNAi-based therapeutics including short interfering RNA 

(siRNA) and micro RNA (miRNA) are recently investigated against various target genes. Especially, 

siRNA can target and suppress gene of interest specifically after the incorporation into RNA-induced 

silencing complex (RISC) [29]. Whereas such nucleic acid medicines have been recognized as next 

generation drug, there has been no commercial RNAi-based drug to date. The most important issue 
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regarding clinical application of RNAi therapeutics is the difficulties of in vivo nucleic acids delivery. 

Since nucleic acid medicines are highly hydrophilic and large molecules (ca. siRNA, ~13 kDa), they 

are hard to penetrate cellular membrane by themselves. Furthermore, RNAi-based drugs must be 

delivered to the cytoplasm of target cells where RISC functions to silence target gene. Therefore, 

nucleic acid medicines had to be delivered intracellularly by DDS [30].  

 Several types of nanocarriers have been developed and evaluated so far [31]. Most 

successful nanocarrier for siRNA is lipid nanoparticle (LNP) [32,33]. The LNP is composed of 

pH-sensitive lipid, helper lipid, PEGylated lipid, and siRNA. Generally, LNPs show 50~100-nm in 

diameter and charge neutrally, which are suitable for intravenous administration. Particularly, 

pH-sensitive lipid, namely ionizable lipid, is the most important component as it possesses two 

following functions; the encapsulation of siRNA into LNP via electrostatic interaction between 

cationic ionizable lipid and anionic siRNA at acidic pH, and the induction of lipid mixing in the 

acidic endosome/lysosome after the internalization into cell via endocytosis, followed by the 

endosomal escape of siRNA. Furthermore, LNP could bind to apolipoprotein in blood, and 

accumulate to liver cells specifically by the interaction with apolipoprotein receptor on the 

hepatocytes [34]. Due to the rational design as mentioned above, LNP could deliver siRNA to 

hepatocyte efficiently, and subsequently induce gene silencing effectively even in the low-dose 

administration [35]. LNP formulation shows good tolerability in the clinical trials, whereas either 

immunological reaction or infusion-related toxicity is still observed [28]. These side-effects are 

probably due to the immunogenicity of siRNA and LNP. Moreover, cationic nature of the ionizable 

lipid in acidic endosome/lysosome is not suitable for the efficient release of siRNA, since the 

electrostatic interaction between ionizable lipid and siRNA could prevent the release of siRNA 

from LNP. Thus, nanocarriers excluding cationic and cytotoxic materials have been expected as safer 

than LNP for the forthcoming siRNA therapeutics. In Chapter III, I demonstrated the establishment 

of novel encapsulation method of siRNA into non-cationic LPs, and the targeted siRNA delivery by 

BNC-LP complexes to human hepatic cells in vitro.   
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Chapter II Intracellular Trafficking of Bio-nanocapsule-liposome 
Complex: Identification of Fusogenic Activity in the Pre-S1 Region of 
Hepatitis B Virus Surface Antigen L Protein 
 

2.1. Introduction 

 Hepatitis B virus (HBV) specifically infects the human liver via the action of the HBV 

surface antigen (HBsAg) L protein, of which the N-terminal half of the pre-S1 region functions as a 

human hepatocyte-recognition domain [1] In 1992, our group succeeded in overexpressing ~100-nm 

HBsAg L particles in yeast cells [2]. The L particle contains about 110 molecules of HBsAg L 

proteins embedded in a unilamellar liposome (LP) derived from yeast endoplasmic reticulum 

membrane [3]. The similarity of the outside of the HBsAg L particle to that of HBV led us to 

postulate that L particles would retain the early HBV infection mechanism. Indeed, the L particle has 

recently been shown to utilize the HBV receptors localized on human liver cells and to enter into 

these cells through either clathrin-dependent endocytosis or macropinocytosis at the same rate as 

HBV [4]. After having genes and drugs loaded into their cavity by electroporation, these L particles 

could deliver their payload specifically to human hepatic cells in vitro and in vivo with high 

transfection efficiency [5]. Systemic injection of the L particles containing HSV-tk (the herpes 

simplex virus thymidine kinase gene), followed by the administration of ganciclovir, inhibited the 

growth of human hepatic tumor in a mouse xenograft model [6]. This versatile L particle, a virosome 

[7], was designated as a bio-nanocapsule (BNC) [5].  

As for the methods used for incorporation of molecules into these BNCs, electroporation 

often induced unexpected fusion of BNCs, and is therefore unsuitable for good manufacturing 

protocol (GMP)-based drug production. In 2008, Jung et al. found that BNCs could form a stable 

complex with LPs, facilitating the incorporation of various therapeutic materials (e.g., >45-kb 

plasmid, 100-nm polystyrene beads) into the BNCs [8]. The BNC–LP complexes could deliver the 

incorporated materials to the specific site in vitro and in vivo with the same efficiency as BNCs alone. 

Since abandonment of electroporation allowed greater control over the manufacturing protocol, these 

BNC–LP complexes have been recognized as a second-generation BNC technology. 

In this study, in order to clarify the mechanism of complex formation between BNCs and 

LPs, I have examined whether BNCs have fusogenic activity using a lipid-mixing assay. By using 

fluorescence and electron microscopy, I found that BNC–LP complexes could bind to human hepatic 

cells and enter into cells via clathrin-mediated endocytosis. Furthermore, our results strongly 

suggested that BNC–LP complexes release their payloads into the cytoplasm due to the fusogenic 

activity of the pre-S1 region of the L protein. 
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2.2. Materials and Methods 

 

2.2.1. Materials 

BNCs were prepared from Saccharomyces cerevisiae AH22R- cells harboring the HBsAg 

L protein-expression plasmid pGLDLIIP39-RcT, as described previously [2,9] Protein 

concentrations were determined with a BCA protein assay kit (Pierce; Rockford, IL, USA) using 

bovine serum albumin (BSA; Wako; Osaka, Japan) as a standard. Trypsinized BNCs were prepared 

as described previously [2]. Monoclonal antibodies against each region of HBsAg L protein (the 

pre-S1 region, pre-S2 region, and S region) were purchased from the Institute of Immunology 

(Tokyo, Japan). p-Xylene-bis(N-pyridinium bromide) (DPX), pyranine, doxorubicin hydrochloride 

(DOX), chlorpromazine and amiloride were purchased from Sigma–Aldrich (St. Louis, MO, USA). 

 

2.2.2. Physicochemical analyses 

The sizes and ζ-potentials of BNCs were measured in phosphate-buffered saline (PBS) and 

water, respectively, at 25°C using a Zetasizer Nano ZS system (Malvern; Worcestershire, UK). The 

amount of IgG bound to BNC was determined at 25°C using a quartz crystal microbalance (QCM), 

model Twin-Q (As One; Osaka, Japan); a frequency change of 1 Hz corresponds to a weight change 

of 0.6 ng/cm2 on the sensor chip [10]. 

 

2.2.3. Lipid-mixing assay 

 Probe LPs (10 μg) containing phosphatidylcholine (PC; Avanti Polar Lipids; Alabaster, AL, 

USA), 

N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine 

(NBD-PE; Life Technologies; Carlsbad, CA, USA), and Lissamine Rhodamine B 

1,2-dihexadecanoyl-sn-glycero- 3-phosphoethanolamine, triethylammonium salt (Rh-DHPE; Life 

Technologies) at a molar ratio of 94:4:2 were mixed with non-probe LPs (40 μg) in 200 μl of PBS. 

The initial NBD-derived fluorescence (excitation at 470 nm, emission at 540 nm) was monitored at 

25 °C for 2 min. After addition of BNCs, PEG4000 (Polysciences; Warrington, PA, USA), Sendai 

virus (Hayashibara; Okayama, Japan), His6-tagged HIV-TAT peptide (GRKKRRQRRRPPQ; 

Invitrogen; Carlsbad, CA, USA), or synthetic peptide-displaying LPs (see below), the NBD-derived 

fluorescence was monitored for 30 min. Finally, Triton X-100 was added at 1.0% (v/v, final 

concentration) to quench the fluorescence resonance energy transfer (FRET) effect completely. In 

order to generate the synthetic peptide-displaying LPs, HBV pre-S1-derived peptides (Fig. 3A) were 

synthesized in an N-terminally His6-fused form, and were then displayed onto non-labeled LPs 

containing 1, 2-dioleoyl-sn-glycero-3-{[N(5-amino-1-carboxypentyl) iminodiacetic acid]succinyl}, 

nickel salt (DOGS-NTA-Ni; NOF, Tokyo, Japan). The N-terminally His6-fused HIV-TAT peptide 
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was used as a positive control. The percentage of NBD-derived fluorescence was calculated as 

follows: %F = (FNBD − F0) / (F100 − F0), where F0 is the initial NBD-derived fluorescence before the 

addition of samples; FNBD is the NBD-derived fluorescence at any period after the addition of 

samples; and F100 is the NBD-derived fluorescence after the addition of Triton X-100. 

 

2.2.4. BNC–LP complexes 

LPs for the BNC–LP complexes were prepared by using the mixture of 

1,2-dipalmitoyl-sn-glycero- 3-phosphocholine (DPPC; NOF), 1,2-dipalmitoyl-sn-glycero-3- 

phosphoethanolamine (DPPE; NOF), 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol, sodium salt 

(DPPG-Na; NOF), and cholesterol (Sigma–Aldrich) at a molar ratio of 15:15:30:40. LPs 

incorporating nanobeads were prepared by hydrating a lipid film with distilled water containing 

yellow-green FluoSpheres (20-nm diameter, Life Technologies). In order to label the LP membranes, 

1% (mol/mol) of DPPE was replaced with Rh-DHPE. LPs incorporating 8-nm Au nanoparticles 

(Winered Chemical Corporation; Tokyo, Japan) were purchased from Katayama Chemical Industries 

(Osaka, Japan). In order to label BNCs, fluorophore was introduced into L proteins using CF488A 

succinimidyl ester (Biotium; Hayward, CA, USA). BNCs and LPs were mixed at a ratio of 1:20 

(w/w) and incubated in Britton Robinson buffer (pH 4.0) [11] at 60 °C for 90 min. The BNC–LP 

complexes were purified using a 5–40% (w/v) CsCl gradient in isopycnic ultracentrifugation in a 

P40ST rotor (Hitachi; Tokyo, Japan), at 24,000 rpm at 25 °C for 16 h, followed by overnight dialysis 

against PBS at 4°C. The diameter of BNC–LP complex was reduced to less than 200 nm by 

sonication with a probe-type oscillator (Astrason model XL2020; output 20%, 20 kHz, Misonix; 

Farmingdale, NY, USA) at room temperature. 

DOX was encapsulated into BNC–LP complexes by remote loading method as described 

previously [12]. To measure the amount of leaked DOX, the BNC–LP–DOX complex was incubated 

with or without LPs composed of 1,2-dioleoyl-sn-glycero- 3-phosphocholine (DOPC; NOF) in 

indicated pH at 37 °C for 30 min. After incubation, the amount of leaked DOX was calculated by the 

DOX-derived fluorescence (excitation at 488 nm, emission at 590 nm) as described previously [13]. 

  

2.2.5. Fluorescence imaging 

Human hepatocellular carcinoma cell lines (Huh7 and HepG2), a murine hepatocellular 

carcinoma cell line (MH1C1), human colon cancer cell line (WiDr), and transformed African green 

monkey kidney cell line (COS-1) were obtained from the Riken Cell Bank (Tsukuba, Japan). Cells 

were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum, 

at 37 °C under humidified conditions and in 5% (v/v) CO2. About 104 cells, cultured in an 8-well 

glass-bottomed chamber (Thermo Fisher Scientific; Waltham, MA, USA), were incubated with 

BNC–LP complexes (5 µg/ml as BNC) at 37°C for the indicated periods, washed with PBS, fixed 
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with 4% (w/v) paraformaldehyde, and then stained with Hoechst 33342 (Dojindo; Kumamoto, 

Japan). Fluorescence images were acquired as stacked images (0.5–1.0-µm thickness; 10–15 stacks) 

using a confocal laser-scanning microscope (FV1000D; Olympus; Tokyo, Japan) and analyzed with 

ImageJ software (NIH, version 1.47g; Bethesda, MD, USA). Fluorescence intensities were 

calculated using the following formula: (fluorescence intensity/cell) = Σ (intensity of each 

dot)/(number of nuclei).  

For the colocalization experiments, about 2.0 × 105 cells, cultured in a 35-mm dish, were 

incubated with BNC–LP–beads complexes (5 µg/ml as BNC) for 30 min, washed with PBS, and 

further incubated in fresh medium for 0, 5, and 23 h. Cells were incubated in medium containing 100 

nM Lysotracker Red (Life Technologies) for 30 min, washed with PBS, and then incubated with 

0.025% (w/v) trypsin (Nacalai Tesque; Kyoto, Japan) at 37 °C for 5 min. This was followed by 

fixation, nuclear staining, and acquisition of fluorescence images. The rates of lysosomal 

colocalization were calculated using the following formula: (number of dots colocalized with 

Lysotracker)/(total dots) × 100 (%). The value was obtained from at least 4 independent experiments.  

 

2.2.6. Membrane disruption assay 

 LPs (DPPC:DPPE: DPPG-Na:choresterol = 15:15:30:40) containing 50 mM DPX and 35 

mM pyranine were incubated with BNCs or BNC-LP complexes at indicated pH conditions at 37ºC 

for 30 min. As described previously [14], the membrane disruption was monitored with the 

pyranine-derived fluorescence (excitation at 416 nm, emission at 512 nm). The percentage of 

pyranine was calculated as follows: %leak = (Fpyranine − F0) / (F100 − F0), where F0 is the initial 

pyranine-derive fluorescence; Fpyranine is the pyranine-derived fluorescence after the 30-min 

incubation with each samples; and F100 is the pyranine-derived fluorescence after the addition of 

Triton X-100. 

 

2.2.7. Transmission electron microscopy (TEM) imaging 

Huh7 cells (about 2.0 × 105 cells), cultured in a 35-mm dish, were incubated with BNC–

LP complexes (5 µg/ml as BNC) at 37 °C for 26 h, washed with PBS, fixed with 2% 

paraformaldehyde and 2% (v/v) glutaraldehyde (GA) at 4°C for 30 min, then fixed with 2% GA at 

4 °C overnight, and subsequently postfixed with 2% (w/v) osmium tetroxide for 1 h. Samples were 

then dehydrated with ethanol, embedded in a resin (Quetol-812, Nisshin EM; Tokyo, Japan), 

sectioned at 70-nm thickness, and mounted on cupper grids. Sections were then stained with 2% 

(w/v) uranyl acetate at room temperature for 15 min, washed with distilled water, stained with 

lead(II) citrate trihydrate (Sigma–Aldrich), and then observed by TEM, using a EM-1400Plus 

microscope (JEOL; Tokyo, Japan). 
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2.3. Results and discussion 

2.3.1. Fusogenic activity of BNC  

The fusogenic activity of BNC was examined using a lipid-mixing assay, utilizing FRET 

from NBD-PE to Rh-PE, both of which had been incorporated into probe LPs (donor LPs) at 

quenching concentrations [15]. As shown in Fig. 2.1A, the addition of BNCs to the mixture of probe 

LPs and non-probe LPs (1:4, w/w) gradually increased the NBD-derived fluorescence, as compared 

with that observed with addition of PEG4000 and Sendai virus, which have strong fusogenic activity 

[16–18]. The trypsinized BNCs which lack the N-terminal 125 amino acid (aa) residues [2] (Figs. 

2.1B and C) showed no increase in NBD-derived fluorescence (Fig. 2.1D), indicating that at least the 

N-terminal 125 aa residues of the HBsAg L protein are essential for the fusogenic activity of BNCs. 

 

Fig. 2.1 Fusogenic activity of BNCs. A, Typical fusion kinetics induced by BNCs (4 µg), Sendai 

virus (0.9 × 102 hemagglutinating activity), and PEG (final concentration: 8%, w/v). B, Schema of 

full-length (WT) and trypsinized (Try) forms of L protein. C, Silver staining and immunoblot 

analysis of WT- and Try-BNC. After trypsin digestion, BNCs were purified by gel-filtration 

chromatography. The removal of N-terminal 125 aa was confirmed by immunoblotting with anti-S, 

anti-pre-S1, and anti-pre-S2 antibodies. Arrow and arrowhead indicate WT- and Try-L proteins, 

respectively. D, Typical fusion kinetics of Try-BNC. *, p < 0.05 by student’s t-test. 
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2.3.2. pH-dependency of the fusogenic activity of BNCs  

In duck HBV, the fusogenic domain is hidden within the L protein, but is exposed via 

spontaneous conformational change at a low pH [19]. This change is considered to contribute to the 

endosomal escape of duck HBV. I therefore performed the lipid-mixing assay of BNCs under 

low-pH conditions (from pH 7.5 to pH 4.5). As shown in Fig. 2.2A, membrane fusion induced by 

BNCs was enhanced by the decreasing pH, indicating that the fusogenic activity of BNCs is indeed 

dependent on low pH. To investigate whether the conformational change in the HBsAg L protein 

enhanced the fusogenic activity of BNCs at low pH, I performed the lipid-mixing assay using fixed 

BNCs, in which the pre-S regions were immobilized with 4% paraformaldehyde and 1% 

glutaraldehyde. The low pH-dependency of the BNC fusogenic activity was reduced by this fixation 

(Fig. 2.2B).  

Next, to examine whether the N-terminal half of the pre-S1 region is involved in the low 

pH-dependent fusogenic activity, I evaluated the capacity of BNCs for binding to anti-pre-S1 

antibodies by QCM. As shown in Fig. 2.2C, the amount of bound anti-pre-S1 antibodies was 

significantly increased at low pH (pH 5.5), suggesting that the pre-S1 regions of BNC are deployed 

to the outside of BNC under low pH conditions (Fig. 2.2D). Taken together, it appears that the low 

pH-dependent conformational change of the pre-S1 region contributes to the enhancement of 

fusogenic activity, presumably resulting in the endosomal escape of BNCs, as well as HBV, in late 

endosomes [4,5].  
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Fig. 2.2 Low pH-dependent fusogenic activity of BNCs. A & B, Typical fusion kinetics of 

non-treated (A) and fixed (B) BNCs under acidic conditions. C, Quartz crystal microbalance (QCM) 

measurements of anti-pre-S1 antibody-binding to BNCs under different pH conditions. Data 

obtained at pH 7.5 were defined as 1. Bars, S.D. (N = 3). D, Hypothetical model of low 

pH-dependent conformational change of L protein. *, p < 0.05 by the Student’s t-test. 

 

2.3.3. Delineation of the fusogenic domain in the pre-S1 region  

Three peptides (24 aa) derived from the N-terminal 50 aa of the pre-S1 region (Fig. 2.3A) 

were chemically synthesized in a C-terminally His6-tag-fused form, and displayed on the surface of 

non-probe LPs through Ni-chelating phospholipids (DOGS-NTA-Ni). The lipid-mixing assay 

commenced with the addition of each synthetic peptide to the mixture of probe LPs and Ni-bearing 

non-probe LPs. As shown in Fig. 2.3B, peptide #1, encompassing aa 1–24 of pre-S1, showed strong 

fusogenic activity. The extent of membrane fusion at 30 min was about 25% of that induced by 

HIV-TAT peptide (positive control). The extent of membrane fusion at 30 min increased with the 

amounts of peptide #1 (1.0–20 µM), in a dose-dependent manner (Fig. 2.3C).  

Since the synthetic peptide encompassing aa 2–39 of the pre-S1 region was shown to 

inhibit the hepatocellular infection by HBV [20], I next examined whether BNC-mediated 

membrane fusion is suppressed by an excess amount of peptide #1. As shown in Fig. 2.3D, the 

extent of membrane fusion induced by BNCs was significantly decreased by peptide #1 in a 



 

18 
 

dose-dependent manner, whereas no significant change was observed with an equal amount of 

peptide #2. Moreover, a shorter form of peptide #1, encompassing aa 9–24 of the pre-S1 region 

(#1ΔN8), showed comparable levels of fusogenic activity to peptide #1 (Fig. 2.3E). When two 

mutations were introduced into the well-conserved Phe residues of peptide #1ΔN8 (Phe-13 and 

Phe-14 changed to Gly-13 and Gly-14, #1ΔN8(F13/14A)), the mutated peptide did not show 

substantial levels of fusogenic activity. Taken together, these results show the N-terminal 16 aa of the 

pre-S1 region (NPLGFFPDHQLDPAFG) are crucial for BNC-mediated fusogenic activity.  

Many viruses are taken up by target cells via receptor-dependent endocytosis. Some of 

them (e.g., influenza virus, alphavirus, and flavivirus) undergo spontaneous conformational changes 

of their fusogenic peptides at low pH in the late endosomes, which triggers the fusion between the 

endosomal membrane and the viral envelope membrane [21–24]. In HBV, two fusogenic domains 

have been identified in the N-terminal part of the HBsAg S protein [25–27] and the C-terminal part 

of the HBsAg pre-S2 region [28] . These sequences are highly conserved among different HBV 

subtypes, and to a lesser extent among other members of the hepadonavirus family. The former 

fusogenic domain was also activated at low pH [29] . The pre-S1 region of the HBsAg L protein 

enhances membrane fusion under acidic conditions in the late endosomes, as do other domains in the 

pre-S2 region and S protein, and induces the rapid endosomal escape of HBV. However, as shown in 

Fig. 1D, the fusogenic domain of the pre-S1 region may be indispensable for HBV-induced 

membrane fusion. When HB patient-derived HBsAg (a mixture of the endogenous S, M, and L 

proteins) was used for the lipid-mixing assay, the fusogenic activity was found to be comparable to 

that obtained with BNCs (data not shown), implying that BNC shares the membrane fusion 

machinery with HBV. Furthermore, the activity substantially diminished when antibodies against the 

N-terminal part of the pre-S1 region were added (data not shown), corroborating that the pre-S1 

region plays a central role in the membrane fusion of BNC and HBV. 
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Fig. 2.3 Fusogenic activities of the amino-terminal sequence of the pre-S1 region. A (upper), 

pre-S1 region-derived synthetic peptides. Three peptides (#1–#3) were synthesized as a C-terminally 

His6 tag-fusion. A (lower), Alignment of different HBV pre-S1 sequences [30]: letters in parentheses 

indicate HBV genotype. WM indicates woolly monkey HBV. Identical amino acids are highlighted 

by boxes in dark gray; conserved amino acids are highlighted in light gray. B, Fusion kinetics of 

labeled LPs and DOGS-NTA-Ni-containing non-labeled LPs upon the addition of synthetic peptides. 

C, Fusion kinetics of these LPs upon the addition of 1–20 µM peptide #1. D, Fusion kinetics of these 

LPs upon the addition of BNCs in the presence of excess amounts of peptides #1 and #2. E, Fusion 

efficiency (at 5 min) of peptide #1, peptide #1 lacking the N-terminal 8 amino acids (peptide #1ΔN8), 

and peptide #1ΔN8 harboring two mutated amino acids (peptide #1ΔN8(F13/14A)). Bars, S.D. (N = 

3). *, p < 0.05 by the Student’s t-test. 

 

2.3.4. Cellular uptake of BNC–LP-bead complexes 

 

The identification of the low pH-dependent fusogenic activity of the pre-S1 region of L 

protein led us to prepare BNC–LP–beads complexes by mixing BNCs with LPs containing 20-nm 

fluorescence beads (LP–beads) under acidic conditions (pH 4.0). As shown in Table 2.1, BNC–LP 

complexes showed 150-200 nm diameter and negative surface charges (-35 ~ -50 mV). For 

accessing hepatocytes in vivo, the BNC–LP complexes should pass through the sinusoidal 
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Table 2.1 Properties of complexes 

 

endothelial fenestrae. Since the pore size of fenestrae in human is ranging from 60 to 200 nm [31], it 

is considered that the systemically administrated BNC–LP complexes could pass through the 

fenestrae and reach at hepatocytes in human liver. 

 

 

 

 

 

 

 

 

 

When BNC–LP–bead complexes were incubated with various cells for 60 min, they bound 

more efficiently than LP–beads to human hepatic cell-derived cell lines (Huh7 and HepG2 cells), but 

not to other cell lines (Fig. 2.4A); the cell-specificity of the bead complex was very similar to those 

of BNCs and BNC–LP complexes [4,5,8]. Over a period of 24 h, the amount of BNC–LP–bead 

complex bound and internalized to Huh7 cells increased with time (Fig. 2.4B and C). After 24-h 

incubation, the amount of bound complex was 15-times higher than that of LP–beads. 

After liberating cell surface-bound complexes by trypsinization, the amount of internalized 

BNC–LP–beads complexes increased proportionally during the 24 h incubation (Fig. 2.4D). These 

results indicated that BNCs endow LPs not only with human hepatic cell-specificity, by means of the 

human hepatocyte-recognition domain of the pre-S1 region, but also with cell-entering activity, 

presumably due to the fusogenic domains. 
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Fig. 2.4 Binding and internalization of BNC–LP–bead complexes. BNC–LP–bead complexes 

were incubated with various cell types, followed by fixation and fluorescent imaging. A, The amount 

of BNC–LP–bead complexes bound to cells after 60-min incubation. Fluorescence intensities per 

cell were quantified and normalized to the value of LP–beads (set as 1.0). B, The binding and uptake 

of BNC–LP–bead complexes to Huh7 cells. BNC–LP–bead complexes were incubated with Huh7 

cells for 1 and 24 h. Green and blue dots represent beads and nuclei, respectively. Dashed lines 

represent the plasma membrane. Bars, 20 µm. C, The binding and uptake kinetics of BNC–LP–bead 

complexes in B. D, Internalization kinetics of BNC–LP–bead complexes in Huh7 cells. Values, mean 

± S.D. (N = 5), *, p < 0.05, **, p < 0.01 by the Student’s t-test against BNC–LP–beads. 

 

2.3.5. Intracellular trafficking of BNC–LP complexes 

Huh7 cells treated with BNC–LP–bead complexes for particular periods of time (1, 6, and 

24 h) were stained with Lysotracker Red, which can stain the acidic sub-cellular compartments (i.e., 

late endosomes and lysosomes), after which the cell surface-bound complexes were liberated by 

trypsinization. As shown in Fig. 2.5A and B, most of the beads did not colocalize with Lysotracker 
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Red during 24 h. Under the same conditions, epidermal growth factor (EGF) was internalized and 

mostly localized in lysosomes [32], suggesting that BNC–LP–bead complexes are internalized by 

endocytosis and then deliver their payloads to the cytoplasm. 

To investigate the pathway by which BNC–LP complexes are taken up, the cells were 

treated with the endocytosis inhibitors chlorpromazine [33], and amiloride [34], to inhibit 

clathrin-mediated endocytosis and macropinocytosis, respectively. Most human hepatocellular 

carcinoma-derived cell lines are known to lack caveolin [35]. The treatment with chlorpromazine 

significantly reduced the amounts of beads, LPs, and BNCs in the intracellular fraction, while 

amiloride treatment had no effect (Fig. 2.5C), indicating that BNC–LP–bead complexes were taken 

up mainly via clathrin-mediated endocytosis, but not by macropinocytosis. In contrast, the uptake of 

intact LPs was significantly reduced by the treatment with amiloride, but not with chlorpromazine, 

indicating that LPs were taken up by non-selective endocytosis, i.e., macropinocytosis [36]. Thus, I 

postulated that the surface modification of BNCs could alter the uptake pathway of LPs from 

macropinocytosis (non-selective, inefficient) to clathrin-mediated endocytosis (receptor-mediated, 

efficient) by means of the human hepatocyte-recognition domain of the pre-S1 region.  

To date, it has been believed that HBV enters target cells by receptor-mediated endocytosis, 

moves to the late endosomes, fuses with the endosomal membrane, and then translocates to the 

cytoplasm with the concurrent release of nucleocapsid particles [25,37]. The low pH-dependent 

fusogenic activity of the 9–24 aa of the pre-S1 region (see section 2.3.3) may contribute to the 

endosomal escape of nucleocapsid particles. Similar machinery would be operative in the 

cytoplasmic delivery of payloads from the BNC–LP complexes in late endosomes.  
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Fig. 2.5 Intracellular localization and uptake pathway of BNC–LP–bead complexes. A, 

Fluorescence images of EGF- or BNC–LP–bead complex-treated Huh7 cells (24 h incubation). 

Green, red, and blue dots represent EGF or beads, Lysotracker Red, and nuclei, respectively. Lower 

panels show magnified images of upper panels. Arrows indicate green dots that are not colocalized 

with red dots. Bars, 10 µm. B, Colocalization rates of EGF- or BNC–LP–bead complexes with 

Lysotracker Red. C, Effect of endocytosis inhibitors. Huh7 cells were pretreated with 

chlorpromazine (12.5 µg/ml, 30 min) or amiloride (1 mM, 15 min), and then incubated with BNC–

LP–bead complexes (labeled with CF488 for BNCs, rhodamine for LPs) or rhodamine-labeled LPs 

for 30 min. All values were normalized to control values (set as 100%). Values are mean ± S.D. (N ≥ 

4), *, p < 0.05, **, p < 0.01 by the Student’s t-test against the control. 

 

 By the lipid mixing assay (see Fig. 2.1), BNC–LP complexes were also shown to have low 

pH-dependent fusogenic activity (Fig. 2.6A). Therefore, I exploited whether the fusogenic activity of 

BNC or BNC-LP complexes cause membrane disruption of LPs containing pyranine and DPX 
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(fluorescence quencher) under low-pH conditions. As shown in Fig. 2.6B, both materials could 

disrupt exogenous LPs in a low-pH dependent manner, probably owing to the membrane fusogenic 

region of L protein. Next, the payloads release of BNC-LP complexes was examined by using 

doxorubicin (DOX) as a model payload. After remote loading of DOX into the complexes, the 

BNC-LP-DOX complexes and LP-DOX complexes (control) were contacted with free LPs under 

low-pH conditions. The DOX release was observed only in BNC-LP-DOX complexes, which was 

enhanced by low pH and free exogenous LPs synergistically (Fig. 2.6C). These results indicated that 

BNC-LP complexes could induce membrane disruption of exogenous LPs and themselves in low 

pH-dependent manner. Taken together, it was postulated that the BNC-LP complexes in late 

endosomes could release payloads into cytoplasm through the disruption of endosomal membrane. 

Fig. 2.6 Membrane fusion, membrane disruption, and payloads release of BNC–LP complexes 

under low-pH conditions. A, Fusogenic activity of BNC-LP complexes. Probe LPs (10 μg) 

containing NBD and rhodamine were incubated with no-probe LPs (40 μg) and BNC–LP complexes 

(40 μg as lipids) at pH 7.4 and pH 4.5 at 37ºC for 30 min. B, Membrane disruption activity of BNC–

LP complexes. LPs (4 μg) containing pyranine and DPX were incubated with BNC (1 μg as protein) 

and BNC–LP complexes (1 μg as protein) at pH 7.4 and pH 4.5 at 37ºC for 30 min. C, Payload 

release from BNC–LP–DOX complexes (10 μg as LPs). The complexes were incubated with or 

without LPs (20 μg) at pH 7.4 and pH 4.5 at 37ºC for 30 min. Bars, S.D. (N = 3). *, p < 0.05, **, p < 

0.01 by the Student’s t-test. 
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2.3.6. Intracellular localization of BNC–LP–Au nanoparticles complexes 

In order to decipher the intracellular localization of payloads of BNC–LP complexes, 

~8-nm Au nanoparticles (NPs) were encapsulated in BNC–LP complexes in a manner similar to that 

used with beads. Huh7 cells were incubated with the complexes for 26 h, which allowed us to 

identify the final intracellular destination of Au NPs. The cells were fixed, negatively stained with 

uranyl acetate, and observed by TEM. As shown in Fig. 2.7, Au NPs were detected as dense dots. 

Some Au NPs were found to localize in the cytoplasm, because no membrane structure was apparent 

around them (Fig. 2.7B, and C). Other Au NPs localized mainly to the late endosomes (Fig. 2.7D 

and E). These results corroborated that BNC–LP complexes were internalized into cells by means of 

clathrin-mediated endocytosis; some parts fused with the membrane of the late endosomes, and, 

finally, the payloads were released from the endocytic vesicles to the cytoplasm. 

 

Fig. 2.7 Transmission electron microscopic observation of BNC–LP–Au nanoparticle (NP) 

complexes in Huh7 cells. Nu, nucleus; LE, late endosomes; and Lys, lysosomes.  
 

2.4. Conclusion 

Two types of HBV receptors have been proposed to be involved in the early infection 

mechanism, such as heparin sulfate proteoglycan, as a low-affinity receptor [38], and an unidentified 

molecule, as a high-affinity receptor, which has recently been proposed to be the sodium 
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taurocholate-cotransporting polypeptide [39]. The former receptor initially interacts with HBV, and 

promptly transfers HBV to the latter receptor, followed by virus internalization by receptor-mediated 

endocytosis. In this study, novel low pH-dependent fusogenic activity was identified in the pre-S1 

region (9–24 aa) of HBV/BNC, using a lipid-mixing assay; this region was postulated to play a 

central role in the uncoating of HBV in endosomes and the subsequent cytoplasmic delivery of 

nucleocapsid particles. Similar to what has been demonstrated for BNCs [4], BNC–LP complexes 

may interact with both HBV receptors sequentially, become internalized by clathrin-mediated 

endocytosis, and release their payloads from the endosomes to the cytoplasm by the action of the 

fusogenic domain (Fig. 2.8). Since many viruses can establish an infection of host cells by means of 

their envelope proteins [40], LPs displaying such proteins hold promise as nanocarriers for the 

cytoplasmic delivery of drugs and genes with high specificity and infectivity. 

 

Fig. 2.8 Cell entry, intracellular trafficking, and subsequent payload release of BNC–LP 

complexes. First, BNC–LP complexes bind to heparin sulfate proteoglycan (HSPG) and are 

promptly transferred to the high-affinity receptor, after which they enter into the cells via 

clathrin-mediated endocytosis. After enhancement of the pH-dependent fusogenic activity of the 

pre-S1 region in late endosomes (~pH 5), BNC–LP complexes fuse with and disrupt endosomal 

membranes, and then subsequently release their payloads into the cytoplasm. 
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Chapter III One-step scalable preparation method for non-cationic 
liposomes with high siRNA content 
 
3.1. Introduction 

 Nucleic acid therapeutics are promising and potent therapeutics, because they could 

modulate the expression of genes responsible for disease onset. While most conventional 

low-molecular weight medicines execute their functions at the cell surface, nucleic acid therapeutics 

could directly modulate the intracellular events that cause disease. In particular, many clinical trials 

have sought to use short interfering RNAs (siRNAs), because they can suppress targeted genes at 

low doses [1]. However, siRNAs are easily degraded in the body via RNases in the blood, skin, and 

other organs. Furthermore, it is essential to deliver siRNAs to the site of disease in the body to obtain 

sufficient therapeutic efficacy.  

 To address these issues, siRNA encapsulation in nanocarriers has been utilized to protect 

siRNA from degradation and deliver siRNA to the cells and tissues of interest. For example, 100 nm 

nanocarriers accumulated spontaneously in tumors due to the enhanced permeability and retention 

effect [2], and evaded glomerular filtration, thereby maintaining their blood levels [3]. Cationic 

liposome (LPs), cationic polymer nanomicelles, and poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles have been used for siRNA delivery in vitro and in vivo [4,5]. Due to the cationic 

charges on the LP and polymer surface, they could interact with anionic phosphate groups in siRNAs 

to spontaneously form stable complexes (referred to as lipoplexes and polyplexes, respectively) and 

transfect cells in vitro and in vivo [6,7]. However, the cationic charges can induce cytotoxicity [8], 

and the nanocarriers can be inactivated by nonspecific binding to cells or proteins [9]. Furthermore, 

perturbation of gene expression by cationic lipids is a considerable problem [10]. 

 Non-cationic LPs are considered a safe nanocarrier for systemic siRNA delivery [11,12]. 

Several lines of research have demonstrated the possibility for efficient nucleic acid encapsulation in 

pre-formed non-cationic LPs. Semple et al. [13] reported that antisense DNA could be encapsulated 

in pH-sensitive LPs using ionizable lipid 1,2-dioleoyl-3-dimethylammonium-propane (DODAP), 

which was then modified to establish a lipid nanoparticle (LNP) technology for efficient systemic 

siRNA delivery [14] and used in human clinical trials [15]. Kapoor and Burgess [11,16] found that 

CaCl2 could enhance siRNA encapsulation in pre-formed anionic LPs. Additionally, Landen et al. 

[17] reported that neutral LPs lyophilized in the presence of butanol and Tween 20 could encapsulate 

siRNA upon hydration. Finally, Bailey and Sullivan [18] reported that both ethanol and CaCl2 could 

enhance the encapsulation of plasmid DNA into pre-formed neutral LPs. Although these methods 

could produce siRNA-containing LPs using either pre-formed neutral or pre-formed anionic LPs, 

they did not fulfill the criteria for manufacturing non-cationic LPs containing siRNA. First, LPs 

should be less than 200 nm for efficient systemic delivery. The siRNA content should also be high (> 
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10 wt% of LPs). Additionally, toxic solvents and materials should be avoided in the preparation. 

Finally, the method should be suitable for large-scale production, preferentially using a one-step 

protocol. These situations have led us to establish a new one-step method to prepare non-cationic 

LPs containing high siRNA levels. 

 

3.2. Materials and Methods 

3.2.1. Materials 

 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

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

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine 

(DSPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE),  

1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol sodium salt (DPPG-Na), and 

N-(Carbonyl-methoxypolyethyleneglycol 2000)-1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, 

sodium salt (DOPE-PEG2000) were purchased from NOF (Tokyo, Japan). Cholesterol was 

purchased from Sigma–Aldrich (St. Louis, MO, USA). 

1,2-di-(9Z-hexadecenoyl)-sn-glycero-3-phosphocholine (16:1 [Δ9-cis] PC) and 

1,2-di-(9E-octadecenoyl)-sn-glycero-3-phosphocholine (18:1 [Δ9-trans] PC) were purchased from 

Avanti Polar Lipids (Alabaster, AL, USA). GL3Luc siRNA (sense strand, 

5′-CUUACGCUGAGUACUUCGAtt-3′; antisense strand, 5′-UCGAAGUACUCAGCGUAAGtt-3′; 

where lower cases indicate DNA) [19] was purchased from Gene Design Inc. (Osaka, Japan). 

Cholesterol-conjugated GL3Luc siRNA was purchased from Hokkaido System Science Co. 

(Sapporo, Japan). The cholesterol group was conjugated at 3′ end of the sense strand [20].  

 

3.2.2. Encapsulation of siRNA into pre-formed LPs (sequential method)  

 Lipids dissolved in chloroform/methanol (2:1, volume) were added to a round bottom flask, 

evaporated to form thin film, and hydrated with 10 mM Tris-HCl buffer (pH 8.0), followed by the 

sonication in bath-type sonicator. The LP size was trimmed by extrusion with a 50 or 100 nm 

polycarbonate membrane to form 100 nm LPs. The encapsulation of siRNAs into the LPs was 

performed by the modified method published by Bailey and Sullivan [18]. The LP mixture (500 µg) 

and siRNAs (50 µg) in 300 µl Tris-HCl buffer were instilled with 200 µl of ethanol containing 10 

mM CaCl2 (final CaCl2 concentration, 4 mM) with continuous vortexing at room temperature, 

followed by the dialysis against phosphate buffered saline (PBS, pH 7.4) overnight at 4°C. 

 

3.2.3. Formation of siRNA-encapsulated LPs (simultaneous method)  
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 A mixture of 6.7 mM CaCl2 and siRNA (50 µg) in 300 µl Tris-HCl buffer was instilled 

with 200 µl ethanol containing lipids (500 µg) with continuous vortexing at room temperature, 

followed by dialysis against PBS (pH 7.4) overnight at 4°C. 

 

3.2.4. Characterization of siRNA-encapsulated LPs 

 Encapsulation efficiency (EE) was determined using Quant-iT RiboGreen RNA Reagent 

(Life Technologies, Carlsbad, CA, USA) according to the method reported by Heyes [21]. EE was 

calculated as follows: EE (%) = ([Ctotal]-[Cfree])/(Ctotal) × 100, where Cfree is the siRNA concentration 

without Triton X-100 (TX-100) treatment, Ctotal is the siRNA concentration with 0.1% (v/v) TX-100 

treatment. The LP concentrations were calibrated by the amounts of phospholipid and cholesterol, 

which were determined with the Wako Diagnostics-Phospholipids Reagent (Wako, Osaka, Japan) 

and Wako Diagnostics-Total Cholesterol Reagent (Wako), respectively. The LP size in PBS was 

measured at 25°C by dynamic light scattering analysis using a Zetasizer Nano ZS (Malvern, 

Worcestershire, UK). The LP ζ-potential in PBS was measured at 25°C by laser Doppler 

micro-electrophoresis using a Zetasizer Nano ZS. 

 

3.2.5. Evaluation of stability of siRNA-encapsulated LP  

 To evaluate resistance against RNase digestion, LPs containing 100 ng siRNA were 

incubated in 50% (v/v) fetal bovine serum (FBS) as a source of RNase at 37°C for 30 min, disrupted 

with 0.1% TX-100, and then analyzed by 2% agarose gel electrophoresis. The gel was stained with 

ethidium bromide and visualized under ultraviolet illuminator FAS III (TOYOBO, Osaka, Japan).  

 

3.2.6. Cytotoxicity of siRNA-encapsulated LPs 

 The human hepatocellular carcinoma line HepG2 (Riken Cell Bank, Tsukuba, Japan) was 

seeded in a 96-well plate (approx. 5.0 × 103 cells/well) and cultured in Dulbecco’s modified Eagle’s 

medium supplemented with 10% FBS in a humidified 5% (v/v) CO2 atmosphere at 37°C. Cells were 

treated with the indicated concentrations of LPs containing siRNA for 24 h. Cell viability was 

measured with the WST-8 reagent (Nacalai Tesque, Kyoto, Japan).  

 

3.2.7. Transfection of siRNA-encapsulated LPs conjugated with bio-nanocapsules (BNC-LP-siRNA) 

 Bio-nanocapsules (BNCs), hepatitis B virus (HBV) envelop L protein particles, were 

overexpressed in yeast cells [22], and then purified homogeneously as described previously[23]. To 

vest the targeting ability to the siRNA-encapsulated LPs (DPPC/DPPE/DPPG-Na/cholesterol, 

15/15/30/40 [mol/mol/mol/mol]), the LP-siRNA complexes (containing GL3Luc siRNA, siRNA/LP 

= 2.17 wt%) were mixed with BNC at one-twentieth weight of LPs to form BNC-LP-siRNA 

complexes [24]. Briefly, the mixture of LPs and BNCs were incubated in Britton Robinson buffer 
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(pH = 4) [25] at 60°C for 90 min, and applied onto size-exclusion chromatography (Sephadex G-25, 

GE healthcare, Little Chalfont, UK). Human hepatocellular carcinoma cell line Huh7 (Riken Cell 

Bank) expressing firefly luciferase gene (approx. 2.5 × 104 cells/well in 24-well plate) was cultured 

with the BNC-LP-siRNA complexes (final siRNA concentration, 150 nM) for 24 h, followed by 

luciferase assay using Steady-Glo Luciferase Assay System (Promega, Madison, WI, USA). 

Luciferase expression level was normalized by the protein concentration of cell lysate using BCA 

Protein Assay kit (Life Technologies). DharmaFECT (GE healthcare) was used as a positive control 

for siRNA transfection (final siRNA concentration, 100 nM). 

 

3.2.8. Intracellular localization of BNC-LP-siRNA complexes 

 As a model of siRNA, double-strand DNA (dsDNA) corresponding to GL3Luc siRNA was 

synthesized, followed by the conjugation with 6-carboxyfluorescein (6-FAM) at 5’-end of the sense 

strand and cholesterol at 3’-end of the sense strand (Gene Design Inc.). The dsDNA (hereafter, 

referred to as FAM-chol-dsDNA) was encapsulated into BNC-LP complexes as described above. 

Huh7 cells (approx. 1.0 × 104 cells/well in 8-well glass-bottomed chamber slide) were incubated 

with BNC-LP- FAM-chol-dsDNA complexes (final dsDNA concentration, 1.1 µM) at 37 °C for 24 h, 

followed by staining with 50 nM of LysoTracker Red (Life technologies) at 37 °C for 30 min, wash 

with PBS, fixation with 4% (w/v) paraformaldehyde at room temperature for 20 min, and staining 

with Hoechst 33342 at room temperature for 20 min. As a positive control, Lipofectamine 

RNAiMAX Transfection reagent (Life Technologies) was used. Cells were observed under a 

confocal laser scanning microscope (FV1000D; Olympus; Tokyo, Japan).  

 

3.3. Results and discussion 

3.3.1. siRNA encapsulation into pre-formed neutral LPs (sequential method) 

 As previously described, siRNA was encapsulated into pre-formed neutral LPs composed 

of 100 mol% DOPC or 50/50 mol% DOPC/DOPE in the presence of 40 vol% ethanol and 4 mM 

CaCl2 (hereafter, referred to as sequential method) [18]. As shown in Table 3.1, up to 80 and 60 wt% 

of the siRNAs were encapsulated in the LPs composed of DOPC and DOPC/DOPE, respectively. 

These encapsulating efficiencies (EE) were comparable to those of cationic lipoplexes 

(siRNA-encapsulated cationic LPs) prepared by conventional methods [21]. The weight ratios of 

siRNA/LP of both LPs were greater than 10%, which is comparable to those of the clinically-used 

lipid nanoparticle (LNP)-based technology [14,26]. The LPs composed of DOPC and DOPC/DOPE 

were negatively charged and approximately 150 nm and 550 nm in diameter, respectively. Due to the 

fusogenic properties of DOPE [27], the LPs composed of DOPC/DOPE may aggregate during 

preparation.  
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Table 3.1 Particle properties of the siRNA-encapsulated LPs prepared using the sequential 

method. N = 3, mean ± S.D. 

Formulation 

(mol%) 

EEa 

(wt%) 

siRNA/LP 

(wt%) 

Z-average 

(nm) 

PDI 

(-) 

ζ-potential 

(mV) 

DOPC 

(100) 
76.6 ± 0.6 13.3 ± 1.0 155.0 ± 14.2 0.191 ± 0.095 -11.1 ± 1.2 

DOPC/DOPE 

(50/50) 
56.9 ± 2.8 10.1 ± 0.4 547.8 ± 342.0 0.676 ± 0.220 -14.9 ± 2.1 

a EE, encapsulation efficiency. 

 
 Next, the CaCl2 concentration was optimized for siRNA encapsulation to pre-formed 

neutral LPs. When plasmid DNA was encapsulated into pre-formed neutral LPs, optimal CaCl2 

concentration was found between 4 and 8 mM [18]. I hereby examined 1, 4, 8, and 16 mM CaCl2 for 

the encapsulation of siRNA to the LPs composed of DOPC/DOPE. While 16 mM CaCl2 was slightly 

ineffective in siRNA encapsulation, lower CaCl2 concentrations showed higher EE (Fig. 3.1). Thus, 

4 mM CaCl2 was used for siRNA encapsulation of further experiments. These results demonstrated 

that the use of ethanol and CaCl2 is promising for the preparation of non-cationic LPs containing 

siRNA, and led us to investigate various phosphatidylcholine (PC)-based phospholipids to stabilize 

siRNA-encapsulated LPs. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Effect of CaCl2 concentration on the encapsulation efficiency (EE) of LPs composed of 

DOPC/DOPE. The LPs were prepared by sequential method. N = 3, mean ± S.D. 

 

3.3.2. Effect of phase transition temperature on encapsulation efficiency  

 When using various types of PC-based phospholipids at 100 mol% (Fig. 3.2A) [28–31], I 

found that higher phase transition temperatures (Tm) of LPs yielded lower EEs. The correlation plot 
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between Tm and EE (Fig. 3.2B) indicated that EE was negatively correlated with Tm (R² = 0.958), 

suggesting that the critical factor affecting siRNA encapsulation by this method is the fluidity of the 

LP lipid membranes.  

 
Fig. 3.2 Encapsulation efficiency (EE) of LPs composed of various PC-based phospholipids. (A) 

Phase transition temperature (Tm) of various PC-based LPs. (B) Relationship between Tm and EE. 

The LPs were prepared by sequential method. N = 3, mean ± S.D.  

 

3.3.3. Simultaneous method of siRNA encapsulation 

 Since the sequential method requires pre-formed neutral LPs before encapsulating the 

siRNA, the complete manufacturing time is relatively long, and harmful organic solvents 

(chloroform) are frequently used. These issues have prevented large-scale production of 

siRNA-encapsulated LPs. In contrast, ethanol injection is a simple and rapid method for the 

preparation of LPs in the absence of other organic solvents [32]. Thus, I have modified the 

sequential method with ethanol injection. When ethanol-containing phospholipids were instilled into 

the aqueous solution containing siRNA and CaCl2, I found that siRNA encapsulating LPs were 

formed (hereafter, referred to as the simultaneous method). As shown in Fig. 3.3A, the EE and 

weight ratio of siRNA/LP were the same as those of the sequential method (Table 3.1). It was 

reported that the calcium ion could condense nucleic acids and mediate a bridge between lipid 

membrane and nucleic acids [33]. Furthermore, ethanol reduced the required concentration of 

calcium ions required to condense the nucleic acids [18]. The ethanol also enhanced lipid membrane 

permeability [34]. Thus, the calcium ions and ethanol synergistically enhanced the encapsulation of 

siRNA into LPs. Surprisingly, the size of the LPs composed of DOPC/DOPE was drastically 

improved from the aggregated form (diameter: > 500 nm; PDI: ~0.7) to the monodispersed form 

(diameter: ~200 nm; PDI: ~0.2) (Fig. 3.3B, C), which can be used as a nanocarrier for the drug 

delivery system (DDS) without size trimming by extrusion. Taken together, I have successfully 
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eliminated the time-consuming and harmful LP preparation step, and then established the one-step 

and scalable method to prepare siRNA-encapsulated non-cationic LPs. 

 
Fig. 3.3 Encapsulation of siRNA into LPs using the simultaneous method. (A) Encapsulation 

efficiency (EE) and the weight ratio of siRNA/LPs. (B) Z-average and (C) PDI of 

siRNA-encapsulated LPs (black bars). Control, sequential method (white bars). N = 3, mean ± S.D. 

 

3.3.4. siRNA encapsulation into neutral LPs with high-phase transition temperature  

 Due to high stability and payload retention, LPs composed of high Tm (> 37°C) PCs are 

widely used for in vivo DDS applications [35]. However, PC-based high Tm LPs cannot encapsulate 

siRNAs (Fig. 3.2B), strongly suggesting that membrane fluidity is critical for EE. To improve the 

membrane fluidity of PC-based high Tm LPs, I added up to 40 mol% cholesterol to the LP 

formulation to act as a fluidity buffer either by disordering the gel state or by ordering the liquid 

state of the lipids [36]. As shown in Table 3.2, 40 mol% cholesterol drastically improved both the EE 

(> 60 wt%) and weight ratio of siRNA/LP (> 3 wt%) in the sequential and simultaneous methods. To 
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prove that the siRNA was encapsulated in the LPs, three types of siRNA-encapsulated LPs (DOPC, 

DOPC/DOPE, and DPPC/cholesterol) were subjected to FBS treatment (containing RNase and 

complements; at 37°C for 30 min), and analyzed by agarose gel electrophoresis (Fig. 4). While bare 

siRNA was completely degraded, the siRNA-encapsulated LPs were protected partially. Based on 

the densitometric intensity of each band, 92.7, 58.1, and 24.6 wt% of the siRNA in the LPs 

composed of DOPC, DOPC/DOPE, and DPPC/cholesterol, respectively, were protected from RNase 

degradation. These results demonstrated that siRNA was less susceptible to RNase after LP 

encapsulation, suggesting that siRNA-encapsulated non-cationic LPs could remain in circulation for 

longer times than bare siRNA.  

 

Table 3.2 Particle properties of siRNA-encapsulated LPs composed of DPPC and cholesterol 

prepared using the sequential and simultaneous method. N = 3, mean ± S.D. 

Formulation Methods 
Cholesterol 

(mol%) 

EEa 

(wt%) 

siRNA/LP 

(wt%) 

Z-average 

(nm) 

DPPC/ 

cholesterol 

Sequential 

method 

0 0 0 > 1000 

20 0 0 > 1000 

40 
64.7 ± 

1.3 
3.0 ± 0.2 

332.7 ± 

25.6 

Simultaneous 

method 

0 0 0 > 1000 

20 0 0 > 1000 

40 
75.4 ± 

3.0 
6.9 ± 0.9 

257.5 ± 

4.4 

a EE, encapsulation efficiency. 

 

 

 

 

 

 
Fig. 3.4 Agarose gel electrophoresis of siRNA-encapsulated LPs. siRNA (100 ng) was 

encapsulated into LPs (DOPC, DOPC/DOPE [50/50, mol/mol], and DPPC/cholesterol [60/40, 

mol/mol]) using the simultaneous method, treated with FBS at 37°C for 30 min, and electrophoresed 

in 2% agarose gel. 
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3.3.5. siRNA encapsulation into anionic LPs 

 Compared with neutral LPs, anionic LPs are thought to be more favorable, because they 

are highly dispersible due to their anionic charge, stable, and retain their payloads. Furthermore, they 

can circumvent non-specific interactions with cells or proteins in vivo because of their negative 

charge. Thus, anionic LPs may be an ideal nanocarrier for siRNAs. However, the electrostatic 

repulsion between anionic LPs and siRNA could interfere with siRNA encapsulation. As reported by 

Asai et al. [20] and Negishi et al. [37], cholesterol-conjugated siRNA [38] could be inserted into the 

phospholipid cavity in LPs, and thereby improve the stability of the siRNA-encapsulated LPs. In this 

study, I attempted to encapsulate cholesterol-conjugated siRNA into anionic LPs 

(DPPC/DPPE/DPPG-Na/cholesterol, 15/15/30/40 [mol/mol/mol/mol]). As shown in Table 3.3, 37 

wt% of siRNA was encapsulated into anionic LPs, and the weight ratio of siRNA/LP was ~5 wt%, 

whereas the unconjugated siRNA was not encapsulated. The anionic LPs containing 

cholesterol-conjugated siRNA were ~170 nm in diameter, highly monodispersed (PDI, 0.039), and 

negatively charged. These particle properties might be suited for in vivo systemic siRNA delivery.  

 

Table 3.3 Particle properties of anionic LPs containing unconjugated and 

cholesterol-conjugated siRNAs.  N = 3, mean ± S.D.  

Formulation 

(mol%) 
siRNA 

EEa 

(wt%) 

siRNA/LP   

(wt%) 

Z-average 

(nm) 

PDI 

(-) 

ζ-potential 

(mV) 

DPPC/DPPE/ 

DPPG-Na/ 

cholesterol 

(15/15/30/40) 

siRNA 0 0 
160.4 

± 3.0 

0.033 

± 

0.018 

-56.7 

± 6.4 

Cholesterol-siRNA 
36.5 

± 6.1 

4.7 

± 1.1 

172.7 

± 5.3 

0.039 

± 

0.043 

-59.2 

± 2.5 

a EE, encapsulation efficiency. 
 

3.3.6. Cytotoxicity of siRNA-encapsulated LPs 

 Cationic LPs were widely used for siRNA delivery in vitro and in vivo [7]; however, 

cytotoxicity due to the cationic charge remains a problem [8]. Therefore, the in vitro cytotoxicity of 

each siRNA-encapsulated LP (DOPC and DPPC/DPPE/DPPG-Na/cholesterol) was evaluated using 

HepG2 cells. As a control, cationic lipids (DC-6-14/DOPE/cholesterol) were used (Fig. 3.5) [39]. 

Non-cationic LPs showed no cytotoxicity at 50 µg/ml, while cationic LPs showed significant 

cytotoxicity at lower concentrations. The half maximal (50%) inhibitory concentration (IC50) values 
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of the non-cationic LPs were estimated to be 10-fold higher than that of cationic LPs. Thus, 

siRNA-encapsulated non-cationic LPs prepared by our method are safer for in vitro and in vivo 

siRNA delivery than cationic LPs.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5 Cytotoxicity of siRNA-encapsulated LPs in vitro. HepG2 cells were treated with the 

indicated concentration of LPs, cultured for 24 h, and then subjected to the WST-8 assay. Both 

siRNA-encapsulated LPs composed of DOPC (triangles) and DPPC/DPPE/DPPG-Na/cholesterol 

(squares) were prepared by simultaneous method. LPs composed of DC-6-14/DOPE/cholesterol 

(circles) were used to prepare lipoplexes by mixing with siRNA (LP/siRNA = 10/1 (wt)). The cell 

viability of HepG2 cells with no LPs was defined as 100%. N = 8, mean ± S.D. 

 

3.3.7. Targeted delivery of siRNA with non-cationic LPs 

 Since non-cationic LPs per se don’t adsorb onto cells in vitro, the siRNA-encapsulated 

non-cationic LPs could not introduce siRNA into cells. Meanwhile, HBV envelop L protein particles 

produced in yeast cells (bio-nanocapsules, BNCs) [40] have been shown to form a complex with LPs 

spontaneously and thereby deliver various materials (genes and drugs) in vitro and in vivo in a 

human hepatic cells-specific manner [24]. Therefore, anti-firefly luciferase gene siRNA (GL3Luc 

siRNA) was encapsulated into anionic LPs by simultaneous method, mixed with BNCs to form 

BNC-LP-siRNA complexes (Z-average, 136.0 ± 18.0 nm; PDI, 0088 ± 0.012; ζ-potential, -37.8 ± 7.5 

mV), and then used to transfect Huh7 cells (human hepatic cell-derived cells; target cells for BNC) 

expressing firefly luciferase. As shown in Fig. 3.6A, BNC-LP-siRNA complexes could suppress the 

expression of luciferase gene in Huh7 cells by ~50%, while siRNA-encapsulated LP itself could not. 

Next, I assessed the intracellular localization of siRNA delivered by BNC-LP complexes in Huh7 

cells. As a model of siRNA, dsDNA corresponding to GL3Luc siRNA sequence was labeled with 

6-FAM and cholesterol (FAM-chol-dsDNA), and encapsulated into anionic LPs by simultaneous 

method. The complexes were conjugated with BNCs and contacted with Huh7 cells, followed by the 
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observation under confocal laser scanning microscope (Fig. 3.6B). While LPs could rarely introduce 

FAM-chol-dsDNA into Huh7 cells, both BNC-LP complexes and positive control could introduce 

FAM-chol-dsDNA efficiently. The FAM-chol-dsDNA of BNC-LP complexes was partly excluded 

from late endosomes and lysosomes, and localized as dispersed form in cytoplasm. The results 

obtained from both experiments indicated that siRNA-encapsulated non-cationic LPs could deploy 

targeting molecules on the surface, introduce siRNA into the cytoplasm of target cells in vitro, and 

then suppress target genes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6 Transfection with BNC-LP-siRNA complexes. (A) Transmission electron micrograph of 

BNC-LP complexes. (B) Luciferase activities of Huh7 cells transfected with BNC-LP-siRNA 

complexes, LP-siRNA complexes, and positive control. Luciferase activity in non-treated cells 

(PBS) was set as 100%. N = 3, mean ± S.D. * indicates P < 0.01 by Student’s t-test. (C) Intracellular 

localization of FAM-chol-dsDNA in Huh7 cells. Huh7 cells transfected with BNC-LP-siRNA 

complexes, LP-siRNA complexes, and positive control were observed under confocal laser scanning 
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microscope. FAM-chol-dsDNA, green; LysoTracker Red, red; and Hoechst 33342(nuclei marker), 

blue. Bars, 20 µm. 

 
3.3.8. Encapsulation of siRNA into PEGylated non-cationic LPs  

 For the in vivo application of siRNA-encapsulated non-cationic LPs, it was examined 

whether polyethylene glycol (PEG)-conjugated phospholipids are applicable to the simultaneous 

method. Various ratios of DOPE-PEG2000 (from 0 to 5 mol% of total lipids) were mixed with 

DOPC and then formulated to siRNA-encapsulated LPs. All siRNA-encapsulated PEGylated LPs 

showed comparable level of EE (approx. 60 wt%), while non-PEGylated LPs showed EE of approx. 

70 wt% (Fig. 7), indicating that PEG moiety did not always impede siRNA encapsulation. The size 

and weight ratios of siRNA/LP of siRNA-encapsulated PEGylated LPs were 100 ~ 130 nm in 

diameters and approx. 7 wt%, respectively. Thus, siRNA-encapsulated non-cationic LPs could be 

PEGylated for the in vivo systemic siRNA delivery. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Effect of DOPE-PEG2000 on the EE and Z-average of siRNA-encapsulated LPs 

composed of DOPC. Bars, EE; and circles, Z-average. N = 3, mean ± S.D. 

 

3.4. Conclusion 

 In this study, I established a one-step and scalable method (simultaneous method) to 

prepare neutral LPs with high siRNA levels, which utilized ethanol injection and siRNA 

condensation by calcium ion. In particular, I have succeeded in encapsulating substantial amounts of 

siRNA into anionic LPs using cholesterol-conjugated siRNA. Our method would be applicable not 

only to siRNA, but also to other nucleic acid therapeutics, such as microRNAs or antisense nucleic 

acids. By arming with the machineries for targeting cells, enhancing cellular uptake, and endosomal 

escape on the surface of LPs, these LPs could be an alternative to conventional cationic LP-based 

siRNA delivery systems. 
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Chapter IV Comprehensive discussion 
 

4.1. Comprehensive discussion 

 In this study, I established cytoplasmic siRNA delivery system by utilizing human 

hepatocyte-specific nanocarrier, BNC-LP complexes. To date, several research groups have 

developed HBV-inspired DDS nanocarriers, such as pre-S1-displaying forms of protein nanocages 

[1,2], LPs [3–5], and polymer micelles [6]. These studies are based on the fact that pre-S1 domain of 

L protein plays a crucial role in the hepatocyte-recognition of HBV [7–9]. As described in Chapter 

III, sodium taurocholate cotransporting polypeptide (NTCP) was recently identified as a functional 

receptor of HBV [10]. Furthermore, N-terminal approx. 50 aa of pre-S1 region was shown to interact 

with NTCP [11], while HBV requires both pre-S1 and S region to infect with human hepatocyte [12]. 

In addition to the NTCP binding function of pre-S1, heparan sulfate proteoglycan (HSPG)-mediated 

binding is prerequisite for the early infection of HBV [13–15]. The antigenic loop in S region is 

required to interact with HSPG [16,17]. Thus, the involvement of at least two parts, N-terminal 

approx. 50 aa of pre-S1 region and antigenic loop of S region, is postulated to reconstitute the HBV 

infection machinery in synthetic nanocarriers. Since BNC harbors full-length L protein including 

pre-S1, pre-S2, and S region, and deploys whole pre-S1 region and antigenic loop of S region 

outwardly, BNC can exploit the HBV infection machinery by utilizing both HSPG- and 

NTCP-mediated binding. In the previous study, BNC was reported to interact with human hepatic 

cells through cell-surface proteoglycan [18]. Thus, in the future, it should be addressed whether 

NTCP could interact with BNC and mediate cell entry or intracellular trafficking of BNC.  

 As described in Chapter II, BNC was found to fuse with lipid bilayer by the short peptide 

sequence (9-24 aa of pre-S1 region) in a low pH-dependent manner, which contains fusogenic 

domain and thereby plays a crucial role in membrane fusion, membrane disruption, and payload 

release of BNC-LP complexes. These findings are important not only for the application of BNC-LP 

complexes as DDS nanocarriers, but also for the understanding of life cycle of HBV (especially in 

the early infection machinery). Membrane fusion and subsequent uncoating process of natural HBV 

are still unsettled [19]. Although I identified fusogenic domain in the pre-S1 region of L protein, it is 

still unknown whether HBV utilizes the fusogenic domain for its entry into human hepatocyte. I 

anticipate that BNC could be a useful tool to fully understand how HBV enters into cells, fuses with 

host membrane, and releases its contents to cytoplasm. 

 As for the fusogenic domain of pre-S1 region, low pH condition was shown to induce 

conformational change of at least pre-S1 region (see Figs. 2.2C & D), which might be mediated by 

the neutralization of two negatively charged aspartic acid residues within 9-24 aa of pre-S1 (D16 and 

D20). In other viruses, low pH-induced conformational change is important for the membrane fusion 

in acidic environment, and several negatively charged amino acid residues play a critical role in the 
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membrane fusion. In case of Semliki Forest virus (SFV), neutralization of aspartic acid residue 

(D188) in fusion protein E1 is prerequisite for the E1 trimerization, which mediates the initiation of 

membrane fusion [20]. Another example of low pH-dependent membrane fusion protein is GALA, a 

synthetic 30-aa peptide designed for the low pH-dependent membrane fusion activity [21]. GALA 

peptide could interact with lipid bilayer only in the acidic condition, since the acidic glutamic acid 

residues become neutralized and form amphiphilic α-helix conformation, which initiate membrane 

fusion. These studies indicated that the acidic amino acid residues (aspartic acid and glutamic acid) 

in fusion protein are likely to sensor the low pH environment to fuse with lipid bilayer. Although 

pre-S1 peptide is not likely to form ordered secondary conformation, such as α-helix [22,23], it is 

possible that neutralization of aspartic acids in low pH could enhance the affinity between pre-S1 

fusogenic domain and lipid bilayer or presumably facilitate the stabilization of oligomerized form of 

L protein. Thus, in the future, two aspartic acid residues in the pre-S1 fusogenic domain should be 

examined whether they are responsible for the membrane fusion of BNC and HBV presumably in 

acidic endosome. Furthermore, the fusogenic domain of pre-S1 could be used as a low pH-dependent 

cell penetrating peptide (CPP). Inspired by virus infection machinery, various types of CPPs have 

been developed and used for the delivery system of drugs and genes [24,25]. When the pre-S1 

fusogenic peptide is decorated on the surface of LPs, they could work for membrane fusion and 

subsequent endosomal escape in acidic endosome, followed by cytoplasmic delivery of payloads.    

 In Chapter III, I established a novel one-step method to encapsulate siRNA into 

non-cationic LPs. Comparing with conventional methods utilizing non-cationic LPs, the 

encapsulation efficiency and total encapsulated amounts of siRNA were the highest level (~80 wt% 

and ~10 wt% of LPs, respectively). This method could be applied not only to siRNA, but also to 

other nucleic acid medicines, such as microRNA, antisense oligonucleotide, and decoy 

oligonucleotide, etc. As for the siRNA delivery, I succeeded in the targeted delivery of siRNA by 

BNC-LP complexes (Fig. 3.6); however, knockdown efficiency was still low compared with 

conventional cationic LPs. When the formulation of BNC-LP complexes is optimized for siRNA 

delivery, they might be an ideal nanocarrier for in vivo siRNA delivery. Lipid composition might be 

a critical factor for enhancing knockdown activity of non-cationic LPs-mediated siRNA delivery. In 

case of the LNP formulation, the structure of hydrophobic moiety of lipids significantly affects the 

knockdown efficiency. For example, Akita et al. found that hydrophobic group of SS-cleavable 

proton-activated lipid-like material (ssPalm), an alternative of ionizable lipids, is critical for siRNA 

delivery efficiency. When the LNP formulated with ssPalm containing vitamin E as hydrophobic 

moiety was administrated to mice intravenously, potent knockdown efficiency was observed, while 

LNP formulated with ssPalm containing myristic acid showed no knockdown effect [26]. This study 

suggests that hydrophobic moiety of lipids significantly affects the knockdown efficiency of LNP. 

Another study revealed that the degree of unsaturation of ionizable lipids is critical for knockdown 
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efficiency of LNP [27]. Fusogenicity and knockdown efficiency of LNP were well correlated with 

the degree of unsaturation in fatty acid group. Especially, LNP composed of ionizable lipids 

containing two double bonds showed highest fusogenic activity and knockdown efficiency. 

According to these studies, by the modification of lipid moiety of BNC-LP complexes, knockdown 

efficiency might be further improved. In the present study, I utilized 

DPPC/DPPE/DPPG-Na/cholesterol (15/15/30/40, mol) formulation for LP preparation. These lipids 

are composed of fully saturated lipids, possessing low fusogenicity and rigid lipid bilayer (Tm = 

41~63°C). If the lipid moiety of BNC-LP complexes is replaced with highly fusogenic lipids or 

unsaturated lipids, both endosomal escape efficiency and knockdown efficiency of BNC-LP 

complexes would be improved. In addition to the nanocarriers, chemically modified siRNAs by 

themselves were shown to increase the stability against nuclease and knockdown efficiency, 

concurrently decrease the immunogenicity of siRNA [28–30]. If BNC-LP complexes are combined 

with these kinds of modified siRNA, knockdown efficiency might be improved. 

 Ideally, BNC-LP complex has to be simplified as they are difficult to produce in 

mass-scale for clinical application. Chemistry, manufacturing, and control (CMC) is the critical 

factor for mass scale production and quality control for the commercialization of nanomedicines. 

Due to the usage of recombinant yeast cells for the production of BNC, manufacturing process of 

BNC-LP complexes is relatively complicated compared with synthetic nanocarriers composed of 

chemically-defined materials. If the pleiotropic HBV-derived functions, such as human 

hepatocyte-specific binding ability (binding to both HSPG and NTCP), membrane fusion activity, 

and stealth activity, are reconstituted by conjugating functional short peptides rationally on the 

surface of non-cationic LPs, they could be a powerful DDS nanocarrier for siRNA delivery by 

mimicking infection machinery of HBV. 
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