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Background. In this study, we investigated the abil-
ity of magnetic resonance imaging (MRI) after intersti-
tial administration of thermoresponsive magnetic
nanoparticles to detect the sentinel lymph node (SLN).

Materials and Methods. Postcontrast MRI scans
were acquired following subcutaneous injection of
thermoresponsive magnetic nanoparticles into the
thoracic wall of rats. The signal-to-noise ratio of axil-
lary lymph nodes was calculated to assess whether
the SLN could be detected by MRI. In a second experi-
ment, after injecting thermoresponsive magnetic
nanoparticles, i.e., Therma-Max 36, Therma-Max 42,
Therma-Max 55, and Ferridex, into the subserosa of
the cecum of rats, the injection sites, the SLNs, and
the distant lymph nodes were resected and examined
histologically in order to determine which nanopar-
ticles, if any, were specifically retained in the SLN.

Results. MRI showed that the signal-to-noise ratio
of axillary SLNs was significantly lower 24 h after in-
jection of Therma-Max 42 than on the precontrast im-
ages (P < 0.05). Histologic evaluation revealed that
Therma-Max 36 aggregated at body temperature and
did not migrate to the SLN. Therma-Max 42, on the
other hand, aggregated, and the particles became large
enough to be retained in the SLNs. Therma-Max 55 and
Ferridex did not aggregate, and they both migrated to
the SLNs and the distant lymph nodes.

Conclusions. The results of this study showed that
thermoresponsive magnetic nanoparticles could be
targeted to the SLN by adjusting the temperature at
which they aggregate, and that they could be used as

! To whom correspondence and reprint requests should be ad-
dressed at Department of Surgery, School of Medicine, Keio Univer-
sity, 35 Shinanomachi, Shinjuku-ku, Tokyo, Japan, 160-8582.
E-mail: m_ueda@sc.itc.keio.ac.jp.

0022-4804/$36.00
© 2012 Elsevier Inc. All rights reserved.

a contrast agent for SLN mapping by MRI. o 202
Elsevier Inc. All rights reserved.

Key Words: sentinel lymph node; thermoresponsive
magnetic nanoparticle; magnet resonance imaging;
lymphography.

INTRODUCTION

Determination whether tumor cells have spread to
Ilymph nodes plays an important role in staging cancer
and in designing appropriate treatment protocols. Axil-
lary node metastasis is an important prognostic indicator
inbreast cancer. The sentinel lymph node (SLN) is defined
as the first lymph node to which lymph from the primary
tumor drains, and it is therefore at highest risk for re-
gional metastasis via lymphatic spread. Surgical biopsy
of the SLN is now becoming standard practice for mini-
mally invasive surgery in early stage breast cancer be-
cause of the proven accuracy of staging [1-3], and it is
useful for planning the operative field and selective
lymphadenectomy, and for avoiding unnecessary
extended lymphadenectomies. As a result, surgery on
the basis of the SLN concept improves the postoperative
quality of life of patients.

The lymphoscintigraphic method and blue dye
method are currently the most widely used methods
of identifying the SLN for biopsy in breast cancer pa-
tients [3], but there are some disadvantages and poten-
tial pitfalls in SLN mapping by these methods. The
scintigraphic method is unavailable in hospitals that
do not have a nuclear medicine department, and it
has the disadvantages of involving the use of a radioac-
tive tracer and technical difficulties with external
v-probe counting. It also has the disadvantage of poor
spatial resolution imaging, which limits its value for
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an accurate identification of the detailed anatomy of the
draining lymphatic basin. Difficulty in identifying the
location of lymph nodes presents an impediment to pre-
cise surgery.

The SLN concept also appears to be applicable to gas-
trointestinal cancers, and SLN detection may contribute
to minimally invasive surgery, selective lymphadenec-
tomy, and accurate staging by the lymphoscintigraphic
method with intraoperative y probe counting [4-8].
However, this method cannot be used for preoperative
analysis of the accurate anatomic location of the SLN
because of its limited spatial resolution [6, 7].

Lymphangiography by computed tomography (CT)
has recently been reported to be feasible [9-12], but
MRI has a number of potential advantages over
lymphoscintigraphy and CT lymphangiography,
including higher spatial resolution that enables
depiction of lymphatic channels, higher temporal
resolution, acquisition of three-dimensional images,
and the absence of exposure to ionizing radiation.

Recent studies have shown the potential of magnetic
resonance imaging (MRI) after interstitial administra-
tion of superparamagnetic iron oxide (SPIO) and ultra-
small superparamagnetic iron oxide (USPIO) in both
animals [13-19] and humans [20-22]. However,
according to the previous reports on MR lymphography,
SPIO and USPIO were not retained in the sentinel
lymph node (SLN) and flowed through it to the next
nodes in line very soon after the injection. The ideal
SLN imaging agent needs to have a particle size small
enough to enter the lymphatic vessels, yet large enough
to be retained in the SLN.

Newly developed thermoresponsive magnetic nano-
particles (Therma-Max; Magnabeat, Chiba, Japan) un-
dergo a reversible transition between dispersion and
aggregation as a function of temperature. The hypothe-
sis that we tested in this study is that these magnetic
nanoparticles are small enough to enter the lymphatic
vessels, but then aggregate at body temperature and
become large enough to be retained in the SLN, and
will be useful for SLN mapping by MRI. In this study,
we investigated the ability of MRI with thermorespon-
sive magnetic nanoparticles to detect SLN.

MATERIALS AND METHODS

Contrast Agents

The thermoresponsive property of Therma-Max derives from the
N-isopropyl acrylamide coating of magnetic nanoparticles. Therma-
Max undergoes a reversible transition between dispersion and aggre-
gation as a function of temperature (Fig. 1). It has a low critical
solution temperature of around 34°C and becomes insoluble at higher
temperatures. The insoluble N-isopropyl acrylamide causes the mag-
netic nanoparticles to aggregate, and they are quickly separated from
the solution in a magnetic field. The temperature at which they aggre-
gate can be changed by adjusting dose of N-isopropyl acrylamide. The

FIG.1. The heated Therma-Max nanoparticles on the left aggre-
gated and responded to the magnet (A). The cooled Therma-Max
nanoparticles on the right did not aggregate and the nanoparticles
solution did not respond to the magnet (B). Therma-Max showed
a reversible transition between dispersion and aggregation as a func-
tion of temperature. (Color version of figure is available online.)

properties of Therma-Max have been described in detail by Kondo
et al. [23].

MR Imaging

All MRI examinations were performed with a 4.7-T MR unit (Varian
INOVA, Varian Inc., Palo Alto, CA). The MRI protocol started with
aT1l-weighted gradient-echo localizer sequence composed of three sec-
tion stacks oriented in the coronal and transverse planes. The MR im-
aging parameters were as follows: TE/TR 20/2000 ms, field of view
(FOV) 10 % 5 em, slice thickness 1 mm, and number of excitations 4.

Phantom Experiment

The phantom was constructed in a concentric manner from cylindri-
cal plastic bottles containing the following substances from the core to
the exterior: water, air. This phantom was scanned at various echo
times (TEs) and a fixed repetition time (TR; 180 ms). The particles
had a T1 relaxivity of 48.8 mM's ! and a T2 relaxitivity of 726.4
mMs? (determined in aqueous solution, 37°C).

Image Interpretation and Data Analysis

The signal intensity of muscle tissue served as an internal standard
for calculating the standardized signal intensity of a lymph node ac-
cording to the following formula: SI = IL/IM, where SI = standardized
gignal intensity, IL = signal intensity of the lymph node, and IM =
signal intensity of the muscle tissue. The reduced signal intensity
(SI red) of a lymph node was calculated as follows: SI red (%) = (SI
post—SIpre)/(SIpre x 100), where SI pre is the precontrast standard-
ized signal intensity of the lymph node and SI post is the postcontrast
standardized signal intensity of the lymph node. Differences between
SI pre and SI post were tested for statistical significance by using Wil-
coxon'’s test for paired samples. Differences between the SI of the SLN
and that of a distant lymph node were tested by Fischer's exact test. A
P value <0.05 was considered to indicate statistical significance.

Animals and Anesthesia

All animal studies were approved by the institutional review board for
animal research. The animals used were 6-wk-old Donryu rats weighing
180-200 g. The body temperature of the rats was 38.5 = 0.4°C. The
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FIG.2. Thescheme of axillary SLN mapping with MRI. A precontrast MRI lymphogram was obtained, and postcontrast MRI lymphograms
were obtained 20, 40, 60, min, and 24 h after injection of the magnetic nanoparticles.

injection of magnetic nanoparticles, resection of lymph nodes and injec-
tion sites, and histologic evaluation of lymph nodes in the mesentery
were conducted with the animals sedated with an intraperitoneal injec-
tion of ketamine hydrochloride (50 mg per kilogram body weight ketavet;
Parke-Davis, Berlin, Germany). MRI was performed under general
anesthesia. All animals were killed by exsanguinations under deep
anesthesia.

Axillary SLN Mapping with Magnetic Nanoparticles

Three types of magnetic nanoparticles were assessed; Therma-Max
nanoparticles that aggregate at 36°C (Therma-Max 36), Therma-Max
nanoparticles that aggregate at 42°C (Therma-Max 42), and magnetic
nanoparticles not coated with a thermoresponsive polymer (Ferridex;
Eiken Chemical Co., Tokyo, Japan). All of them were diluted with sa-
line and contained 0.6 mg/mL of iron.

The diameter of all nanoparticles as measured by dynamic light
scattering was approximately 100 nm, which is a favorable size for en-
tering lymphatic vessels and reaching lymph nodes. A 1.0 mL syringe
and a 26 gauge needle were used to subcutaneously inject 0.1 mL of
the nanoparticle solution at five points on the right side of the thoracic
wall of three rats each. A precontrast MRIlymphogram was obtained,
and posteontrast MRI lymphograms were obtained 20, 40, 60 min, and
24 h after injection of the contrast material. Subcutaneous injection of
isosulfan blue (lymphazurin; Covidien, Mansfield, MA) into the tho-
racic wall of the rats was performed to visualize the location of the ax-
illary SLN, and they were resected and histologically examined with
Prussian blue. The scheme of axillary SLN mapping with MRI was
shown in Figure 2.

Intestinal SLN Mapping with Magnetic Nanoparticles

Injection of lymphazurin into the subserosa of cecum of rats was
performed to visualize the location of the SLN and distant lymph no-
des in the mesentery (Fig. 3). Three types of magnetic nanoparticles
were assessed; Therma-Max 36, Therma-Max 42, and Therma-Max
nanoparticles that aggregate at 55°C (Therma-Max 55). A 1.0 mL sy-
ringe and a 26 gauge needle were used to inject 0.04 mL of the nano-
particles solution at five points in the subserosal layer of the cecum of
ten rats each. The SLN and the distant lymph nodes were resected at
5min, 1,4, 8,12, and 24 h, and 2, 3, 5, and 7 d after the injection and
examined histologically. All excised LNs and the injection sites were
histologically evaluated after staining with Prussian blue. The

scheme of intestinal SLN mapping with magnetic nanoparticles was
shown in Figure 4.

RESULTS
Axillary SLN Mapping with Magnetic Nanoparticles

Isosulufan blue injection after MRI confirmed the lo-
cation of the SLN. The location and the size of the SLNs
at necropsy were consistent with the MRI findings. The
postcontrast MRI findings following subcutaneous in-
jection of Therma-Max 36 showed no marked changes
in the SI of the axillary SLN. Histologic evaluation
showed no influx of magnetic nanoparticles into the
SLN. Postcontrast MRI following subcutaneous injec-
tion of Therma-Max 42 showed reduced SI of the axil-
lary SLN (Fig. 5A and B). Histologic evaluation of the
axillary SLN showed no magnetic nanoparticles before
the injection and the presence of magnetic nanopar-
ticles after the injection (Fig. 5C and D). Postcontrast
MRI following subcutaneous injection of Ferridex
showed reduced SI of the axillary SLN. Histologic

..Distant

Small lymph nodes
intestine
-SLN
Injection site
Cecum J

) (isosulfan blue)

FIG.3. Mesentery lymph nodes in rats. Injection of isosulfan blue
into the subserosa of cecum visualized the location of SLNs and dis-
tant lymph nodes. (Color version of figure is available online.)
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Resection of intestinal lymph nodes
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Therma-Max 42 (n = 10)
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FIG.4. Thescheme ofintestinal SLN mapping with magnetic nanoparticles. The SLN and the distant lymph nodes were resected at 5 min,
1,4, 8,12, and 24 h, and 2, 3, 5, and 7 d after the injection and examined histologically.

signal intensity = 202.3 signal intensity = 70.9

D

g

FIG.5. Pre- and postcontrast MRI following subdermal injection of Therma-Max 42. (A) Precontrast MRI showed the axillary lymph node
(arrowheads) with baseline signal intensity. (B) Postcontrast MRI (24 h after injection) showed reduced signal intensity of the axillary SLN
(arrowheads). (C) Histologic evaluation of precontrast SLN. (D) Histologic evaluation of posteontrast SLN revealed influx of magnetic nanopar-
ticles (arrows). (Color version of figure is available online.)
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Time courses of the signal intensity of lymph nodes
(%)

Pre 20 min 60min 24 h
*Non-SLN vs SLN (Therma-Max 42) at 24h; p < 0.05

FIG. 6. The time courses of signal intensity (SI) of the SLN and
distant LN. SI of either SLN with Therma-Max 36 or non-SLN was
not changed. The minimum SI of the SLN with Ferridex occurred
20 min after the injection. The minimum SI of the SLN with
Therma-Max 42 occurred 24 h after the injection. Twenty-four hours
after the injection, the SI of SLN with Therma-Max 42 was signifi-
cantly lower than that of non-SLN (P < 0.05). Therma-Max 42 made
more remarkable changes of SI than Ferridex.

40 min

evaluation of the axillary SLN showed the presence of
Ferridex nanoparticles.

The time courses of SI of the SLN and the non-SLN
are shown in Figure 6. The non-SLN is an ipsilateral ax-
illary lymph node. SI of the SLN and non-SLN was un-
changed by Therma-Max 36. It aggregated at the site of
injection as a result of exposure to body temperature,
and did not migrate to the SLN. Ferridex entered lym-
phatic vessels, and the minimum SI of the SLN oc-
curred 20 min after the injection, after which the SI of
the SLN gradually increased. Therma-Max 42 entered
lymphatic vessels, and the minimum SI of the SLN oc-
curred 24 h after the injection. At 24 h after the injec-
tion, the SI of SLN was significantly lower than that
of the non-SLN (P < 0.05). The changes in SI observed
when Therma-Max was used as a contrast agent were
greater than with Ferridex.

Intestinal SLN Mapping with Magnetic Nanoparticles

The summary of histological evaluation of the mesen-
tery lymph nodes were shown in Table 1. The represen-
tatives of histologic findings of the mesentery lymph
nodes were shown in Figure 7. Histologic evaluation re-
vealed of Therma-Max 36 particles only at the injection
site (Fiig. 7A and B), suggesting that they aggregated in
response to body temperature and did not migrate to
the SLN. This result is consistent with the results of
histological evaluation of axillary lymph nodes.
Therma-Max 42 particles were found both at the injec-
tion site and in the SLN (Fig. 7C), but not in the distant
lymph nodes (Fig. 7D). Therma-Max 55 and Ferridex
particles were found at the injection site, in the SLN

TABLE 1

Detection of Magnetic Nanoparticles in the Lymph
Nodes

Therma-Max 36 Therma-Max 42 Therma-Max 55 Ferridex

Time SLN DLN SLN DLN SLN DLN SLNDLN
5min - = - - =} - + =
1h - = + - +- - + -
4h - + = + o
8h - + + s il
12h - - + = + = + +
24 h - - + = + + + o+
2d = = + . + + . =
3d = - + - - - + =
5d - - + = + + + -
7d - = +; = + + 2 o

SLN = sentinel lymph node; DLN = distant lymph node.
+, detected; -, not detected.

(Fig. 7E and G), and in the distant lymph nodes
(Fig. 7F and H).

DISCUSSION

Lymphatic mapping and SLN biopsy is one of the
most interesting recent developments in surgical oncol-
ogy. This approach allows patients to be treated in an
early stage without unnecessary regional lymph node
dissection. The SLN is the lymph node that receives di-
rect drainage from the primary lesion [24]. Second-tier
and third-tier nodes receive drainage in a later phase.

The lymphoscintigraphic method and blue dye
method are currently the most widely used methods
of identifying the SLN for biopsy in cancer patients
[3]. However, these methods cannot be used for preop-
erative analysis of the accurate anatomical location of
the SLN because of its limited spatial resolution [6, 7].
MR lymphography with magnetic nanoparticles will
enable us to predict the accurate anatomic location of
the SLN preoperatively. It has a number of potential
advantages over lymphoscintigraphy, including
higher spatial resolution that enables depiction of
lymphatic channels, higher temporal resolution,
acquisition of three-dimensional images, and the ab-
sence of exposure to ionizing radiation.

Although recent studies have shown the potential of
MRI after interstitial administration of SPIO and US-
PIO as a means of identifying the SLN, they were not
retained in the SLN and flowed through to the next
node in line very soon after injection. The same as radio-
colloids and blue dye, spill-over of magnetic nanopar-
ticles from the SLN to distant lymph nodes may
increase the labeling of non-SLNs. The interstitial
MR lymphography with thermoresponsive magnetic
nanoparticles adequately identified the axillary SLN.
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FIG.7. The histologic evaluation of mesentery lymph nodes in rats. (A) SLN with Therma-Max 36 showed no magnetic nanoparticles. (B)
Distant lymph nodes with Therma-Max 36 showed no magnetic nanoparticles. (C) SLN with Therma-Max 42 showed influx of magnetic nano-
particles (arrows). (D) Distant lymph nodes with Therma-Max 42 showed no magnetic nanoparticles. (E) SLN with Therma-Max 55 showed
influx of magnetic nanoparticles (arrows). (F) Distant lymph nodes with Therma-Max 55 showed influx of magnetic nanoparticles (arrows).
(G) SLN with Ferridex showed influx of magnetic nanoparticles (arrows). (H) Distant lymph nodes with Ferridex showed influx of magnetic

nanoparticles (arrows). (Color version of figure is available online.)

Magnetic nanoparticles in the SLN can be detected
with the newly developed superconducting quantum
interference devices (SQUIDs) such as the SentiMag
(Endomagnetics Ltd., London, U.K. ). However, the
SQUIDs require a large space and equipment. They
are not useful when the SLN is located deep inside
the body. MRI, on the other hand, has already been
used clinically worldwide and is especially useful
when the SLN is located deep inside the body. MRI is
useful for preoperative SLN mapping with thermores-
ponsive magnetic nanoparticles and SQUIDs might be
useful for intraoperative SLN mapping with thermores-
ponsive magnetic nanoparticles.

The intestinal SLN mapping in this study revealed
that thermoresponsive magnetic nanoparticles could
be specifically targeted to the SLN by adjusting
the temperature at which they aggregate (Fig. 8).
Therma-Max 42 entered lymphatic vessels and the
minimum SI of the SLN occurred at 24 h after the injec-
tion, suggesting that Therma-Max 42 had been re-
tained in the SLN. Ferridex entered the lymphatic
vessels, and the minimum SI of the SLN occurred
20 min after the injection, and then gradually in-
creased, suggesting that Ferridex may pass through
the SLN rapidly. Ferridex and Therma-Max 55 some-
times reached the distant lymph nodes. Therma-Max
42 resulted in more marked changes in SI as a contrast
agent than Ferridex did, suggesting that Therma-Max
may be a more sensitive tracer for MR lymphography.
The changes in SI with Therma-Max were slower
than with Ferridex. These findings suggest that clinical

use of Therma-Max might be feasible, for example, for
endoscopic injection to detect gastrointestinal SLNs.

Differentiation of the SLN from distant lymph nodes
and lymph nodes draining other anatomical sites is crit-
ical to SLN biopsy because examining the true SLN for
extensive histologic evaluation increases the accuracy
of staging. Although Therma-Max does not have specific
lymphotropic properties, it is likely that it drains from
the interstitial space into lymphatic pathways through
thin-walled fenestrated lymphatic microvessels, similar
to other extracellular, water-soluble, low-molecular sol-
utes. The locations and the sizes of the SLNs resected
from the animals at necropsy post mortem in our ani-
mals appeared to be consistent with the MR lymphogra-
phy findings. Although these are preliminary results
obtained in tumor-free animals, this method may have
potential as a means of SLN mapping that will enable
more precise and minimally invasive SLN biopsy.

Evaluation for toxicities of magnetic nanoparticles is
mandatory. Unfortunately, no data about toxicities of
magnetic nanoparticles in human being has been ob-
tained. At least no side effects, including allergic reac-
tions, were recognized in rats in this study. We plan to
validate the SLN mapping with MRI using Therma-
Max and to evaluate toxicities in larger animals.

In conclusion, MR lymphography with Therma-Max
enables visualization of SLN. This method will reduce
the labeling of non-SLNs seen in previous reports on in-
terstitial MR lymphography. Although further study is
required to evaluate its clinical efficacy in other ani-
mals and in humans, and to compare it with
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and did not migrate to the SLN. Therma-Max 42 entered lymphatic vessels. It gradually aggregated according to body temperature and became
large enough to be retained in the SLNs. Therma-Max 55 and Ferridex did not aggregate according to body temperature in rats. It also migrated
to distant LNs. (Color version of figure is available online.)

scintigraphic and blue-dye methods, it may be an ideal
method for achieving minimally invasive surgery in
early stage cancers.
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Bio-nanocapsules (BNCs) are hollow nanoparticles composed of the L protein of hepatitis B virus (HBV)
surface antigen (HBsAg), which can specifically introduce genes and drugs into various kinds of target
cells. Although the classic electroporation method has typically been used to introduce highly charged
molecules such as DNA, it is rarely adopted for proteins due to its very low efficiency. In this study, a
novel approach to the preparation of BNC was established whereby a target protein was pre-encapsulated
during the course of nanoparticle formation. Briefly, because of the process of BNC formation in a bud-
ding manner on the endoplasmic reticulum (ER) membrane, the association of target proteins to the
ER membrane with lipidation sequences (ER membrane localization sequences) could directly generate
protein-encapsulating BNC in collaboration with co-expression of the L proteins. Since the membrane-
localized proteins are automatically enveloped into BNCs during the budding event, this method can be
protect the proteins and BNCs from damage caused by electroporation and obviate the need for laborious
consideration to study the optimal conditions for protein encapsulation. This approach would be a useful
method for encapsulating therapeutic candidate proteins into BNCs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the past couple of decades, drug delivery systems (DDS)
have been intensively studied in order to improve the efficacy of
chemotherapy and reduce its adverse effects. The delivery of bioac-
tive molecules such as genes, chemical compounds and proteins to
target cells is very significant for medical and biological applica-
tions (Nagai, 2005; Tabata, 2006). For this reason, it is necessary
to establish an efficient carrier that ensures the internal stability
of bioactive molecules, as well as their delivery into the targeted
cells.

The bio-nanocapsule (BNC) is an attractive carrier for the deliv-
ery of bioactive molecules (Yamada et al., 2003). BNCs are hollow

Abbreviations: DDS, drugdelivery system; BNC, bio-nanocapsule; HBV, hepatitis
B virus; HBsAg, hepatitis B virus surface antigen; ER, endoplasmic reticulum; IgG,
immunoglobulin G; HER2, human EGFR-related 2; EGFR, epidermal growth factor
receptor; MLS, membrane localization sequence; EGFP, enhanced green fluorescent
protein; PCR, polymerase chain reaction; PEG, polyethylene glycal; PBS, phosphate-
buffered saline; CsCl, discontinuous cesium chloride; EDTA, ethylene diamine
tetraacetic acid; EIA, enzyme immunoassay; SDS-PAGE, sodium dodecyl sulphate-
polyacrylamide gel electrophoresis electrotransferred onto a; PVDF, polyvinilidene
fluoride; AP, alkaline phosphatase; BCIP, 5-bromo-4-chloro-3-indolyl phosphate;
MET, nitro blue tetrazolium; DLS, dynamic light scattering.

* Corresponding author. Tel.: +81 78 803 6196; fax: +81 78 803 6196.
E-mail address: akondo@kobe-u.ac.jp (A. Kondo).

0168-1656/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2011.09.015

particles composed of the L protein of the hepatitis B virus (HBV),
surface antigen (HBsAg), and the lipid bilayer derived from host
cells (Kuroda et al., 1992). As carriers for drug delivery, these virus-
like particles have many advantages, as follows: high specificity for
human hepatocytes; high transfection efficiency, equivalent to the
original HBV; reliable safety arising from the absence of the viral
genome; high stability in the blood; and, a high capacity for encap-
sulation of genes and drugs (Yamada et al., 2003; Iwasaki et al.,
2007; Jung et al., 2008).

To target cells other than hepatocytes, the specificity of BNC
can be altered by genetic modifications. Varieties of specificity-
altered BNCs have been produced by deleting the preS region
having specificity for hepatocytes in the L protein, and insert-
ing binding molecules targeting other cells (Kasuya et al., 2008,
2009). Antibodies and peptides have often been selected as such
affinity molecules. To confer specificity for various kinds of cell
surface receptors, antibody-mediated targeting with the ZZ domain
(derived from protein A) or with biotin, which binds to the Fcregion
of immunoglobulin G (1gG) or streptavidin, has been developedas a
practical and versatile technique (lijima et al., 2011; Shishido et al.,
2009a). Similarly, affibody molecules, which comprise a new class
of affinity ligands derived from the Z domain and bind a range of
different proteins, e.g. insulin, HER2 and EGFR, were used as a sub-
stitute for antibodies, while an arginine-rich peptide was displayed
on BNC to permit the delivery into various types of cells (Nygren,
2008; Shishido et al., 2009b).
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Fig. 1. Schematic illustration for the process of BNC formation in insect cells. (A) A common process of BNC formation. Translated L proteins are accumulated on the ER
membrane and aggregated by intermolecular interaction. Hollow particles are released via budding events by self-assembly into the side of the ER lumen. (B) A strategy
for direct production of protein-encapsulating BNC. Since target proteins are localized on the ER membrane by lipid modification, they are easily encapsulated inside BNC

through the same process of common particle formation.

As described above, BNCs are useful carriers to deliver drugs
specifically to different cell types. However, methods to encapsu-
late drugs into BNC have not been studied extensively. Therefore,
the classic electroporation method is commonly used for this pur-
pose (Yamada et al., 2003). Besides expensive equipment, this
method requires consideration of the appropriate conditions that
affect the encapsulation efficiency through various factors such as
the intensity of electric voltage and pulse, temperature, concentra-
tion of particles and drugs, and composition of buffers (Yamada
et al., 2003). Although electroporation has typically been used
to introduce highly charged molecules such as DNA, it is rarely
adopted for proteins due to its very low efficiency. Furthermore,
many proteins, including pharmaceutical proteins, might suffer
serious damage from high voltage, because they have a tendency
to be denatured and agglutinated under severe conditions such as
pH, heat and concentration (Chi et al., 2003). Thus, a simple and
effective method forencapsulating proteins into BNCwithout using
electroporation is needed.

In the present study, a novel approach to the preparation of BNC
was established, in which a target protein is pre-encapsulated in the
course of particle formation. We focused on the following mecha-
nism for the formation of BNC (Fig. 1A): (1) L proteins localize and
accumulate on the ER membrane; (2) aggregation of the L proteins
is initiated by the accumulated L proteins on the ER; (3) inter-
molecular interactions trigger budding of the L particles; and, (4)
hollow particles are formed within the ER lumen by a nucleocapsid-
independent extrusion process and then exported from the cells via
the vesicular transport pathway (Kuroda et al., 1992). BNC is thus
produced when budding forms on the ER membrane. Therefore, the
working assumption in the present study was that co-expression
of the target proteins with the L proteins that associate with the
outer leaflet of the ER membrane (cytoplasm side) by lipid mod-
ification could encapsulate the target proteins into the BNC, and
would be accompanied by the formation of particles (Fig. 1B).
As a means for this approach, lipidation sequences (membrane
localization sequences; MLSs) derived from N-Ras, which cause
prenylation in the CAAX motif (Choy et al., 1999), were added to the
C-terminal of the target proteins. Since the ER membrane-localized
target proteins were automaticallyembedded in the BNC during the

formation process, this approach never required laborious consid-
eration of the electroporation conditions after the preparation of
hollow BNC particles, despite procedures identical to the previous
process for the production and purification of BNC. We verified the
feasibility of this strategy to encapsulate the target proteins into
the BNC with lipidation motifs.

2. Materials and methods

2.1. Construction of plasmids for the expression of
membrane-localized proteins in insect cells

MLS1 and MLS2 derived from N-Ras were selected as the lipida-
tion sequences (Sato et al., 2006). The plasmids for expression of the
enhanced green fluorescent protein (EGFP), attached with MLS1 or
MLS2 in insect cells, were constructed as described below (Fig. 2A).
The fragments encoding the EGFP-MLS1 or EGFP-MLS2 fusion gene
were amplified by polymerase chain reaction (PCR) from pEGFP
(Takara Bio, Shiga, Japan) with the following primers: EGFP-MLS1
(5'-GGGGGATCCATGGTGAGCAAGGGCGAGGA-3' and 5'-GGGCCGC
GGTTACATCACCACGCAGGGCAGGCCCATGCAGCCCTGCTTGTACAGC
TCGTCCATGC-3') and EGFP-MLS2 (5'-GGGGGATCCATGGTGAGCA
AGGGCGAGGA-3’ and 5'-GGGCCGCGGTTACATCACCACGCAGGGCA
GGCCCATGGAGCCCTGCTTGTACAGCTCGTCCATGC-3'). The ampli-
fied fragments were digested with BamHI/Sacll and ligated into
the pXIHAbla (Shishido et al, 2009c¢) (Fig. 2B). The resulting
plasmids were designated as pXIHAbla-EGFP-MLS1 and pXIHAbla-
EGFP-MLS2. The previously constructed plasmid pXIHAbla-EGFP
(Shishido et al., 2009¢) was used for the expression of cytosolic
EGFP in a comparative expression manner. In contrast, plasmid
pX-ML (Shishido et al., 2006) was used for the co-expression of
BNC with these plasmids in insect cells (Fig. 2C).

2.2. Transfection of plasmids for the expression of EGFP-MLSs
and/or BNC

A Trichoplusia ni BTI-TN-5B1-4 insect cell line (High Five) (Invit-
rogen, Carlsbad, CA, USA) was maintained in a serum-free medium
(Express Five SFM) (Invitrogen) supplemented with 0.26g/L



126 Y. Nishimura et al. / Journal of Biotechnology 157 (2012) 124-129

A
BasHl Sacll
n c
Name Amino acid sequence Localization
MLS1 QGCMGLPCYVM Plasma membrane
MLS2 QGSMGLPCVVM ER and Golgi
membrane
B IE-1 c IE-1
Amp’ ' pXINSECT
e pXIHAbla i -DEST38 |/ HR3
Bla’ 1s12pp /) HRS  pUCer 12419 bp
pEM7 pActin
IE1
pUC eri Actin pA
Op

Mel signal

Fig. 2. Schematic representation of constructs to localize target proteins on the ER
membrane of insect cells. ERmembrane-localized proteins would be easily encapsu-
lated into BNCs. (A) EGFP was used as a model for the target proteins. MLS1 and MLS2
derived from N-Ras were reported to localize on plasma or on the ER membrane in
mammalian cells. Gray characters indicate the amino acid residues involved in lipid
modifications. (B) Insect cell shuttle vector for expression of EGFP, EGFP-MLS1 and
EGFP-MLS2. (C) Expression vector for secretion of BNC in insect cells.

L-glutamine and 10 mg/L gentamicin(Invitrogen) at27 “C. High Five
cells were seeded on a 35 mm dish at a density of 2 x 10° cells/ml
for 24 h before transfection, and the cells were then used for trans-
fection.

For observation by confocal laser scanning microscopy, the
EGFP expression plasmid (pXIHAbla-EGFP, pXIHAbla-EGFP-MLS1
or pXIHAbla-EGFP-MLS2) was transfected into the High Five cells
using FUGENE HD transfection reagent (Roche, Basel, Switzerland),
following the manufacturer's procedure.

For purification of BNCs, pX-ML and EGFP expression plasmid
(pXIHADbla-EGFP, pXIHAbla-EGFP-MLS1 or pXIHAbla-EGFP-MLS2)
were co-transfected into High Five cells using FUGENE HD trans-
fection reagent.

2.3. Confocal laser scanning microscopy observation of EGFP
localization in insect cells

At 72 h after transfection, the cells were observed with a laser-
scanning confocal microscope (Carl Zeiss, Oberkochen, Germany),
following the manufacturer's procedure. Fluorescence images were
acquired using the 488 nm line of an Ar laser for excitation and a
505 nm band pass filter for emission. The specimens were viewed
using a 63-fold oil immersion objective.

2.4. Expression and purification of BNCs co-expressed with
EGFP-MLSs

At 72h after transfection, the culture supernatant (20 ml) of
transfected insect cells was collected and mixed with polyethy-
lene glycol (PEG) 6000 solution (33%, w/v). After 2 h incubation,
the mixture was centrifuged at 10,000 x g for 30min at 4°C and
the precipitate was dissolved in 2.8 ml of phosphate-buffered saline
(PBS). The solution was layered onto a discontinuous cesium chlo-
ride (CsCl) gradient (11 ml, concentration: 10-40% (w/v) in buffer A

[0.1 M sodium phosphate, 15 mM ethylene diamine tetraacetic acid
(EDTA)]) and centrifuged at 24,000 rpm for 16 h at 15°Cin a himac
CP70MXX centrifuge equipped with swing roter P40ST (Hitachi,
Tokyo, Japan). The amount of BNC in each fraction was analyzed
using an IMx enzyme immunoassay (EIA) kit (Abbott Laboratories,
Abbott Park, IL, USA), following the manufacturer's procedure, and
BNC was dialyzed against PBS. After dialysis, the BNC solution was
layered onto a discontinuous sucrose gradient (11 ml, concentra-
tion: 10-50% (w/v) in buffer A) and centrifuged at 24,000 rpm for
10h at 4°C. The amount of BNC in each fraction was determined
using the IMx EIA kit, and the expression of EGFP was confirmed by
western blotting. Fractions containing BNC were dialyzed against
PBS and stored at 4°C.

2.5. SDS-PAGE and western blotting

The expression of EGFP in each fraction was confirmed by
western blotting. The supernatant was fractionated by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electrotransferred onto a polyvinilidene fluoride (PVDF)
membrane. Rabbit anti-EGFP antibodies (Medical Biological Labo-
ratories, Nagoya, Japan) were used forimmunoblotting, followed by
anti-rabbit antibodies conjugated with alkaline phosphatase (AP)
(Promega, Madison, WI, USA). The membrane was stained with
5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue tetra-
zolium (NBT) (Promega).

2.6. Dynamic light scattering analysis of purified BNCs
co-expressed with EGFP-MLSs

The size of the purified BNCs co-expressed with EGFP-MLSs was
determined by dynamic light scattering (DLS) using a Zetasizer
Nano particle size analyzer (Malvern Instruments Ltd., Worcester-
shire, UK), following the manufacturer's procedure.

3. Results and discussion
3.1. Strategy for direct production of protein-encapsulating BNC

The aim of the present study was to establish a novel
approach that would enable the simple preparation of protein-
encapsulating BNC. Because BNC is produced by a bioprocess, we
hypothesized that BNC that inherently encapsulated the protein
drug candidates could be prepared with genetic modifications. If
protein-encapsulating BNC could be produced by the same pro-
cess that is commonly used for preparing hollow BNC particles,
this would permit the protection of BNC and proteins from dam-
age caused by electroporation and obviate the need for laborious
efforts to study the optimal conditions for protein encapsulation.

For these reasons, we focused on the formation mechanism of
BNC, that is, budding on the ER membrane, as shown in Fig. 1A
(Kuroda et al., 1992). We assumed that the co-expression of target
proteins on the ER membrane might directly generate protein-
encapsulating BNC by enveloping the membrane-localized proteins
during the budding event (Fig. 1B). The strategy used to test the fea-
sibility of this approach was to introduce MLSs into the C-terminus
of the target proteins. Two types of peptide motifs, 11-amino-acid
sequences derived from N-Ras including the CAAX motif, were
selected as the MLSs for the lipidation. MLS1 (QGCMGLPCVVM) is
lipidated through both prenylation at the cysteine residue on the
CAAX motif and palmitoylation at the upstream cysteine residue
(Choy et al., 1999) (Fig. 2A). However, MLS2 (QGSMGLPCVVM) is
lipidated by only prenylation at the cysteine residue on the CAAX
motif, since the Cys3 of MLS1 is replaced with a serine residue (Choy
et al., 1999) (Fig. 2A). According to the literature, MLS1 was local-
ized to the plasma membrane, and MLS2 was localized to the ER
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membrane and golgi membrane apparatus in mammal cells (Sato
etal., 2006). For the present study, an insect cell allowing secretory
production of BNC (Shishido et al., 2006) was used as the host cell,
and EGFP was used as the model target protein, which facilitated
the evaluation of both localization and encapsulation of BNC.

3.2. Localization of target proteins with membrane localization
sequences (MLSs) in insect cells

To confirm whether MLSs have ER membrane localization abil-
ities in insect cells, plasmids were constructed expressing EGFP,
EGFP-MLS1, and EGFP-MLS2 (Fig. 2B). These three types of plasmids
were transfected into insect cells (High Five) without the plasmid
producing BNC, and their localization was observed with a confocal
laser-scanning microscope (Fig. 3).

Because of its lack of membrane localization ability, EGFP with-
out MLS was observed in the cytoplasm of insect cells. EGFP-MLS1
was evenly localized on the plasma and ER membranes in insect
cells, although MLS1 reportedly locates on the plasma membrane
in mammal cells. In contrast, EGFP-MLS2 was strongly but partially
localized to the ER membrane. Thus, in the present study, both
MLS1 and MLS2 functioned as membrane localization sequences in
insect cells and had the capacity to localize EGFP on ER membranes,
even though they varied in their ER localization ability. This result
indicates that both MLS1 and MLS2 are capable of localizing target
proteins on an ER membrane as therapeutic candidates in a similar
fashion.

3.3. Production and purification of EGFP-encapsulating BNC

To investigate the validity of our approach, the three types
of plasmids (for expression of EGFP, EGFP-MLS1 and EGFP-MLS2)
were co-transfected, with the plasmid producing BNC, into insect
cells (High Five). After 72 h of cultivation, the supernatants were
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Fig. 3. Fluorescence images for observation of the localization of EGFP in insect
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harvested and the BNCs were purified by gradient ultracentrifuga-
tion, as described in materials and methods. The resultant fractions
were analyzed by EIA to measure the amount of BNC and by
western blotting to evaluate whether the BNCs encapsulated EGFP
(Fig. 4). After dialysis, about 25 g of purified EGFP-MLS1/BNC
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Fig. 4. Examination for encapsulation of EGFP into the purified BNCs. After sucrose gradient centrifugation, the amount of BNC including each fraction was measured with
an IMx EIA kit (S/N value of EIA). The same fractions were tested for the presence of EGFP by western blotting with anti-EGFP antibody. Co-expression of (A) BNC and EGFP,

(B) BNC and EGFP-MLS1, and (C) BNC and EGFP-MLS2.
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Table 1
Purification summary of EGFP-MLS1/BNC and EGFP-MLS2/BNC.
Sample name Step Volume (ml) Concentration (pgfml) Mass (pg)
EGFP-MLS1/BNC Culture medium supernatant 20.0 2764.8 55,296.6
Pellet after PEG settling method 2.8 1220.0 3416.0
After CsCl ultracentrifugal method 30 54.9 164.6
After Sucrose ultracentrifugal method 6.0 3.2 19.4
After concentration 05 516 258
EGFP-MLS2/BNC Culture medium supernatant 20,0 2683.6 53,672.3
Pellet after PEG settling method 2.8 726.2 2033.3
After CsCl ultracentrifugal method 3.0 58.1 1743
After Sucrose ultracentrifugal method 6.0 6.5 38.7
After concentration 0.7 355 249

and EGFP-MLS2/BNC were obtained from 20 ml of culture medium
supernatant (Table 1).

First, in the case of co-transfection of EGFP and BNC, although
the main peaks of BNCs appeared in 10-12 fractions, the bands
of EGFP were not detected in the same fractions (Fig. 4A). This
result indicates that EGFP was not encapsulated in BNC, although
BNC was produced uneventfully in the insect cells. Second, in the
case of co-transfection of EGFP-MLS1 and BNC, the thick bands of
EGFP were detected in 9-12 fractions, which displayed the main
peaks of BNC (Fig. 4B). This suggests that EGFP-encapsulating BNC
was successfully produced by introduction of the MLS1 motif. In
the third case, co-transfection of EGFP-MLS2 and BNC displayed
a result similar to the case of EGFP-MLS1 and BNC (Fig. 4C), sug-
gesting that the introduction of MLS2 also allowed the production
of EGFP-encapsulating BNC. The smaller amounts of EGFP in the
BNC with MLS2 might be attributed to partial localization on the
ER. However, since the EGFP-encapsulating BNC with MLS2 pro-
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Fig. 5. DLS analyses of purified BNCs. Co-expression of (A) BNC and EGFP, (B) BNC
and EGFP-MLS1, and (C) BNC and EGFP-MLS2.

duced almost twice the amount of particles as that with MLS1, this
suggests that MLS2 might be a better expression system for protein-
encapsulating BNC (Fig. 4B and 4C). These differences might be due
to the presence or absence of the palmitoylation site between MLS1
and MLS2.

Finally, the diameters of the BNC particles were evaluated using
the DLS method (Fig.5). The diameters of the three types of particles
were almost equivalent, at 150 nm, indicating that the diameter of
EGFP-encapsulating BNCs was similar to that of hollow BNC par-
ticles produced in insect cells (Kurata et al., 2008). In addition,
it was also confirmed that the EGFP-encapsulating BNCs kept the
targeting abilities to human hepatocytes (Supplementary Fig. 1).

4. Conclusions

The feasibility of this approach to the direct production
of protein-encapsulating BNC by localizing the target proteins
on the ER membrane was successfully demonstrated. In this
study, MLS1 and MLS2 of N-Ras were used to localize the tar-
get proteins on the ER membrane either by prenylation or by
palmitoylation. While MLS1 and MLS2 could incorporate our
approach, other ER membrane localization sequences with differ-
ent modification mechanisms might also be utilized to produce
protein-encapsulating BNCs. In addition, whereas therapeutic can-
didate proteins might be encapsulated in BNC in the same manner
as EGFP, this should be demonstrated in the near future. This
approach would be a useful tool for encapsulating target proteins
into BNCs.
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Our previous study suggested new sonodynamic therapy for cancer cells based on the delivery of tita-
nium dioxide (TiO;) nanoparticles (NPs) modified with a protein specifically recognizing target cells
and subsequent generation of hydroxyl radicals from TiO; NPs activated by external ultrasound irradia-
tion (called TiO,fUS treatment). The present study first examined the uptake behavior of TiO; NPs mod-
ified with pre-51/S2 (model protein-recognizing hepatocytes) by HepG2 cells for 24 h. It took 6 h for
sufficient uptake of the TiO; NPs by the cells. Next, the effect of the TiO,/US treatment on HepG2 cell
growth was examined for 96 h after the 1 MHz ultrasound was irradiated (0.1 W/cm?, 30s) to the cells

ﬁfﬂgﬁd which incorporated the TiO; NPs. Apoptosis was observed at 6 h after the TiO»/US treatment. Although
Titanium dioxide no apparent cell-injury was observed until 24 h after the treatment, the viable cell concentration had
Nanoparticles deteriorated to 46% of the control at 96 h. Finally, the TiO,/US treatment was applied to a mouse xeno-
Pre-5$1/52 graft model. The pre-S1/S2-immobilized TiO; (0.1 mg) was directly injected into tumors, followed by

Sonodynamic therapy 1 MHz ultrasound irradiation at 1.0 W/cm? for 60 s. As a result of the treatment repeated five times

within 13 days, tumor growth could be hampered up to 28 days compared with the control conditions.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasound has been widely utilized for medical diagnosis due
to its ability to penetrate tissue with less attenuation of energy.
Ultrasound is also applied to therapeutic use, typically for cancer
therapy [1]. There are two uses for ultrasound in cancer therapy.
One is for hyperthermic cancer therapy based on the thermal effect
of high-intensity focused ultrasound [2]. The other is sonodynamic
cancer therapy based on non-thermal and sonochemical effects
from the combination of low-intensity ultrasound and sonosensi-
tizer (e.g. anti-cancer drugs or certain chemicals) which exhibit
the preferential uptake and/or accumulation in tumor tissues and
subsequent activation by ultrasound irradiation [3-5]. In 1989,
Umemura et al. [6] suggested sonodynamic therapy (SDT) for can-
cer cells using hematoporphyrin, formally known as a photosensi-
tizer for photodynamic therapy (PDT) [7], since the clinical
application of PDT is very limited to cancer at the surface region
due to the inability of photo energy to penetrate deep tissues.

Titanium dioxide (TiO;) has been generally known as photocat-
alyst, generating reactive oxygen species (ROS) under ultraviolet
irradiation [8,9]. The ROS produced by the photocatalytic effect

* Corresponding author. Tel.: +81 76 234 4807; fax: +81 76 234 4829,
E-mail address: nshimizu@t.kanazawa-u.ac.jp (N. Shimizu).
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of TiO, particles has been applied to killing cancer cells [10-12]
as well as the degradation of harmful chemicals and inactivation
of microorganisms. From the viewpoint of practical application,
some groups demonstrated that nanoparticles (NPs) of TiO; could
be used as a photocatalyst for injuring cancer cells [13-16]. More-
over, it was reported that the surface of TiO; NPs was modified
with antibody recognizing cancer cells in order to localize the
ROS effect toward the targeted cells, and that the antibody-immao-
bilized TiO; NPs could be used for the photocatalytic injury of can-
cer cells [17-19]. However, the problem of the superficially-limited
therapeutic effect would remain as long as these kinds of TiO,
photocatalysts are activated by photo-energy, like the photosensi-
tizer in the PDT.

Recently, our group discovered that TiO; could act as a sonocat-
alyst; namely, the presence of TiO; particles could enhance the hy-
droxyl (OH) radical generation by ultrasound irradiation even in
the dark without ultraviolet irradiation [20]. The sonocatalytic ef-
fect of TiO; (nano)particles has been applied to degradation of cer-
tain kinds of chemicals [21,22], and inactivation of microorganisms
[23-26]. With regard to the application of the sonocatalytic effect
of TiO, NPs on cancer cell injury, our previous study first demon-
strated that TiO; NPs modified with a targeting protein could be
incorporated in cancer cells, and activated sonocatalytically to gen-
erate OH radicals, resulting in damage to the cell membrane [27].
Recently, some groups also reported in vitro and in vivo SDT using



