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a b s t r a c t

Since nanocarriers such as liposomes are known to accumulate in tumors of tumor-bearing animals, and
those that have entrapped a positron emitter can be used to image a tumor by PET, we applied 18F-
labeled 100-nm-sized liposomes for the imaging of brain tumors. Polyethylene glycol (PEG)-modified
liposomes, which are known to accumulate in tumors by passive targeting and those modified with Ala-
Pro-Arg-Pro-Gly, which are known to home into angiogenic sites were used. Those liposomes labeled
with DiI fluorescence accumulated in a glioma implanted in a rat brain 1 h after the injection, although
eywords:
ositron emission tomography
rain cancer
iposome
ancer diagnosis
assive targeting

they did not accumulate in the normal brain tissues due to the protection afforded by the blood–brain
barrier. Preformed liposomes were easily labeled with 1-[18F]fluoro-3,6-dioxatetracosane, and enabled
the imaging of gliomas by PET with higher contrast than that obtained with [18F]deoxyfluoroglucose. In
addition, the smallest tumor among those tested, having a diameter of 1 mm was successfully imaged by
the liposomal 18F. Therefore, nanocarrier-based imaging of brain tumors is promising for the diagnosis
of brain cancer and possible drug delivery-based therapy.
ngiogenesis

. Introduction

Brain cancers such as glioblastomas are known to be aggres-
ive and invasive (Wen and Kesari, 2008). Therefore, diagnosis
f brain cancer at the early stages is quite important. Positron
mission tomography (PET) is one of the strong tools for diagno-
is, therapeutic evaluation, and prognostic evaluation of cancer.
2-18F]-2-deoxyfluoro-d-glucose (FDG) is the most widely used
ositron emitter for cancer diagnosis (Scott et al., 2008; Nakamoto
t al., 2009). However, the utility of FDG-PET imaging for detection
f brain cancer is controversial due to the high demand for glucose
n the brain (Takeda et al., 2003; Chen, 2007). To reduce this both-
rsome background various compounds such as [11C]choline (Tian
t al., 2004; Kato et al., 2008), [11C]acetate (Yamamoto et al., 2008),

nd amino acid analogues such as [11C]methionine (Hatakeyama
t al., 2008; Jager et al., 2001), l-[methyl-11C]methionine (Nojiri
t al., 2009; Ullrich et al., 2009), O-[11C]methyl-l-tyrosine (Ishiwata
t al., 2004), O-[18F]fluoromethyl-l-tyrosine (Ishiwata et al., 2004),

∗ Corresponding author. Tel.: +81 54 264 5701; fax: +81 54 264 5705.
E-mail address: oku@u-shizuoka-ken.ac.jp (N. Oku).

1 Present address: The Burnham Institute for Medical Research at Lake Nona, 6400
anger Rd., Orlando, FL 32827, United States.
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© 2010 Elsevier B.V. All rights reserved.

O-[18F]fluoroethyl-l-tyrosine (Heiss et al., 1999; Langen et al.,
2006; Floeth et al., 2007; Mehrkens et al., 2008; Pauleit et al., 2009),
and O-[18F]fluoropropyl-l-tyrosine (Tang et al., 2003) have been
synthesized and evaluated as PET imaging agents for the diagno-
sis and detection of recurrence of brain tumors. Among them, the
amino acid analogues show relatively low accumulation in nor-
mal peripheral tissue (low tissue-to-blood ratio) and rapid blood
clearance and have been used for detecting brain tumors and other
tumors as well. We also demonstrated that the d-amino acid ana-
logue O-[18F]fluoromethyl-d-tyrosine is useful for tumor imaging
by PET (Urakami et al., 2009).

Nanomedicines such as liposomal drugs are known to accumu-
late in tumors due to the enhanced permeability of tumor blood
vessels and the retention effect (Maeda et al., 2000, 2009). This drug
delivery system (DDS) strategy is based on the nature of tumors:
tumor cells demand oxygen and nutrition and cause angiogene-
sis for obtaining them, and angiogenic vessels are leaky enough
to be permeated by nano-sized materials. Liposomes are known
as one of the most effective drug carriers for cancer therapy. In

liposomal DDS technologies, polyethylene glycol (PEG)-modified
liposomes are useful drug carriers for cancer therapy; for they
have a characteristically long circulation time in the bloodstream
due to avoidance of being trapped by the reticuloendothelial sys-
tem (RES) such as in the liver and spleen (Sakakibara et al., 1996;

dx.doi.org/10.1016/j.ijpharm.2010.10.001
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:oku@u-shizuoka-ken.ac.jp
dx.doi.org/10.1016/j.ijpharm.2010.10.001
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abizon, 2001). PEG-modified liposomes tend to accumulate in
umor tissues through passive targeting, and PEG-modified lipo-
omes containing doxorubicin have been used in clinical cancer
herapy.

We previously demonstrated that PEG-liposomes encapsulat-
ng [18F]FDG accumulate in solid tumors and can be effectively
maged by PET (Oku et al., 1996). Although the encapsulation
fficiency of [18F]FDG is not so high, the result indicated the use-
ulness of liposomes or nanocarriers for cancer imaging. Moreover,
ctively targeting nanocarriers specifically associating with tumor
ells or angiogenic vessels are an attractive approach. For exam-
le, we previously demonstrated that liposomes modified with a
eptide specifically recognized by membrane type-1 matrix met-
lloproteinase (MT1-MMP), which is expressed on the surface of
ngiogenic endothelial cells, accumulate in tumors (Kondo et al.,
004). In that study, we encapsulated [18F]FDG in the liposomes
nd determined the distribution of the liposomes by PET. We also
erformed in vivo biopanning of a phage-displayed peptide library
sing an angiogenesis mouse model to obtain specific probes for
ngiogenic endothelial cells, and identified the Ala-Pro-Arg-Pro-
ly (APRPG) motif as a novel peptide homing to angiogenic vessels

Oku et al., 2002; Asai et al., 2002). Liposomes modified with APRPG
nd labeled with [3H]cholesterol hexadecylether actually accumu-
ate in tumors of colon 26 NL-17 carcinoma-implanted mice (Maeda
t al., 2004). Moreover, the accumulation of APRPG-modified lipo-
omes in such tumors was also confirmed by PET analysis using
18F]FDG-encapsulated liposomes (Maeda et al., 2006).

In the present study, we applied PEG-modified and APRPG–PEG-
odified liposomes entrapping a positron-emitter to brain tumor

maging by PET. At first, we analyzed distribution of fluorescence-
abeled liposomes in glioma-bearing brain of rats by use of
uorescence microscopy and an in vivo fluorescence-based imag-

ng system. Then PET imaging of brain cancers was achieved
y use of 1-[18F]fluoro-3,6-dioxatetracosane ([18F]SteP2)-labeled

iposomes. Our results indicate that even a 1-mm diame-
er brain tumor could be imaged by PET, thus demonstrating
he usefulness of these liposomes for PET imaging of brain
ancer.

. Materials and methods

.1. Preparation of liposomes

All lipids were the products of Nippon Fine Chemical, Co. Ltd.
Takasago, Hyogo, Japan). Distearoylphosphatidylcholine (DSPC)
nd cholesterol along with DSPE–PEG or DSPE–PEG–APRPG
10:5:1 as a molar ratio) were dissolved in chloroform/t-
utanol to formulate PEG-modified liposomes (PEG-liposomes) or
PRPG–PEG-modified liposomes (APRPG-liposomes), respectively.
or fluorescence labeling of liposomes, 1,1′-dioctadecyl-3,3,3′,3′-
etramethyl-indocarbocyanine perchlorate (DiI, Molecular Probes
nc., Eugene, OR, USA) was added to the initial chloroform/t-butanol
olution at a concentration of 1 mol% of DSPC. After the lipids had
een dried under reduced pressure and stored in vacuo for at least
h, liposomes were prepared by hydration of the thin lipid film
ith 0.3 M glucose solution and frozen and thawed for 3 cycles by
sing liquid nitrogen. Then, the liposomes were sized by extrud-

ng them thrice through a polycarbonate membrane filter with
00-nm pores (Nuclepore track-Etch Membrane, Lipex). Particle

ize and �-potential of PEG-liposomes and APRPG-liposomes were
easured by use of a Zetasizer Nano ZS (MALVERN, Worcester-

hire UK, USA) and found to be 113 nm and −2.0 mV, respectively,
or PEG-liposomes and 107 nm and −3.3 mV, respectively, for the
PRPG-liposomes.
armaceutics 403 (2011) 170–177 171

2.2. Preparation of brain cancer-bearing model rats

The glioma-bearing rat model was prepared by a modification
of the procedure described previously (Takeda et al., 2003). Nine-
week-old Fischer 344 male rats (Japan SLC, Hamamatsu, Japan)
were cared for according to the Animal Facility Guidelines of the
University of Shizuoka. For the implantation of tumor cells, the rats
were anesthetized with chloral hydrate (40 mg/kg) in saline and
individually placed in a stereotaxic apparatus. C6 glioma cells were
maintained in Dulbecco’s modified Eagle medium (DMEM, Wako
Fine Chemical Co. Ltd., Osaka, Japan) supplemented with 10% heat-
inactivated fetal bovine serum (Japan Bioserum Co. Ltd., Japan),
penicillin G (100 U/mL) and streptomycin (100 �g/mL) at 37 ◦C in
5% CO2 atmosphere. After harvesting of these cells, the cells were
suspended in DMEM containing 1% gelatin (2 × 107 cells/mL). Ten
microliters of the cell suspension or vehicle (DMEM containing 1%
gelatin) was injected at a rate of 0.7 �L/min into the left midbrain
of each rat (4.3 mm posterior to bregma, 3.9 mm lateral to the mid-
line suture, and 7.0 mm in depth) with an infusion pump (11 Plus,
Harvard Apparatus, USA).

2.3. Intratumoral localization of DiI-labeled liposomes

C6 glioma cells (2.0 × 105 cells/rat) were inoculated as described
above. DiI-labeled liposomes were administered via a tail vein of
the rat at 11 days after tumor implantation. One hour or 24 h after
the injection of liposomes (0.5 mL/rat, 5 �mol as DSPC), the rats
were anesthetized with chloral hydrate, perfused with ca. 200 mL
saline and with ca. 100 mL 20% formaldehyde for the fixation. The
brain was removed and sliced at a 2-mm thickness with a cryo-
stat microtome (HM 505E, Microm, Walldorf, Germany). The slices
were then incubated twice in PBS for 4 h each time at 4 ◦C, and then
overnight in 30% sucrose solution at 4 ◦C. After removal of water, the
slices were embedded in optimal cutting temperature compound
(Sakura Finetech, Co. Ltd., Tokyo, Japan) and frozen at −80 ◦C. Brain
sections (10 �m) were prepared with a cryostat microtome, and
mounted on MAS-coated slides (Matsunami Glass Ind., Ltd., Japan)
for observation with a fluorescence microscope (IMT-2, Olympus,
Japan). Then, the slices were stained with hematoxylin and eosin
(HE) and observed under the microscope.

2.4. Ex vivo imaging of the distribution of DiI-labeled liposomes

DiI-labeled liposomes (0.5 mL/rat, 5 �mol as DSPC) were admin-
istered via a tail vein of a rat at 9 days after the implantation of C6
glioma cells. One hour after the injection, the rats were sacrificed;
and brain slices (2-mm thickness) were then prepared with a cryo-
stat microtome without perfusion and fixation. Fluorescent images
of those slices were obtained with a fluorescence imaging system
(IVIS Lumina, Xenogen).

2.5. Preparation of positron emitter-labeled liposomes

Preparation of 1-[18F]fluoro-3,6-dioxatetracosane (SteP2) and
liposome labeling by the SophT method were performed as
described previously (Urakami et al., 2007). About 100 MBq of
[18F]SteP2 in ethanol solution was transferred to a glass test tube,
and the solvent was removed completely at 90 ◦C with a helium gas
flow. Liposomal solution (1 mL, 10 �mol as DSPC) was added to the
vial having a thin film of 18F-radiolabeled compound and incubated
at 65 ◦C for 15 min with 5-s mixing by a vortex stirrer every 3 min.

After the incubation, the liposomal solution was washed with PBS
by centrifugation at 100,000 × g for 15 min (Beckman, Fullerton,
CA, USA), and the pellet was resuspended and diluted in PBS to
make a 22 MBq/mL solution. Radioactivity was measured with a
curie meter (IGC-3, Aloka, Japan).
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Rats anesthetized with chloral hydrate at 11 days after the
mplantation of C6 glioma cells were placed on an animal
T (Clairvivo CT, Shimadzu, Japan) to obtain CT images. Then,

18F]SteP2-labeled liposomes (10 MBq/rat) were administered via a
ail vein. PET scans were started immediately after the injection and
ontinued for 60 min by use of an animal PET apparatus (Clairvivo
ET, Shimadzu, Japan).

FDG-PET was similarly performed. [18F]FDG (10 MBq/rat)
as injected into the rats after having obtained the CT

mages.

.6. PET analysis and autoradiography

Before PET analysis, rats anesthetized with chloral hydrate at
1 days after the implantation of C6 glioma cells were placed on
he animal CT to obtain CT images. Then, [18F]SteP2-labeled lipo-
omes (10 MBq/rat) were administered via a tail vein. Then the
ET scan was started immediately after the injection and con-
inued for 60 min. FDG-PET was similarly performed. [18F]FDG
10 MBq/rat) was injected into the rats after having obtained the CT
mages.

After the PET scan, the rats were sacrificed; and the brain
as then excised. Thereafter, 2-mm slices were prepared

nd set on an imaging plate. Autoradiograms were obtained
y using a bioimaging analyzer system (BAS2000, Fuji Film,
apan).

.7. Biodistribution of liposomes

Glioma-bearing rats were injected with [18F]SteP2-labeled PEG-
iposomes (10 MBq/rat) via a tail vein as described above. At 1 h

fter the injection, the rats were sacrificed, and blood and organs
heart, lung, liver, spleen kidney normal part of brain, brain tumor)
ere removed. The radioactivity of blood and each organ was mea-

ured by using an auto gamma counter (1480 Wizard 3, Perkin
lmer, USA).

ig. 1. Intratumoral distribution of fluorescence-labeled liposomes in brain tumor afte
iposomes (A–C) or APRPG-liposomes (D–F) at day 11 after implantation of C6 glioma cells
rain tumors were dissected; and 10-�m frozen sections were prepared as described in Se
icroscope (B, C, E, and F). Red fluorescence shows the liposomal localization. A and D sho

mages of “B” and “E”, respectively. The dotted lines show the borders between normal an
cale bar represents 100 �m.
armaceutics 403 (2011) 170–177

2.8. Statistical analysis

Differences between groups were evaluated by analysis of vari-
ance (ANOVA) with the Tukey post hoc test.

3. Results

3.1. Intratumoral distribution of fluorescence-labeled PEG- and
APRPG-liposomes

At first, we confirmed that the angiogenic vessels formed by
experimental glioma in the rat brain were leaky enough to allow
permeation by nanomedicines such as liposomes. As shown in
Fig. 1B and E, the DiI fluorescence of DiI-labeled PEG-liposomes
and APRPG-liposomes, respectively, was observed in the glioma
at 1 h after intravenous injection of the liposomes. Since DiI flu-
orescence was not observed in the normal brain tissues near the
tumor, we concluded that the liposomes had accumulated in the
tumor through angiogenic vessels. The fluorescence intensity was
increased at 24 h after the injection (Fig. 1C and F). Interestingly, the
DiI fluorescence of the PEG-liposomes accumulated widely in the
tumor, although that of APRPG-liposomes accumulated intensely
in rather specific areas, suggesting that these liposomes had accu-
mulated in the angiogenic vessels. These patterns of liposomal
fluorescence are consistent with our previous data obtained by use
of tumor-bearing mice that had been implanted subcutaneously
with C26 NL-17 colon carcinoma (Maeda et al., 2006).

To understand the structure of the brain vasculature, we
examined normal and glioma-implanted brain specimens after
HE-staining. As shown in Fig. 2, capillaries in the normal brain tis-
sue were covered with astrocytes (Fig. 2A); whereas capillaries in

the brain tumor tissues were surrounded directly by glioma cells
(Fig. 2B). These results support the idea that the blood–brain bar-
rier (BBB) is immature in angiogenic vessels of brain tumors. The
possible architecture based on our observation and the literature
(Standring, 2005) is shown in Fig. 2C and D.

r intravenous injection. Rats were intravenously injected with DiI-labeled PEG-
into the left midbrain. At 1 h (A, B, D, and E) or 24 h (C and F) after the injection, the

ction 2. Then, liposomal distribution in the brain was observed under a fluorescence
w the images stained with hematoxylin and eosin, corresponding to the fluorescent
d tumor tissue. Deep purple regions in “A” and “D” indicate the tumor tissues. The
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ig. 2. Structure around blood capillaries in normal brain and brain tumor tissues. A
idbrain. The brain was dissected, and 10-�m sections of normal right brain (A) a

nterpretation of the histology around blood capillaries in normal brain (C) and bra

.2. Ex vivo study on the accumulation of fluorescence-labeled
iposomes in brain tumor

Although microscopic study provided data on the intratumoral
istribution of the liposomes, the liposomal distribution in the
hole brain could not be understood. Therefore, we next exam-

ned the distribution of DiI-labeled liposomes in the glioma-bearing
rain by use of whole-brain slices. As a result, both PEG-liposomes
nd APRPG-liposomes accumulated in the brain tumor 1 h after the
njection via a tail vein (Fig. 3B and D, respectively). No specific
ccumulation could be observed in the sham-operated brain after
he injection of the DiI-labeled PEG-liposomes (Fig. 3E and F). The
uorescence intensity of the tumor region was 4.0-fold and 3.1-

old higher than that of the contralateral regions after the injection
f DiI-labeled PEG-liposomes and DiI-labeled APRPG-liposomes,
espectively.

.3. Brain tumor imaging with positron-emitter-labeled
iposomes by PET

Finally, PEG-liposomes and APRPG-liposomes were labeled with
he positron emitter [18F]SteP2, by the SophT method, and injected
nto the glioma-bearing mice. As shown in Fig. 4, the positron emit-
er accumulated in the tumor region and imaged the tumor after
njection in PEG-liposomes (Fig. 4, top panel) or APRPG-liposomes
Fig. 4, middle panel). Interestingly, the other regions of the brain

howed a low background. On the contrary, [18F]FDG imaged the
hole brain, although the accumulation was higher in the tumor

egion (Fig. 4, bottom panel). BAS images (autoradiograms) shown
n right panel confirmed the region of tumor. The tumor sizes of
reparations varied to some extent in the present experiment, and
rain tumor model was prepared by the implantation of C6 glioma cells into the left
mor-implanted left brain (B) were stained with hematoxylin and eosin. Schematic
or tissues (D) are shown.

the smallest tumor was revealed to be only about 1 mm in diameter.
Interestingly, this small tumor was imaged by PET but was hardly
detectable by CT when [18F]SteP2-labeled APRPG-liposomes had
been injected (Fig. 5).

The biodistribution of 18F at 1 h after the injection of [18F]SteP2-
labeled PEG-liposomes or [18F]FDG is shown in Fig. 6. The
liposome-bearing label was maintained in the bloodstream and
highly accumulated in the spleen. This result is consistent with our
previous study (Maeda et al., 2004). In the brain, 18F in the lipo-
somes or as FDG significantly accumulated more in the tumor than
in the normal tissues. In contrast to the distribution of 18F after
injection of liposomes bearing it, 18F as FDG was cleared from the
bloodstream quite fast and accumulated in the heart and normal
region of brain.

4. Discussion

Since the usefulness of FDG-PET for the detection of brain
tumors is controversial (Takeda et al., 2003; Chen, 2007), other
PET imaging agents have been developed. In the present study, we
aimed at imaging brain tumors not by the synthesis of molecules
specifically taken up by tumor cells, but by use of DDS technol-
ogy. Nanocarriers such as liposomes are well known to accumulate
in solid tumors, especially in hypervascular tumors, due to the
EPR effect (Maeda et al., 2000, 2009). In fact, liposomal radionu-

clides show effective tumor imaging (Oku et al., 1996; Geng et al.,
2004; Elbayoumi and Torchilin, 2006). Moreover, liposome-based
radionuclide delivery is not only useful for cancer imaging but
also for cancer therapy when the carriers entrapping radiophar-
maceuticals or other anticancer agents are used (Kostarelos and
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ig. 3. Ex vivo imaging of liposomal distribution in rat brain bearing glioma. Rats
iposomes (C and D) at day 9 after implantation of C6 glioma cells (A–D) or medium
nto 2-mm sections, and the distribution of liposomes labeled with DiI was scanned
). Two separate experiments gave similar results.
mfietzoglou, 2000; Syme et al., 2003; Hamoudeh et al., 2008).
nother advantage of carrier-based imaging is the active targeting
y modifying carriers with some specific probes. We previously
odified liposomes with angiogenic vessel-specific peptides and

ig. 4. PET imaging of brain tumor with [18F]SteP2-liposomes and [18F]-FDG. Rats were in
18F]SteP2-labeled APRPG-liposomes (middle panel) or [18F]FDG (bottom panel) at day 1
attern of samples was determined by taking 1 frame/min for 1 h with the Clairvivo PET, a
center panel) images are shown. After PET imaging, the brains were sliced into 2-mm sect
nalyzer BAS 2000, and the pictures were taken (right upper panels). The ovals formed by
intravenously injected with DiI-labeled PEG-liposomes (A, B, E, and F) or APRPG-
e (E and F) into the left midbrain. At 1 h after the injection, the brains were sliced
a fluorescence imaging system, IVIS (B, D, and F). Photos are also shown (A, C, and
observed the efficient delivery of targeting liposomes to cancer by
PET (Kondo et al., 2004; Maeda et al., 2006). Therefore, cancer imag-
ing with DDS technology has various advantages including cancer
treatment.

travenously injected with 10 MBq of [18F]SteP2-labeled PEG-liposomes (top panel),
1 after implantation of C6 glioma cells into the left midbrain. The biodistribution
nd averaged data from 40 to 60 min are shown. Horizontal (left panel) and vertical
ions, and the autoradiograms (right lower panels) were obtained with a bioimaging
the white dotted line show the estimated brain position.
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ig. 5. PET imaging of small brain tumor with [18F]SteP2-liposomes. PET imaging wa
een among the prepared model rats was imaged by PET. PET images (A and B) and
mages are shown. (C) BAS image of a rat brain slice. (F) Photo of the brain slice. Arr

It is well known that glioblastoma, the most prevalent brain can-
er, is a hypervascular tumor due to angiogenesis (Verhoeff et al.,
009; Brastianos and Batchelor, 2009); and thus nanocarriers such
s liposomes would be expected to accumulate in the brain can-
er, since the permeability of tumor angiogenic vessels was higher
han that of normal blood vessels. Moreover, brain blood vessels
specially protect from the penetration of some molecules due
o the BBB. Therefore, liposomes or other nanocarriers would be
pecifically accumulated into brain tumor region after circulating
loodstream, and be useful for brain cancer imaging. For labeling
anocarriers quite conveniently with PET probes, we previously
ynthesized a novel 18F-labeled amphiphilic compound known as
-[18F]fluoro-3,6-dioxatetracosane (Urakami et al., 2007). There
re several methods for labeling liposomes, although radionu-

lides need to be incorporated during formulation of the liposomes
n most of those methods. For example, to label liposomes with
18F]FDG, [18F]FDG was incorporated into liposomal aqueous phase
uring hydration step of liposomal lipids. In addition, the encapsu-

ation efficiency of [18F]FDG into the liposomes was very low. The
ormed as described in the legend of Fig. 4. Even the smallest tumor, 1-mm diameter,
ages (D and E) of a rat brain are shown. Horizontal (A and D) and vertical (B and E)
ads indicate the tumor.

advantage of the “solid-phase transition” (SophT) method is that it
is applicable to preformed liposomes with quite high labeling effi-
ciency. Moreover, [18F]SteP2 in DSPC-based liposomes is stable in
the presence of serum (Urakami et al., 2007). This universal method
of liposomal modification can be used for various kinds of lipo-
somes and lipidic nanoparticles and bring the enhanced detection
of a target tissue.

Aim of the present study is to demonstrate the application
of positron-labeled liposomes for brain tumor imaging by PET.
We firstly examined the intratumoral distribution of fluorescence-
labeled PEG- and APRPG-liposomes by fluorescence microscopy,
and observed the accumulation of both DiI-labeled PEG-liposomes
and APRPG-liposomes in the brain tumor region at 1 h after
intravenous injection of the liposomes, although the intratu-

moral distribution of each liposome was different. We previously
demonstrated that PEG-liposomes were accumulated around
neovessels and fluorescence of DiI-labeled-APRPG-liposomes was
colocalized with CD31 stain in colon 26 NL-17 solid tumor
(Maeda et al., 2006). Therefore, the differential accumulation
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Fig. 6. Biodistribution of 18F after injection of [18F]SteP2-labeled PEG-liposomes
or [18F]-FDG. Injection of [18F]SteP2-labeled liposomes and [18F]-FDG was per-
formed as described in the legend of Fig. 4. At 1 h after the injection, blood was
collected; and the selected organs were then excised for the determination of the
radioactivity. Data are presented as the mean distribution of 18F after injection of
[18F]SteP2-labeled PEG-liposomes (closed bars, n = 3) or [18F]FDG (open bars, n = 4).
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Maeda, N., Miyazawa, S., Shimizu, K., Asai, T., Yonezawa, S., Kitazawa, S., Namba, Y.,
Tsukada, H., Oku, N., 2006. Enhancement of anticancer activity in antineovas-
ignificant differences between normal and tumor tissues are shown: *p < 0.05,
**p < 0.001.

f PEG-liposomes and APRPG-liposomes observed in the tumor
egion, might be caused by the APRPG-modification of the latter
iposomes.

In the present study HE-staining of normal brain tissue indi-
ated that the capillaries were wrapped with astrocytes, whose
rrangement may strengthen the BBB function (Standring, 2005).
n contrast, astrocytes and nerve cells were not observed in
he brain tumor tissues, and the capillaries directly faced the
urrounding glioma cells: This might support the extravasation
f PEG-liposomes into the tumor tissues. On the other hand,
PRPG-liposomes might specifically accumulate in angiogenic
essels in brain tumor tissue. Ex vivo imaging of DiI with the
n vivo fluorescence imaging system indicated the accumulation
f both PEG-liposomes and APRPG-liposomes in the brain tumor
as 3–4 fold higher than that in the surrounding normal brain

issue.
Our PET study indicated the accumulation of 18F-labeled lipo-

omes and imaging of glioma in the tumor-bearing rat brain. The
umor images obtained with liposomes were clearer than those
btained with FDG-PET. In the case of [18F]FDG imaging, the back-
round level represented by imaging of normal brain region was
igh, since persistent demand for glucose to normal brain cells
Fig. 5). In contrast, brain tumor was specifically imaged by using
18F]-labeled PEG- or APRPG-liposomes with quite low background.
dditionally, those liposomes also can be used for the brain cancer

herapy.
The efficiency for tumor imaging by both [18F]SteP2-labeled

EG-liposomes and APRPG-liposomes was similar, although the
ntratumoral distribution was different between PEG-liposomes
nd APRPG-liposomes. These data are consistent with our previ-
us results showing that the accumulation of PEG-liposomes and
PRPG-liposomes in solid tumors was not much different (Maeda
t al., 2004). Therefore, we conclude that [18F]-labeled liposomes
aving either passive or active targeting characteristics are useful

or brain tumor imaging: However, active targeting liposomes to
umor angiogenic endothelium would be more potent when these
re used for both imaging and therapy. In the present study, it

hould be also noted that a tumor with a diameter of only 1 mm
ould be successfully imaged by using [18F]SteP2-labeled lipo-
omes.
armaceutics 403 (2011) 170–177

5. Conclusions

In the present study, brain tumor imaging by a DDS nanocar-
rier, i.e., liposomes, was explored. Liposomes were 18F-labeled by
the SophT method and injected intravenously into rats bearing a
glioma-type brain tumor. Liposomes failed to accumulate in the
normal surrounding brain tissue due to BBB protection and a brain
tumor was specifically imaged with the liposomes via the differ-
ent structure of brain tumor vessels. Since radiopharmaceutics or
anticancer agents can be incorporated into DDS nanocarriers, these
nanocarriers including liposomes should be useful for diagnosis and
therapy of brain cancer.
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