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We have previously demonstrated that lipoplex, a complex of cationic liposomes and DNA, could be tar-
geted to human hepatic cells in vitro and in vivo by conjugation with bio-nanocapsules (BNCs) compris-
ing hepatitis B virus (HBV) surface antigen L protein particles. Because the BNC-lipoplex complexes were
endowed with the human hepatic cell-specific infection machinery from HBV, the complexes showed
excellent specific transfection efficiency in human hepatic cells. In this study, we have found that poly-
plex (a complex of polyethyleneimine (PEI) and DNA) could form stable complexes with BNCs spontane-
ously. The diameter and f-potential of BNC-polyplex complexes are about 240 nm and +3.54 mV,
respectively, which make them more suitable for in vivo use than polyplex alone. BNC-polyplex com-
plexes with an N/P ratio (the molar ratio of the amine group of PEI to the phosphate group of DNA) of
40 showed excellent transfection efficiency in human hepatic cells. When acidification of endosomes
was inhibited by bafilomycin A1, the complexes showed higher transfection efficiency than polyplex
itself, strongly suggesting that the complexes escaped from endosomes by both fusogenic activity of BNCs
and proton sponge activity of polyplex. Furthermore, the cytotoxicity is comparable to that of polyplex of
the same N/P value. Thus, BNC-polyplex complexes would be a promising gene delivery carrier for human
liver-specific gene therapy.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Gene therapy is a promising therapeutic procedure for the
treatment of intractable diseases. While selection of the most
effective therapeutic gene is important, the gene delivery system
(GDS) carrier delivering genes specifically to the affected parts in
patient is also crucial to the success of gene therapy.1 Currently,
certain viruses (e.g., retrovirus, adenovirus, adeno-associated
virus) are widely used as GDS carriers because of their remarkable
ability to infect cells. However, viral carriers sometimes disturb the
function of patient’s chromosome by inserting their genomes into
them, and viral components often elicit unexpected immunological
reactions in patients.2 These situations have led us to develop non-
viral carriers that circumvent the potential virus-related problems.
ll rights reserved.
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Two major non-viral carriers, cationic liposomes (LPs) and cat-
ionic polymers, have been shown to form cationic complexes with
nucleic acids, known as lipoplex (LPX) and polyplex (PPX), respec-
tively. These complexes interact with the cell surface electrostati-
cally, enter the cells by endocytosis, and the nucleic acids then
translocate from the endosomes to the cytoplasm via the endo-
somal escape route. These carriers are safe in comparison with vir-
al carriers, but their transfection efficiency is less efficient than
viral carriers.3 It has therefore been demonstrated that the trans-
fection efficiencies of LPX can be enhanced by conjugation with
viral envelope proteins (e.g., sendai virus,4 influenza virus5), to cre-
ate complexes known as virosomes. However, none of these GDS
carriers, including viral carriers, have yet been able to accomplish
pinpoint gene delivery in vivo.

Hepatitis B virus (HBV) specifically infects human hepatic cells,
and the surface antigen (HBsAg) L protein plays a pivotal role in the
early infection mechanism of HBV. The L protein can be overexpres-
sed as hollow particles of about 100 nm in yeast cells.6 Various
materials incorporated into the L particles by electroporation can
then be delivered specifically to human hepatic cells and tissues
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in vitro and in vivo.7 Recently, it was revealed that the cell attach-
ment and entry of L particles are mediated by the early infection
mechanism of HBV.8 The pre-S1 region in the N-terminal half of
the L protein was shown to possess membrane fusogenic activity
(unpublished data), which may play a crucial role in the transloca-
tion of HBV (as well as L particles) from endosomes to the cyto-
plasm. We therefore designated this useful GDS carrier as bio-
nanocapsule (BNC). The materials required for viral replication have
been removed from BNC to enable its use as an immunogen for HB
vaccine over the last three decades. BNC is therefore a proven safe
material. Furthermore, BNC can be retargeted to various cells and
tissues by substituting bio-recognition molecules (e.g., antibodies,9

lectins,10 cytokines7) for the human hepatic cell-receptor located in
the pre-S1 region. We previously observed that BNC could form a
stable complex with LPX, and the BNC-LPX complex could be used
for pinpoint in vitro and in vivo gene delivery.11 The BNC-LPX fusion
allowed us to obtain a substantial amount of BNC-based GDS carrier
efficiently and reproducibly. Thus, BNC is a promising biomaterial
for endowing non-viral carriers with excellent transfection effi-
ciency and high specificity for human hepatic cells.

In this study, we aimed to apply the BNC conjugation technique
to polyethyleneimine (PEI), one of the major cationic polymers used
for GDS. The PEI-derived PPX induces the rupture of endosomes by
the accumulation of protons from the cytoplasm (proton sponge ef-
fect12), and thus enhances endosomal escape of nucleic acids. The
conjugation with BNC was expected to confer both human liver
specificity and membrane fusogenic activity to PPX. In this report,
we demonstrate that PPX spontaneously forms stable complexes
with BNCs, and that these BNC–PPX complexes enable more effi-
cient and specific transfection of hepatic cells than PPX alone.
2. Materials and methods

2.1. Bio-nanocapsule (BNC)

BNC was prepared from Saccharomyces cerevisiae AH22R� strain
harboring BNC-expression plasmid pGLDLIIP39-RcT.6 BNC was
purified as described previously.13

2.2. Cells

The human hepatocellular carcinoma cell line, HuH-7, and the
human lung adenocarcinoma cell line, A549, were obtained from
RIKEN (Wako, Japan) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Nacalai Tesque, Kyoto, Japan) supplemented with
10% (v/v) fetal bovine serum (FBS, PAA Laboratories GmbH, Linz,
Austria) at 37 �C in a 5% CO2 humidified atmosphere.

2.3. QCM (quartz crystal microbalance) analysis

The interaction of BNCs with PEI was measured using a QCM
model Twin-Q (As One, Osaka, Japan). The sensor chip of the
QCM consisted of a 9 mm-diameter disk made from an AT-cut
27 MHz quartz crystal with gold electrodes on both sides (diame-
ter, 2.5 mm; area, 4.9 mm2). A frequency change (DF) of 1 Hz cor-
responded to a weight change of 6 pg/mm2. The temperature of the
measuring bath (500 ll) was kept at 25 �C, and the bath was mixed
at 600 rpm with a stirring tube. Measurements were taken until a
stable frequency (less than 4 Hz) was observed for >2 min.

2.4. Preparation of BNC–PPX complexes

BNC–PPX complexes were prepared by incubating BNCs with
branched 25 kDa PEI (polyethyleneimine; Sigma, St. Louis, MO) in
phosphate-buffered saline (PBS; 137 mM NaCl, 10 mM Na2PO4
and 2 mM KH2PO4, pH 7.4) at room temperature for 20 min, fol-
lowed by incubation with the pCAG-Luc3 luciferase expression
plasmid (kindly provided by Professor Naoto Oku at University of
Shizuoka) at room temperature for 20 min. Protein concentrations
were determined using the BCA Protein Assay Kit (Pierce, Rockford,
IL) with BSA (bovine serum albumin, Wako, Osaka, Japan) as the
standard.

2.5. AFM (atomic force microscopy) analysis

Sample solutions were spotted onto the mica chip, briefly dried
in air, and analyzed on an AFM model SPA-400 (SII NanoTechnology
Inc., Chiba, Japan). Images were acquired at the 500 � 500 nm scale
at room temperature in air.

2.6. Diameters and f-potentials

The diameters (Z-averages) and f-potentials of the samples
were measured at 25 �C in water using a Zetasizer Nano ZS (Mal-
vern Instruments, Worcestershire, UK).

2.7. Luciferase assay

Cells (about 5 � 104 cells/well) were grown in a 24-well cell cul-
ture plate for one day, and then incubated with freshly prepared
PPX alone or BNC–PPX complexes in serum-free medium. In case
of competition assay, cells were pre-incubated with BNCs at
126 ng/ml (as protein) for 30 min before each complex was added.
The medium was changed to FBS-containing medium after 6 h.
After 42 h, the cells were washed twice with PBS, then lysed with
100 ll of Passive Lysis Buffer (Promega, Madison, WI). Ten micro-
liter of cell lysate was mixed with 50 ll of Steady Glo luciferase
substrate solution (Promega), and analyzed on a microplate reader
Synergy2 (Biotek, Winooski, VT). Relative luminescence units
(RLU) for each sample were defined as the luminescence value di-
vided by the protein concentration.

2.8. Analysis of endosomal escape

HuH-7 cells (about 5 � 104 cells/well) were pretreated with 1 or
10 nM bafilomycin A1, a selective vacuolar proton pump inhibitor
(Wako), for 30 min, and subjected to luciferase assay. To visualize
the intracellular localization of PPX and BNC–PPX complexes, HuH-
7 cells (about 1.5 � 104 cells) grown in a 8-well glass-bottomed
chamber (Thermo Fisher Scientific, Waltham, MA, USA) were trea-
ted with 100 nM bafilomycin A1 for 30 min, contacted with PPX or
BNC–PPX complexes (N/P = 40, 800 ng/ml pCAG-Luc3, 500 ng/ml
(as protein) BNC), of which the PEI moiety was labeled with FITC
(Pierce) , and 200 lg/ml Texas Red-labeled dextran (endosome
marker, 70,000 MW, neutral; Invitrogen, Carlsbad, CA, USA). After
30 min, cells were washed with DMEM, and cultured for 2 h in
the presence of bafilomycin A1. The cells were washed with acid
buffer (200 mM acetic acid, 500 mM NaCl (pH 2.5)) for 5 min to re-
move excess fluorescence from cell surface, washed with PBS, and
then fixed in 4% (w/v) PFA in PBS at room temperature for 20 min.
Concurrently, nuclei were stained with Hoechst 33342 (Invitrogen)
in PBS at room temperature for 20 min. The fluorescence was ob-
served under an FV-1000D confocal laser scanning microscope
(Olympus, Tokyo, Japan). The areas of fluorescent dots derived
from PPX or BNC–PPX complexes in HuH-7 cells were measured
by using a software FV-10-ASW (Olympus).

2.9. Cytotoxicity assay

HuH-7 (target cells) and A549 (non-target cells) were seeded in
96-well cell culture plates at about 5 � 103 cells/well, cultured for



Figure 1. Complex formation of PEI with BNC. PEI (2 lg/injection) was applied into
a QCM sensor bath three times (closed circles). After washing with PBS, BNCs (5 lg/
injection) were applied into the sensor bath five times (closed triangles).
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24 h, and then incubated with PPX alone or BNC–PPX complexes at
different N/P ratios (10, 40, and 80) and plasmid concentrations
(10, 100, 200, and 500 ng/ml). Forty-eight hours after the addition
of the BNC–PPX complexes, WST-8 assay was performed using a
commercial WST-8 assay reagent (Nacalai Tesque) according to
the manufacturer’s protocol. The formation of tetrazolium from
WST-8 was monitored on a microplate reader at 450 nm.

3. Results and discussion

3.1. Complex formation of PEI with BNCs

PEI was adsorbed onto the sensor chip of QCM to saturation. As
shown in Figure 1 and 16.05 ± 5.17 ng (n = 3, mean ± SD) of PEI
(corresponding to �545.9 ± 175.9 Hz (n = 3, mean ± SD) of DF)
could be fixed onto the chip. Next, BNCs were added to the sensor
bath of a QCM to determine the amount of BNCs that could bind to
PEI. We determined that 195.4 ± 39.7 ng (n = 3, mean ± SD) of BNCs
(corresponding to �6646 ± 135.0 Hz (n = 3, mean ± SD) of DF)
interacted with PEI. As control, BNCs were also adsorbed onto
the chip at 88.4 ± 17.1 ng (n = 3, mean ± SD), corresponding to
�3007 ± 581.6 Hz (n = 3, mean ± SD) of DF. Accordingly, 1 ng of
PEI was estimated to bind to at least 107.0 ± 39.7 ng (n = 3,
mean ± SD) of BNCs, presumably by electrostatic interaction due
to its negatively charged surface (f-potential of BNCs, �15.6 mV).

3.2. Physicochemical properties of BNC–PPX complexes

AFM observation in air indicated that PPX of N/P = 40 (N/P, the
molar ratio of the amine group of PEI to the phosphate group of
Figure 2. AFM analyzes of PPX, BNC and BNC–PPX complexes. (A) PPX of N/P = 40, (B) BN
adsorbed onto a mica chip, dried, and then scanned in DFM (dynamic force microscopy
DNA), BNCs, and BNC–PPX complexes (N/P = 40) have dome-
shaped structures with distinct heights (Fig. 2). PPX was
3.85 ± 0.73 nm in height (n = 10, mean ± SD) and 146.1 ± 15.5 nm
in diameter (n = 88, mean ± SD) (panel A), BNC was 7.94 nm in
height (n = 10, mean ± SD) and 49.9 ± 21.5 nm in diameter
(n = 19, mean ± SD) (panel B), and BNC–PPX complexes were
62.2 ± 8.32 nm in height (n = 10, mean ± SD) and 169.2 ± 18.7 nm
in diameter (n = 29, mean ± SD) (panel C). DLS (dynamic light scat-
tering) analysis revealed that the Z-averages of PPX (N/P = 40),
BNCs, and BNC–PPX complexes (N/P = 40) were 187 nm
(PDI = 0.125), 74.0 nm (PDI (poly-diversity index) = 0.173), and
241 nm (PDI = 0.154), respectively. The volumes of these particles
calculated by DLS agreed well with those of the dome-shaped
structures observed by AFM, suggesting that these materials were
not ruptured on the mica chip of AFM even in air.

At increasing N/P ratios, the diameters (Z-averages) of PPX were
dramatically decreased from about 1 lm to about 200 nm, whereas
the diameters of BNC–PPX complexes did not change greatly
(Fig. 3A). The f-potentials of PPX and BNC–PPX complexes were
kept at about 30 and 5 mV at an N/P ratio of more than five
(Fig. 3B). For systemic administration, it is important for nanocar-
riers to escape from the capture by the reticuloendothelial system
in the body. Thus, the use of nanocarriers of 100–200 nm in diam-
eter is strongly recommended.14 As for the surface charge, posi-
tively charged materials tend to bind electrostatically to various
components in blood (e.g., plasma proteins, vessel endothelia,
and erythrocytes15), leading to rapid clearance from the body.
Due to its large size and positive charge, PPX has so far been
deemed inadequate for in vivo use. Conjugation with BNC would
prevent PPX from forming non-specific and unwanted interactions
with blood components, and also improve the pharmacokinetics of
PPX for in vivo use.

3.3. Transfection efficiency and cell specificity of BNC–PPX
complexes

BNC–PPX complexes were prepared by mixing BNCs with differ-
ent amounts of PEI, followed by mixing with the mammalian lucif-
erase expression vector to formulate various N/P ratios (10, 20, and
40) (see section 2.4). Each complex was added to the medium of
HuH-7 cells (the target cells for BNC) and A549 cells (the non-target
cells for BNC) in serum-free medium for 6 h. PPX prepared at the
same N/P ratios was used as the control. After incubation in FBS-
containing medium for 42 h, the cell lysate of each well was sub-
jected to luciferase assay (Fig. 4A and B). BNC–PPX complexes of
higher N/P ratio showed high transfection efficiency in HuH-7 cells
(closed bars in Fig. 4A), while the transfection efficiency of PPX was
low and independent of N/P ratio (open bars in Fig. 4A). In non-tar-
get A549 cells, both BNC–PPX complexes and PPX showed low
transfection efficiency (Fig. 4B). In particular, BNC–PPX complexes
C, and (C) BNC–PPX complexes of N/P = 40 were observed under AFM. Samples were
) mode. Color bars indicate the heights of the complexes.
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Figure 3. Diameters and surface charges of BNC–PPX complexes and PPX alone. Z-averages (A) and f-potentials (B) of BNC–PPX complexes (open squares) and PPX (open
circles) were measured using a Zetasizer Nano ZS.
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of N/P = 40 showed about 4.5-fold higher transfection efficiency
than PPX alone in HuH-7 cells (Fig. 4A), which was not enhanced
even at N/P = 80 (data not shown). Although the f-potentials of
BNC–PPX complexes were constantly neutral at N/P ratios of 5 to
40 (see Fig. 3B), the transfection efficiency was elevated in an N/P
ratio-dependent manner. As mentioned in Fig. 3, the amount of
conjugated BNCs might be increased in an N/P ratio-dependent
manner, resulting in keeping the size and surface charge of BNC–
PPX complex at about 200 nm and neutral, respectively. The BNC
moiety of BNC–PPX complexes might contribute to both specific
binding and efficient uptake in human hepatic cells, both of which
were recently shown in BNC itself by Yamada et al.8

Furthermore, to evaluate the effect of BNC on specific binding of
BNC–PPX complexes to human hepatic cells, we added BNC to the
luciferase assay using HuH-7 cells as competitor. Transfection effi-
ciency of BNC–PPX complexes was reduced by the addition of BNC,
whereas that of PPX was not affected (Fig. 4C). These results
strongly suggested that BNC–PPX complexes, similar to BNC itself,8
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specifically interacted with unidentified receptors for HBV on hu-
man hepatic cells and then entered into cells more efficiently than
PPX. Therefore, as well as LPX,11 PPX may be endowed with the
HBV-derived infection machinery by conjugation with BNCs, facil-
itating the efficient delivery of PPX specifically to human hepatic
cells.
3.4. Effect of BNC on endosomal escape of BNC–PPX complexes

To study the involvement of endosome acidification on endo-
somal escape of both PPX and BNC–PPX complexes, we added
bafilomycin A1, a selective vacuolar proton pump inhibitor,16 to
luciferase assay using HuH-7cells. The transfection efficiency of



Figure 7. Working hypothesis for the cellular attachment and entry of BNC, BNC–PPX complexes, and PPX in human hepatic cells. According to the early infection mechanism
of HBV, BNCs attach to postulated HBV receptor(s) specifically expressed on the surface of human hepatic cells, and subsequently enter into the cell via receptor-mediated
endocytosis. In the late endosomes, BNCs fuse with endosomal membranes through their endogenous low pH-dependent membrane fusogenic peptide, followed by
translocation from endosomes to the cytoplasm (endosomal escape). In contrast, PPX interacts with cell membranes electrostatically, and then enters into cells via non-
specific endocytosis. In the late endosomes, PPX is thought to induce the disruption of endosomes by its proton-sponge activity, followed by endosomal escape. BNC–PPX
complexes are expected to enter into cells in the same way as BNCs and exert endosomal escape synergistically by the membrane fusion activity of BNC and the proton
sponge activity of PPX.
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PPX was significantly decreased by bafilomycin A1 (open bars in
Fig. 5A), presumably due to the inhibition of proton sponge effect
crucial for endosomal escape of PPX.16 Contrary, the transfection
efficiency of BNC–PPX complexes was also decreased by bafilomy-
cin A1, but the degree of inhibition was moderate as compared
with PPX (closed bars in Fig. 5A). Furthermore, the intracellular
trafficking of PPX and BNC–PPX complexes was investigated with
FITC-labeled forms in HuH-7 cells. After the incubation without
bafilomycin A1 for 2 h, large part of these complexes was found
to escape from endosomes which was visualized with Texas Red-
labeled dextran (Fig. 5B, left panels). While PPX was colocalized
with endosomes (closed triangles) in the presence of 100 nM
bafilomycin A1, BNC–PPX complexes still escaped from endosomes
(open triangles). Based on the areas of fluorescent dots in Fig. 5B,
when the endosomal escape of both complexes in the absence of
bafilomycin A1 was defined as 100%, the treatment with bafilomy-
cin A1 was found to decrease the endosomal escape of PPX and
BNC–PPX complexes by 70% and 15%, respectively (Fig. 5C). Since
BNC was reported to harbor low pH-dependent membrane fuso-
genic domains,17,18 it was postulated that BNC–PPX complexes
can escape from endosomes not only by proton sponge effect de-
rived from PPX moiety but also by presumably membrane fusogen-
ic activity derived from BNC moiety.

3.5. Cytotoxicity of BNC–PPX complexes

HuH-7 cells (the target cells for BNC) and A549 cells (the non-
target cells for BNC) were incubated with BNC–PPX complexes
containing 10–500 ng/ml of DNA, cultured for 48 h, and then sub-
jected to WST-8 assay. BNC–PPX complexes showed slightly less
cytotoxicity than PPX in HuH-7 cells (Fig. 6A), and comparable
cytotoxicity in A549 cells (Fig. 6B). Because the viability curves of
BNC–PPX complexes coincided with those of PPX, the cytotoxicity
of BNC–PPX complexes might be attributed to the cationic poly-
mer, in which the excess positive charge mainly contributes to
its cytotoxicity.19 Minimizing the cytotoxicity of GDS carriers is
an important issue for enabling gene therapy to be conducted
safely. Some researchers attempted to reduce the cytotoxicity of
the cationic polymer by either conjugation with various molecules
(e.g., hyaluronic acid20) to neutralize the surface charge, or modifi-
cation with functional groups (e.g., disulfide bond21) to improve
biodegradability. By combination with these improved cationic
polymers, the BNC–PPX complexes may become safer as GDS
carriers.

3.6. Advantages of BNC–PPX complexes

PEI and other cationic polymers have been retargeted to tumors
mainly by conjugation with various bio-recognition molecules,
such as anti-HER2 antibody,22 transferrin,15 RGD peptide,23 and
hyaluronic acid.24 These modified carriers appear to be favorable
for in vivo pinpoint gene delivery; however, they often show lower
transfection efficiency than the original cationic polymers. PEI was
used to modify the tropism and enhance the infectivity of baculo-
virus25 and retrovirus,26 but these modifications did not solve the
potential virus-related problems (i.e., disturbance of patient’s chro-
mosome, and unexpected immunological responses). Our results
strongly suggested that BNCs could endow PPX with high transfec-
tion efficiency specific to human hepatic cells. Because BNCs attach
to and enter into human hepatic cells according to the early infec-
tion mechanism of HBV,8 the BNC–PPX complexes would be
incorporated by human hepatic cells in a similar manner. This
hypothesis is supported by the excellent transfection efficiency of
BNC–PPX complexes of weak positive charge (Fig. 3B). In summary,
BNC–PPX complexes would enter into the human hepatic cells spe-
cifically via receptor-mediated endocytosis, followed by escape
from late endosomes to the cytoplasm presumably induced by
the fusogenic activity of BNCs and the proton sponge effect of PEI
(Fig. 7).

4. Conclusions

PPX was shown to form stable complexes with BNCs spontane-
ously, presumably by electrostatic interactions. The BNC–PPX com-
plexes showed excellent transfection efficiency specific to human
hepatic cells, presumably due to human liver-specific binding
property of BNC, membrane fusogenic activity of BNC, and proton
sponge effect of PPX. By combining BNC with modified bio-recog-
nition molecules (e.g., antibodies,9 lectins,10 cytokines7), the com-
plexes may be retargeted to cells and tissues of interest.
Furthermore, since BNC–PPX complexes possess favorable proper-
ties for in vivo use, the complexes would be more suitable as an
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in vivo pinpoint GDS carrier if cationic polymers of lower cytotox-
icity than PEI were available.
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