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Abstract

Metastasis is a key aspect of tumor malignancy, and several malignant tumors show expression of various ma-
ture N-type glycans. In particular, �1-6 branching N-acetylglucosamine (GlcNAc) is abundantly expressed as
a part of high-mannose glycans in various highly metastatic cancers. Phaseolus vulgaris agglutinin-L4 isolectin
(L4-PHA), which adheres to �1-6 GlcNAc specifically, has been used for in situ cancer diagnosis. Bionanocap-
sules (BNCs), hollow particles with a diameter of approximately 80 nm and composed of hepatitis B surface
antigen (HBsAg) and a lipid bilayer, have been developed as human liver-specific nanocapsules for in vivo drug
delivery system. In this study, we have generated L4-PHA-displaying BNCs (PHA–BNCs) and examined
whether L4-PHA could retarget the BNCs to malignant tumors as a “biosensor” distinguishing tumor metasta-
ticity. Fluorescence-labeled PHA–BNCs injected systemically into a mouse xenograft model were found to ac-
cumulate in �1-6 GlcNAc-expressing malignant tumors. The PHA–BNCs were able to deliver DNA to the ma-
lignant cancer cells. These results open up the possibility of using L4-PHA lectin as a targeting molecule in a
drug delivery system, and of using PHA–BNCs as a novel nanodevice for malignant tumor-specific bioimag-
ing and drug delivery.
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Introduction

ABERRANT EXPRESSION of various glycans on the surface of
tumors is associated with many pathophysiological

events during tumor progression, such as adhesion, prolif-
eration, migration, apoptosis suppression, and metastasis
(Hakomori, 1989). The presence on the surface of tumors of
�1-6 branching N-acetylglucosamine (GlcNAc), which has
been studied for decades, is associated with malignant trans-
formation of rodent and human cells, and poor prognosis in
cancer patients (Dennis et al., 1999). Either tri- or tetraanten-
nary N-glycans are synthesized with N-acetylglucosaminyl-
transferase V (GnT-V) by transferring �1-6 branching Glc-
NAc to the trimannosyl core (Yamashita et al., 1985). GnT-V
activity is upregulated by overexpression of proto-onco-
genes (Buckhaults et al., 1997; Chen et al., 1998; Ko et al., 1999),
and the overexpression of GnT-V in cancer cell lines has en-

hanced metastasis in animal models (Ihara et al., 2002; Mu-
rata et al., 2004). Metastatic tumor tissues excised from pa-
tients (e.g., colon cancer, breast cancer, melanoma, and lung
cancer) have shown higher expression of GnT-V and in-
creased amount of �1-6 GlcNAc (Fernandes et al., 1991; Mu-
rata et al., 2000; Handerson and Pawelek, 2003; Dosaka-Akita
et al., 2004). Moreover, polyoma virus middle T antigen-in-
duced breast tumors in GnT-V gene-deficient mice are much
smaller than those in wild-type mice, and have shown a low
incidence of metastasis (Granovsky et al., 2000; Dennis et al.,
2002). These results have indicated that �1-6 GlcNAc in N-
glycans plays crucial roles in both tumor progression and
metastasis.

Some plant-derived lectins have been revealed by in vitro
and in vivo studies to possess antitumor activity (Wimer,
1990; Abdullaev and De Mejia, 1997), although how lectins
exhibit therapeutic effects has remained unsettled on a mo-
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lecular basis. In particular, the kidney bean-derived lectin,
Phaseolus vulgaris agglutinin-L4 (L4-PHA), has been admin-
istered intravenously to cancer patients, and has shown a
weak therapeutic effect without severe side effects (Wimer,
1997). L4-PHA has been used for cancer diagnosis, specifi-
cally in situ histological analysis to identify �1-6 GlcNAc-ex-
pressing malignant cancer cells (Cumming and Kornfeld,
1982; Raedler and Shreiber, 1988). These applications
strongly suggest that L4-PHA possesses both sufficient safety
in cancer patients and high affinity for malignant tumors,
and led us to examine whether L4-PHA is capable of deliv-
ering drug delivery system (DDS) carriers to malignant tu-
mors in vivo by systemic administration.

A bionanocapsule (BNC) is a hollow particle about 80 nm
in diameter and composed of about 130 molecules of he-
patitis B virus (HBV) surface antigen (HBsAg) L proteins and
a lipid bilayer (Kuroda et al., 1992; Yamada et al., 2001). The
N-terminal outer membrane region (pre-S region) of HBsAg
is indispensable for the attachment of HBV to human liver
cells (Neurath et al., 1986), and the C-terminal transmem-
brane region (S), including a membrane-fusion peptide se-
quence (Berting et al., 2000), interacts with cellular endocy-
tosis-related proteins (Mehdi et al., 1994; De Meyer et al.,
1999). These regions are postulated to contribute concur-
rently to human liver-specific infection with HBV. Various
materials (e.g., DNA, chemicals, and polystyrene beads) can
be incorporated by either electroporation (Yamada et al.,
2003; Iwasaki et al., 2007) or liposome conjugation (Jung et
al., 2008). Intravenous injection of BNCs has allowed the ef-
ficient delivery of incorporated payloads to human liver-de-
rived cells and tumors by using the HBV infection machin-
ery (Yamada et al., 2003; Iwasaki et al., 2007; Jung et al., 2008).
The cell and tissue specificity of BNCs can be altered by re-
placing the pre-S region with other targeting molecules: for
example, epidemical growth factor (EGF) for EGFR (EGF re-
ceptor)-expressing cells (Yamada et al., 2003), and anti-EGFR
antibody for EGFR-expressing tumors (Tsutsui et al., 2007).
Thus, BNCs have facilitated the in vivo pinpoint delivery of
various materials to cells and tissues of interest.

In this study, we have generated L4-PHA-displaying BNCs
(PHA–BNCs) by means of the avidin–biotin conjugation sys-
tem to target malignant cancer cells (GnT-V-overexpressing
cells) in cultured cells (ex vivo) and a mouse xenograft model
(in vivo).

Materials and Methods

Preparation of L4-PHA-displaying BNCs

The BNC-harboring HBsAg mutant, the pre-S region of
which was replaced with an IgG Fc-binding motif derived
from Staphylococcus aureus protein A (Tsutsui et al., 2007), was
produced as described previously (Yamada et al., 2003). Pu-
rified BNCs were biotinylated with sulfonated N-hydroxy-
sulfosuccinimide (NHS)–biotin (Pierce Biotechnology, Rock-
ford, IL). Biotinylated BNCs (bio-BNCs) were purified with
a Zeba desalt spin column (Pierce Biotechnology). Biotinyl-
ated lectin (Phaseolus vulgaris agglutinin-L4; L4-PHA) ob-
tained from Seikagaku (Tokyo, Japan), was mixed with an
equimolar amount of streptavidin (SA; Seikagaku) and in-
cubated for 10 min at room temperature to produce SA-con-
jugated PHA (SA–PHA) complex. The complex was mixed
with an equimolar amount of bio-BNCs (as HBsAg protein)

for 30 min at room temperature to produce L4-PHA lectin-
displaying BNCs (PHA–BNCs).

Quartz crystal microbalance analysis and size
measurement of PHA–BNCs

The weight of protein displayed on the BNC surface was
quantitated by quartz crystal microbalance (QCM) at 25°C,
using a Twin-Q (As One Corp., Osaka, Japan), which has two
500-�l cells equipped with 27-MHz QCM plates. Bio-BNCs
(about 100 ng as HBsAg protein) were immobilized on a gold
electrode, and the electrode was washed and blocked with
skim milk at a final concentration of 0.04% (w/v). The ad-
sorption of SA onto bio-BNCs and the additional absorption
of bio-PHA onto SA–BNCs were monitored by frequency
change, with 1 Hz corresponding to 30 pg of absorbed pro-
tein. The size distribution and average size of PHA–BNCs
were determined in phosphate-buffered saline (PBS) at 25°C
by dynamic light scattering, using a Zetasizer model Nano-
ZS (Malvern Instruments, Worcestershire, UK). The poly-
dispersity index (PDI) is a width parameter for z-average as
an intensity mean.

Immunoprecipitation

PHA–BNCs (20 �g as HBsAg protein) was incubated for
5 min at room temperature with 1 ml of PBS containing 5%
(w/v) bovine serum albumin (BSA) and 0.01% (v/v) Triton
X-100, mixed with mouse monoclonal anti-S region IgG-con-
jugated microbeads (20 �l, 50% [v/v] slurry) supplied as the
IMx HBsAg assay system (Abbott Japan, Tokyo, Japan), and
incubated for 5 min at room temperature. The microbeads
were washed three times with PBS containing 5% BSA and
0.01% Triton X-100, boiled in Laemmli sample buffer for 15
min, and analyzed by Western blotting with horseradish per-
oxidase-conjugated SA (HRP–SA; GE Healthcare, Giles,
Buckinghamshire, UK) and the enhanced chemilumines-
cence method (ECL Plus; GE Healthcare).

Cells

The human colon adenocarcinoma cell line WiDr and the
human gastric cancer cell line MKN45 were cultured in Dul-
becco’s minimal essential medium (DMEM) supplemented
with 10% (v/v) fetal bovine serum (FBS). GnT-V-expressing
stable cell lines, WiDr-GnT-V (Murata et al., 2004) and
MKN45-GnT-V (Ihara et al., 2002), were cultured in the same
medium containing G418 (300 �g/ml; Nakalai Tesque, Ky-
oto, Japan).

Lectin blotting

Cells were lysed with 50 mM Tris-HCl (pH 8.0) containing
1 mM EDTA, 1 mM dithiothreitol, and 1% (v/v) Triton X-100.
A blot containing 10 �g of lysate (as protein) in each lane was
blocked overnight at 4°C with PBS containing 3% (w/v) BSA,
incubated with bio-PHA (1 �g/ml) for 1 hr at room tempera-
ture, washed three times with PBS containing 0.01% Triton X-
100, and then visualized with HRP–SA and ECL Plus.

Cytochemical analysis with L4-PHA lectin

Cells (about 1 � 105) were cultured on a 24-well plate (BD
Biosciences, San Jose, CA) for 24 hr, washed twice with ice-
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cold PBS, and kept on ice in complete medium containing
bio-PHA (1 �g/ml) for 1 hr. Cells were washed twice with
ice-cold PBS, fixed with 4% (w/v) paraformaldehyde in PBS
for 15 min at room temperature, stained with Alexa 488-la-
beled SA (0.2 �g/ml; Invitrogen, Carlsbad, CA) and Hoechst
33342 (2.5 �g/ml) for 1 hr at room temperature, washed three
times with PBS, and then observed under a confocal laser
microscope (FV-1000D; Olympus, Tokyo, Japan).

Ex vivo delivery of PHA–BNCs

Bio-BNCs were labeled with a membrane probe, 1,1�-dioc-
tadecyl-3,3,3�,3�-tetramethylindodicarbocyanine, 4-chloro-
benzenesulfonate (DiD; Invitrogen) (excitation at 644 nm,
emission at 665 nm), passed through a Zeba desalt spin col-
umn, and then conjugated with SA–PHA. Cells (about 1 �
105) were cultured on a 24-well plate for 24 hr and incubated
with DiD-labeled PHA–BNCs (5 �g as HBsAg protein) for 3
hr in complete medium. Delivery of PHA–BNCs was ob-
served as described above. For flow cytometric analysis, the
cells incubated with DiD-labeled PHA–BNCs were washed
with PBS, treated with 0.25% (w/v) trypsin–EDTA for 15 min
at 37°C, and washed with ice-cold PBS three times. The cells
were analyzed with a FACSCanto II (BD Biosciences)
equipped with 633-nm excitation laser and 660-nm long-path
filter. Thirty thousand cells were counted in each sample.
The obtained data were analyzed with FlowJo software (Tree
Star, Ashland, OR).

In vivo optical imaging

All animal experiments were approved by the committee
for experimental animal science of the Institute of Scientific
and Industrial Research (Osaka University, Osaka, Japan).
Animals were treated according to the guidelines of the Min-
istry of Education, Culture, Sports, Science, and Technology,
Japan. Either WiDr-GnT-V cells or WiDr cells (about 1 � 105)
were suspended in 100 �l of DMEM containing 10% (v/v)
BD Matrigel matrix HC (BD Biosciences) and injected sub-
cutaneously into the backs of BALB/c (nu/nu) nude mice 
(5 weeks old, male; CLEA, Tokyo, Japan). When tumors
reached about 1 cm in diameter, DiD-labeled PHA–BNCs (40
�g as HBsAg protein) were injected through the tail vain.
One, 4, 8, 16, 24, and 48 hr after injection, whole-body fluo-
rescence was observed with an in vivo optical imaging sys-
tem (OV100; Olympus). Twenty-four hours after injection,
the mice were killed; livers, hearts, and tumors were isolated
surgically, and their fluorescence was observed similarly.
Fluorescence intensity was analyzed with Wasabi software
(Hamamatsu Photonics, Hamamatsu, Japan). The number of
mice in each group was three.

Ex vivo gene delivery

Incorporation of DNA into BNCs was performed by the
BNC–liposome complex method (Jung et al., 2008). Briefly, a
freeze-dried form of cationic liposomes (1.5 mg as lipids;
Coatsome EL-01-D; NOF, Tokyo, Japan) was mixed with fire-
fly-derived luciferase expression vector pGL3 (250 �g;
Promega, Madison, WI) to form the lipoplex (liposome–DNA
complex). Aliquots (100 �g of liposomes, 16.7 �g of DNA)
were incubated with bio-BNCs (100 �g as HBsAg protein)
for 30 min at room temperature to allow the formation of a

BNC–liposome–DNA complex. About 1 � 105 cells in a 24-
well plate were incubated with the complex (1 �g as HBsAg
protein) for 3 hr and cultured in fresh complete medium for
72 hr; and then the luciferase activity of each cell lysate was
measured with a luciferase assay system (Promega).

Results

Preparation of BNCs displaying L4-PHA lectin

Purified BNCs were biotinylated with sulfonated NHS–bi-
otin, and conjugated with SA-conjugated L4-PHA (SA–PHA)
to produce L4-PHA-displaying BNCs (PHA–BNCs). The
amount of protein displayed on the bio-BNC surface was
measured with a quartz crystal microbalance (QCM). On the
basis of the change in oscillation frequency of the quartz crys-
tal, the amount of SA displayed on 1 mol of BNCs was cal-
culated as 35.6 mol. Because the number of HBsAg mole-
cules embedded in the BNC lipid bilayer is about 130 (M.
Iijima and S. Kuroda, unpublished observations; see Yamada
et al., 2001), 1 mol of HBsAg was estimated to bind with 0.32
mol of SA. Similarly, 5.7 mol of bio-PHA was estimated to
bind with 1 mol of SA–BNCs. Next, the average sizes of bio-
BNCs, SA–BNCs, and PHA–BNCs were determined by dy-
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FIG. 1. Preparation of PHA–BNCs. (A) The diameters (nm)
of bio-BNCs (dotted line), SA–BNCs (dashed line), and
PHA–BNCs (solid line) were measured by dynamic light
scattering (3 batches, 12 measurements for each batch). (B)
PHA–BNCs and SA–PHA (negative control) were immuno-
precipitated with an anti-HBsAg antibody, and analyzed by
Western blotting with HRP–SA.



namic light scattering as 48.5 nm (PDI, 0.086), 70.6 nm (PDI,
0.179), and 74.9 nm (PDI, 0.225), respectively (Fig. 1A). To
confirm the display of L4-PHA molecule on BNCs,
PHA–BNCs were immunoprecipitated with anti-HBsAg (S
region) IgG-conjugated microbeads and subjected to West-
ern blotting with HRP–SA. As shown in Fig. 1B, both bio-
BNCs (about 45 and 48 kDa; the size difference is caused by
glycosylation) and bio-PHA (about 30 kDa) were found to
be coimmunoprecipitated, indicating that both molecules
successfully form a complex on the surface of BNCs.

Identification of �1-6 GlcNAc in 
GnT-V-overexpressing cells

GnT-V-overexpressing stable cell lines WiDr and MKN45
(WiDr-GnT-V and MKN45-GnT-V) were analyzed by lectin

blot and cytochemistry using L4-PHA lectin. Increased
amounts of �1-6 GlcNAc were found in 80- to 100-kDa and
about 150- to 200-kDa proteins in the WiDr-GnT-V and
MKN45-GnT-V cell lines, respectively (Fig. 2A, left). The pro-
tein profile of neither cell line was significantly changed by
overexpression of GnT-V (Fig. 2A, right). GnT-V expression
induced the change from �1-6 GlcNAc-free N-glycans to �1-
6 GlcNAc-containing N-glycans, and it was considered that
both amount and size of N-glycoproteins were not signifi-
cantly affected by GnT-V expression. Cytochemical analyses
using L4-PHA lectin also confirmed that the expression of
�1-6 GlcNAc on the cell surface is significantly enhanced in
GnT-V-overexpressing cell lines (Fig. 2B). On the basis of the
fluorescence intensity, the WiDr-GnT-V cell line was con-
sidered to express a greater amount of �1-6 GlcNAc on its
surface compared with the MKN45-GnT-V cell line.
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FIG. 2. Expression of �1-6 GlcNAc in GnT-V-overexpressing cells. (A) Ten micrograms (as protein) of total cell lysate
(WiDr, MKN45 with/without GnT-V expression) was subjected to sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis, and analyzed by lectin blotting with L4-PHA (left) and Coomassie Brilliant Blue R-250 (CBB) staining (right).
(B) Cytochemical analyses of GnT-V-overexpressing cells, using L4-PHA lectin and Hoechst 33342. Scale bars: 20 �m.



L4-PHA-mediated ex vivo accumulation of BNCs

To examine whether L4-PHA could deliver BNCs to tar-
get cells ex vivo, the lipid bilayer moiety of PHA–BNCs was
labeled with DiD, a membrane probe, and DiD-labeled
PHA–BNCs were directly added to the culture medium of
GnT-V-overexpressing cell lines. After 3 hr, strong DiD-de-
rived fluorescence was found in both GnT-V-overexpressing
cell lines (Fig. 3A). Cytotoxicity was not observed by phase-
contrast imaging. This result suggested that a remarkable

amount of PHA–BNCs accumulated in GnT-V-overexpress-
ing cells, presumably through the interaction of L4-PHA with
cell surface �1-6 GlcNAc. The weak fluorescence observed
in both parental cell lines might have been caused by en-
dogenous �1-6 GlcNAc, as observed in Fig. 2A. Intriguingly,
the fluorescence of the WiDr-GnT-V cell line was higher than
that of the MKN45-GnT-V cell line, which may be due to the
lower amount of �1-6 GlcNAc in the MKN45-GnT-V cell line
(see Fig. 2B). Flow cytometric analysis (Fig. 3B) confirmed
that the GnT-V-overexpressing cell lines showed stronger
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FIG. 3. L4-PHA-mediated ex vivo accumulation of BNC. (A) Either GnT-V-overexpressing or parental cells of WiDr and
MKN45 were incubated with DiD-labeled PHA–BNC, and then observed 3 hr after administration. Scale bar: 100 �m. (B)
The cells incubated with DiD-labeled PHA–BNC were analyzed by flow cytometry. Untreated GnT-V-overexpresssing cells
were used as control.



fluorescence intensity than parental WiDr and MKN45 cells.
Geometric mean fluorescence intensity in GnT-V-overex-
pressing cells was approximately 2.6- and 1.9-fold higher
than that of parental WiDr and MKN45 cells, respectively.
Collectively, PHA–BNCs were shown to accumulate specif-
ically with �1-6 GlcNAc-overexpressing cells ex vivo because
of the targeting ability of L4-PHA.

L4-PHA-mediated in vivo delivery of BNCs

The mouse xenograft model harboring WiDr- and WiDr-
GnT-V-derived tumors was used to evaluate the targeting

ability of PHA–BNCs in vivo. Mice received systemic ad-
ministration of DiD-labeled PHA–BNCs (40 �g as BNC pro-
tein) via the tail vein, and then the DiD-derived fluorescence
from tumors was investigated with the in vivo optical imag-
ing system 0, 1, 4, 8, 16, 24, and 48 hr after injection (Fig. 4A).
Fluorescence was initially detected in WiDr-GnT-V-derived
tumors at 1 hr, and reached a maximum at 24 hr (Fig. 4A,
left). A slight increase in fluorescence was observed in WiDr-
derived tumors during the observation period (Fig. 4A,
right), implying that the enhanced permeability retention
(EPR) effect is nearly undetectable in this system. To confirm
the �1-6 GlcNAc-dependent accumulation of PHA–BNCs,
mice were killed 24 hr after injection and tumors, hearts, and
livers were isolated and observed with the in vivo optical
imaging system. DiD-derived fluorescence was observed in
both tumor types; GnT-V-overexpressing tumors showed
higher fluorescence intensity than control tumors (Fig. 4B,
top). However, the fluorescence intensities of both GnT-V-
overexpressing and control liver showed no significant dif-
ference (Fig. 4B, bottom), indicating that PHA–BNCs might
be equally trapped by the reticuloendothelial system (RES)
in both livers. Among other major organs (spleen, kidney,
heart, and lung), heart (Fig. 4B, middle) and kidneys showed
weaker fluorescence than liver, but stronger than spleen and
lungs. Regardless of the expression of GnT-V in tumors,
there was no difference in the fluorescence of these organs.
These results indicate that PHA–BNCs can efficiently accu-
mulate in �1-6 GlcNAc-overexpressing tumor in vivo even
by systemic administration.

L4-PHA-mediated ex vivo gene delivery

Our studies have shown that BNCs form complexes with
liposomes (Jung et al., 2008), so that liposomes containing
various materials (e.g., DNA, chemicals, or polystyrene
beads) could be conjugated with BNCs, and then the BNC–li-
posome complexes could transport the incorporated pay-
loads to target cells ex vivo and in vivo, based on the speci-
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FIG. 4. L4-PHA-mediated in vivo delivery of BNC. (A) The
tumor region was observed with an in vivo imaging system
after systemic administration of DiD-labeled PHA–BNC. The
number of mice in each group was three. Similar results were
obtained from each mouse. TM, transmission image. (B) Tu-
mors, hearts, and livers were isolated and observed with an
in vivo imaging system 24 hr after administration.

FIG. 5. L4-PHA-mediated ex vivo gene delivery. Cells in-
cubated with BNC–liposome complexes were lysed, and lu-
ciferase activity was measured. Results are presented as rel-
ative luminescence units (RLU) normalized to the protein
concentration. The relative luminescence units derived for
each cell line treated with bio-BNC–liposome complexes [L4-
PHA(–)] was set as 1 (n � 4; mean � SD; t test, *p � 0.05,
**p � 0.005).



ficity of the BNCs. We therefore examined the transfection
efficiency of a PHA–BNC–liposome complex to the malig-
nant cancer cell lines WiDr-GnT-V and MKN45-GnT-V, us-
ing a luciferase gene as a reporter (Fig. 5). Both PHA–BNCs
and bio-BNCs (negative control) showed similar luciferase
activities in parental cell lines. PHA–BNCs were revealed to
possess higher transfection efficiency to the GnT-V-overex-
pressing cell lines. Thus, PHA–BNC–liposome complexes
can transport incorporated genes specifically to �1-6 Glc-
NAc-overexpressing malignant cell lines.

Discussion

Several lectins have so far been recognized as useful mol-
ecules for the diagnosis of various tumors in situ and in vivo
(e.g., HPA [Helix pomatia agglutinin] for imaging tumors
[Debbage et al., 1998] and L4-PHA in tumor diagnosis
[Raedler and Schreiber, 1988] and in the treatment of can-
cers in human ([Wimer, 1997]). As for the delivery of anti-
cancer drugs, a few attempts have been made with lectins.
Wheat germ agglutinin (WGA)-conjugated liposomes have
been used to deliver cisplatin to radiation-induced endothe-
lial inflammatory areas in tumors by systemic administra-
tion (Geng et al., 2004). However, the WGA-conjugated li-
posomes could not be used without the pretreatment with
radiation. In this study, it was demonstrated that L4-PHA is
applicable for the targeting of BNCs to �1-6 GlcNAc-over-
expressing malignant tumors ex vivo and in vivo without any
additional pretreatment. Because expression of the �1-6 Glc-
NAc moiety is widely spread among highly metastatic tu-
mors in humans (Fernandes et al., 1991; Handerson and
Pawelek, 2003; Dosaka-Akita et al., 2004), PHA–BNCs are
considered a promising nanodevice for either in vivo pin-
point gene/drug delivery in cancer therapy or bioimaging
in cancer diagnosis.

The size of nanodevices in this field of research is gener-
ally important for in vivo systemic administration, because
too large a device (�150 nm in diameter) will be removed
from the bloodstream by the macrophages of the liver and
spleen (i.e., RES) and too small a device (�40 nm in diame-
ter) is also filtrated by the kidney (Drummond et al., 1999).
Moreover, the pore size of the tumor vasculature varies from
100 to 780 nm, which is larger than that of normal tissues
(Hobbs et al., 1998). Therefore, the diameter of nanodevices
must be less than 200 nm for efficient capture by the tumor
vasculature (i.e., EPR effect) (Sinn et al., 2005). The average
diameter of PHA–BNCs, about 75 nm (see Fig. 1A), is con-
sidered appropriate for in vivo tumor targeting. As shown in
Fig. 4B, a substantial amount of PHA–BNCs was found to
accumulate in the liver, indicating that RES unexpectedly en-
trapped PHA–BNCs. To avoid this entrapment and to im-
prove the blood retention time, various nanodevices have
been modified with polyethylene glycol (PEG) (Portney and
Ozkan, 2006). The biodistribution of PHA–BNCs may be op-
timized by a PEG modification to achieve an effective can-
cer treatment.

BNC–liposome complexes could deliver incorporated
payloads to specific cells and tissues in vivo by the targeting
ability of BNCs (Jung et al., 2008). In this study we generated
bio-BNCs displaying L4-PHA on their surface, which has al-
lowed us to display various targeting molecules (e.g., cyto-
kines, glycans, peptides, and antibodies) and to expand the

applications of BNCs and BNC–liposome complexes. The
transfection process based on BNCs and BNC–liposome
complexes is postulated to consist of two steps. First, the tar-
get cell is recognized by the targeting molecules displayed
on BNCs, such as the pre-S region for human hepatocytes
(Yamada et al., 2003; Iwasaki et al., 2007; Jung et al., 2008),
EGF for EGFR-expressing cells (Yamada et al., 2003), or anti-
EGFR antibody for EGFR-expressing cells (Tsutsui et al.,
2007). Second, the disintegration of BNCs occurs on the cel-
lular membrane followed by the action of membrane-fusion
peptide sequences in pre-S and S regions (Berting et al., 2000;
Oess and Hildt, 2000), and the payloads are released into the
cytoplasm (Jung et al., 2008). Because PHA–BNC–liposome
complexes successfully delivered DNA to GnT-V-overex-
pressing cells (see Fig. 5), presumably the complexes were
captured by the �1-6 GlcNAc moiety on the target cells and
then the payload was released to the cytoplasm.

As for tumor-directed in vivo delivery of nanodevices con-
taining therapeutic materials to cancers, various targeting
molecules have so far been displayed on the surface of such
nanodevices, including antibodies (Schliemann and Neri,
2007), homing peptides (Zurita et al., 2003), and aptamers
(Ireson and Kelland, 2006). These molecules contribute to de-
liver the adjunct nanodevices by recognizing cell surface pro-
teins; however, the recognition of targeting molecules is
sometimes dependent on the species. This situation has ham-
pered the development of these nanodevices for clinical use,
although these nanodevices show high efficacy in animal
models (Marshall, 2006). On the other hand, the structure of
N-glycans is highly conserved between rodents and humans;
in particular, the aberrant expression of �1-6 GlcNAc in ma-
lignant cancers has been observed in both murine models
and humans. Our new strategy using lectins to target ab-
normal glycans, as hallmarks of malignant cancer, may in-
dicate a novel DDS for cancer therapy.
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