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研究成果の概要（和文）：様々な粒径をもつ高分子ミセルを調整し、腫瘍細胞に過剰発現しているインテグリンを標的
するcRGDを表面に結合した(cRGD/m)。30-50nmのcRGD/mは脳腫瘍モデルにおいて腫瘍の成長を抑制したが、70-100nmのc
RGD/mは効果を示さなかった。腫瘍への集積を調べると、30-50nmのcRGD/mは約8%だが、70-100nmのcRGD/mは2%に満たな
かった。顕微鏡観察をすると、30nmのcRGD/mは腫瘍内で血管から溢出し深部へ浸透するが、70nmのcRGD/mは血管から溢
出できなかったことが示され、この能動輸送メカニズムはナノ粒子のサイズに依存することが分かった。

研究成果の概要（英文）：The aim was to evaluate the size effect of ligand-installed nanomedicines in 
their ability to target solid tumors. Drug-loaded micelles having 30-, 50-, 70- and 100-nm diameter were 
prepared, and conjugated with cyclic-RGD (cRGD) peptide for targeting of tumors overexpressing avb3 and 
avb5 integrins. cRGD-installed micelles (cRGD/m) showed comparable stability and drug release rates. The 
in vitro activity of cRGD/m against monolayer culture of glioma U87-MG cells showed that all cRGD/m had 
comparable cytotoxicity. In vivo, 30- and 50-nm cRGD/m suppressed the growth of U87-MG xenografts, while 
larger cRGD/m failed to show antitumor activity. Tumor accumulation was around 8% of injected dose per 
gram of tissue for 30- and 50-nm cRGD/m, whereas larger cRGD/m were lower than 2%. In vivo CLSM showed 
cRGD/m with 30-nm penetrated into U87-MG tumors, whereas 70-nm cRGD/m did not extravasate, indicating a 
size-mediated active transport mechanism.

研究分野： ナノメヂジン

キーワード： ドラッグデリバリー　 環状RGDペプチド 　ナノ粒子のサイズ　アクティブターゲティング　 高分子ミ
セル　グリオーマ 

  ３版



Ŏ� ć� ȭȡȣȩ�Ȯȡȣȩ�Ȳȡȣȩȟ ǯȠ�

ȣȢƏƛȃåĉ¥*ƹĺ 
�>ŚƄ=ŏƈ&�:\rXJZs`s

yPRYn(DDS))�$+�EPR¯Ň=§
Ż�$¨�>«¡²]_Ƣæ=�>.&ȋ
ƚ��:ğŜ��Ǎ&(!$:����(
�8�ƽƾƃŚƄ(')Ĵ$+ blood-brain 
tumor barrrier (BBTB)&Ê,;:ȊÞ�ǃ
«*ȋƚ=ä�:�4�EPR¯Ň*2)Û#
� DDS %+µ¤(Ģƾƃ¯Ň�ď8;(
�&�Îȓ&(!$�9�Ĳ�( DDS ĝſ
*ȃƆ�ē±&(!$���*7�(ǜȓ)
ò�:ǏřƠ&�$+�(i)sGw\ô�)7
:?IY@fVyLXY@wJ��7-(ii)
NAS¨Đ)7:ȋƚĔ*Ç|�Ƶ�8;
:����(�8�sGw\ô�ŵ&mTt
*ƢČ*ȅ�Ĕ6�*Ƌ�¯Ň)7!$ď
8;:ƾƃŢǮĔ.*ċȑ)"$+�ĉĸ�
1 Əƛ�ǳ>%(ȒÙ%�!����
%ŃƏƛ%+�DDSHqs?&�$sGw\
¤æ=ô���¨�>«¡²mTt=ǝİ
�:& )�;8*ƢČ*ǵ)7:Ģƾ
ƃ¯Ň)"$ŖǧxŋǑ=ǆ!�� 
 
ȤȢƏƛ*Ɗƈ 
ŃƏƛ*Ɗŏ+�sGw\=ô���¨�

>«¡²ț¤æmTt*NAS���*ÔĊ
�>.*VyLY@wJƻ)ò�$»0�
ċȑ=Ǖ��:�&%�!�� 
 
ȥȢƏƛ*ĳŜ 
mTt=ōě�: ǻÄ�*Äě+

N3-PEG-NH2 = l I v ȃ å « & � �
N-carboxy anhydride of γ-benzyl 
L-glutamate *ǻÄ&�Ƭ�łƝÛ*ßĨ�
Ƽ�Ǡ�luAm\Û*ô�* 4RYXg=
ƪ$ļƨƊƈű%�:łƝluAm\
poly(ethylene glycol)-b-poly(glutamic acid)
=ď��Œ) DACHPt &ď8;�łƝlu
A m \ poly(ethylene glycol)-b-poly 
(glutamic acid) & ł Ɲ Ł � ȗ *
poly(ethylene glycol)-b-poly(glutamic acid)
=�ę*Ä%ť�Ä<�:�&)7!$�
luAm\ô�ŵ*Ɓ(:ªβ�mTt=
Ċě�����*ȉ�luAm\ëƻÛ=
ľ � � poly(ethylene glycol)-b-poly 
(glutamic acid)�poly(glutamic acid)*·Ŵ
ǻ Ä � � (1,2-diaminocyclohexane) 
platinum(II)=ť��<�:�&)7!$
ǝǊ��mTt*NAS= 30nm�50nm�
70nm�100nm )¨Đ���ļč)WEy
tœÛ=ľ�:Ÿų RGD =lAKt�®¼
Ē=Ż$mTtǈ÷.ƫÄ���20%*
Ä%ŸųRGD=ô���DACHPt¡²mT
t=ǝİ��� 
ď8;�mTt*űĔ+ 1H NMR�°ƈ�

į��ICP-MS)$Ǖ����ȠŸų RGD=
ô���ț¤æmTt*ƽƾƃƧƺ)ò�
:½ǫǽ&ƧƺŕĔ*Ǖ� 
� |ǒ%ǝİ��NAS*Ɓ(:mTt=
b[JsEylƧƺŉȟU87MGȠ)ò�$

īƙ�� 1ȡ 24 ĸȄč*Ƨƺ½ǫǽ=
ICP-MS& ŬūuyOyȔđȀ)7!$Ǖ
���� 
� �8)�U87MG Ƨƺ=Ɖ}.ƗŊ��í
ȚpZtlBR=Ũ���ÃmTt*ƾƃÝ
ŔĠ¨¯Ň)"$Ǖ����1��in vivo
 ŬūuyOyȔđȀ&Ǆ�rht³��
mTt=Ż$�mTt*ǅş�8ƾƃ.*
ƗǆĔ)"$ǎñ��� 
 
ȦȢƏƛěŇ 
 

100nm �}*]_Hqs?)�$�
�*NAS+ǅơ�8*ũ£Ĕ6ÔĊ�>
ŤǸ.*ŢǮĔ)�$ȇìÑæ&(9�Ǯ
ǴĔ*��>)ò�:ƾƃȋƚĔ6Ģƾ
ƃ¯Ň)ċȑ=»0��&�Ƒ�;$���
ǅơǮǴ&ƾƃŢǮ*ǴƘ)�$sGw
\ĩǨ]_Hqs?*NAS*¯Ň=ƛĶ
�:�&%��;�Ģƾƃ¯Ň=5"�¯Ň
ƈ(sGw\ĩǨȁĿŪžØǃ«Hqs?
*ZOAw�¾ƻ&(:�  

��%�Ŷ×ǀĄǖȚ�%�:
(NC-4016�]_Hqs?)¨�>« DACHPt
=¡²��ț¤æmTt�Ż:�&=Ƶ
����* DACHPt¡²mTt+�ksJt
VmwǺjpǻÄ�=®�:�&)79�ƣ
ð(NAS¨Đ�¾ƻ%�:(H. Cabral et al. 
Nat Nanotech (2011)�ŃƏƛ%+�Ĝ	+ 30�
50�70�100nm*ƢČ=ĥ"ț¤æmTt=
ǝǊ��sGw\=ĩǨ�$��*ŢǮĔ=
Ǖ���(Ó 1)�mTt+ǤňØȎæȔđȀ)
7!$�NAS¤ā*¤į�õ��&�Ɛ
Ǚ�;�(Ó 1)� 

 

Ó 1. Ŏ	(NAS=5" DACHPt ¡²mT
t+ksJtVmwǺjpǻÄ�= PEG-b-
ksJtVmwǺ&DACHPt*ťÄű)®�
:�&%ǝİ�;��mTt*NAS+ TEM
)7!$Ŧì��� 
 
Ĝ	+�*mTt*sGw\�ĩǨ�;$
(5*=Ż$�U87-MG Ƨƺ�8�8
;�JsEylpZt)ò�: in vivo %*
¯Ň=ǝ/���* U87-MGƾƃ+ƽƾƃ*
�%5!&5ǮǴĔ���(Ó 2�ÀÓ)��;
+ǅţƽƾƃȅȂ(BBTB)*ç×)7:5*
%�:�&�Ǝ8;$:��8)�Ĝ	+
�*ƾƃpZt�isNA[%Ò1;�ǅ

50 nm 50 nm 

30-nm micelles  

50 nm 

50-nm micelles 70-nm micelles 100-nm micelles 

50 nm 

0

200

400

600

800

1000

1 31 61 91 121

SIze (nm)

N
u

m
b

e
r 

o
f 

p
a

rt
ic

le
s 

x 
D

ia
m

e
te

r

0

25

50

75

100

C
u

m
m

u
la

tiv
e

 a
m

o
u

n
t 

(%
)

0

100

200

300

400

500

600

700

1 31 61 91 121

SIze (nm)

N
u

m
b

e
r 

o
f 

p
a

rt
ic

le
s 

x 
D

ia
m

e
te

r

0

25

50

75

100

C
u

m
m

u
la

tiv
e

 a
m

o
u

n
t 

(%
)

0

100

200

300

400

500

600

700

800

1 31 61 91 121

SIze (nm)

N
u

m
b

e
r 

o
f 

p
a

rt
ic

le
s 

x 
D

ia
m

e
te

r

0

25

50

75

100

C
u

m
m

u
la

tiv
e

 a
m

o
u

n
t 

(%
)

0

100

200

300

400

500

1 31 61 91 121 151

SIze (nm)

N
u
m

b
e
r 

o
f 
p
a
rt

ic
le

s 
x 

D
ia

m
e
te

r

0

25

50

75

100

C
u
m

m
u
la

tiv
e
 a

m
o
u
n
t 
(%

)

The diameter of micelles can be precisely controlled 
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animals that were injected with long-circulating liposomes [442
tumor vessels; 124 with fenestrated endothelium (28.1%); 40
with open gaps (9.1%)] (Table 1). The mean number of
fenestrations per vessel profile in tumor vessels that had
fenestrated endothelium was 8 ! 0.8 for noninjected animals
and 5 ! 0.4 for injected animals. Fenestrated endothelium was
observed in capillary-sized and venular-sized vessels (Fig. 2A).
Open endothelial gaps ranged in size from 100 to 1,000 nm,
although the majority of the gaps were between 200 and 900
nm (Fig. 2B). Without serial sections and reconstruction we
could not determine whether these open endothelial gaps were
interendothelial or transendothelial. Long-circulating lipo-
somes (100 nm) were also seen extravasating through open
junctions (Fig. 2C).

The Host Microenvironment Modulates Tumor Microvas-
cular Pore Cutoff Size. To determine the effect of the cranial
microenvironment on pore cutoff size, similar studies were
performed on tumors grown in the cranial window. The tumors
generally grew twice as fast in this location as they did when
grown subcutaneously (data not shown). The vascular pore
cutoff size was dramatically smaller in all tumors when grown
in the pial microenvironment of the cranial window as com-
pared with the same tumor grown in the subcutaneous micro-
environment of the dorsal chamber (Fig. 1 and Table 2). The
adjacent normal pial tissue did not exhibit extravasation of any
long-circulating liposome or latex microspheres. The vessels
were well perfused throughout the tumors.

Hormone Withdrawal Decreases Pore Cutoff Size in Hor-
mone-Dependent Tumors. The hormonal milieu as a specific
component of the microenvironment has been shown to
regulate angiogenesis in hormone-dependent mammary car-
cinomas (15). To demonstrate a role for steroid hormones in
the maintenance and modulation of the pore cutoff size,

microvascular growth and regression were followed for 27 days
in Shionogi (testosterone-dependent) tumors before and after
hormone ablation. Initial vascularization was vigorous and
occurred within 7 days. Before 7 days the vasculature was
composed of very thin tortuous vessels, in agreement with
previous studies of the changing microvasculature in LS174T
tumors (11). Orchiectomy or sham surgery was performed on
days 10–12, determined by the rate of vascularization of the
tumors in a given cohort. Vascular regression occurred with
hormonal withdrawal whereas continued tumor growth oc-

Table 2. Pore cutoff size: Dorsal chamber vs. cranial window

Tumor cell line
(n " 5)

Dorsal chamber
pore cutoff size, nm

Cranial window
pore cutoff size, nm

HCa-I 380–550 210–380
Shionogi 200–380 100–380
MCa IV 1,200–2,000 380–550

FIG. 1. The vascular pore cutoff size for six different types of
tumors grown in the dorsal chamber (A) and four tumors grown in the
cranial window (B) was evaluated. The solid circles represent signif-
icant extravasation at the indicated long-circulating liposome or latex
bead size. The open circles represent no extravasation at the indicated
liposome!latex bead size. The size range between the last particle
extravasated and the first particle that did not extravasate indicates the
vascular pore cutoff size range (hatched bar). The majority of tumors
have a vascular pore cutoff size range between 380 and 780 nm when
grown subcutaneously in the dorsal chamber. The interaction of the
tumor with the cranial microenvironment (B) leads to a smaller
vascular pore cutoff size than the interaction of the same tumor with
the subcutaneous microenvironment (A). Comparison of bFGF-
induced vessels (bFGF) and tumor-induced vascular pore sizes dem-
onstrates that the presence of bFGF alone can lead to pores of this size.

Table 1. MCa IV vessel morphometry by electron microscopy

Tracer Vessels counted % fenestrated % open junctions

No liposomes 142 39.4 10.6
Liposomes 442 28.1 9.1

FIG. 2. Representative electron micrographs of MCa IV tumor
vessels grown in the dorsal chamber. (A) Venular-sized vessel with
fenestrated endothelium (arrowheads). (Bar " 500 nm.) (B) Tumor
vessel with an open gap measuring 856 nm delineated by the arrows.
(Bar " 500 nm.) (C) Open endothelial gap in tumor blood vessel from
a long-circulating liposome-injected animal. What appear to be long-
circulating liposomes are shown traversing through the open junction.
Serial sections (not shown) demonstrate that these are not transverse
sections of cellular projections. (Bar " 300 nm.)

Medical Sciences: Hobbs et al. Proc. Natl. Acad. Sci. USA 95 (1998) 4609
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tumors (11). Orchiectomy or sham surgery was performed on
days 10–12, determined by the rate of vascularization of the
tumors in a given cohort. Vascular regression occurred with
hormonal withdrawal whereas continued tumor growth oc-

Table 2. Pore cutoff size: Dorsal chamber vs. cranial window

Tumor cell line
(n " 5)

Dorsal chamber
pore cutoff size, nm

Cranial window
pore cutoff size, nm

HCa-I 380–550 210–380
Shionogi 200–380 100–380
MCa IV 1,200–2,000 380–550

FIG. 1. The vascular pore cutoff size for six different types of
tumors grown in the dorsal chamber (A) and four tumors grown in the
cranial window (B) was evaluated. The solid circles represent signif-
icant extravasation at the indicated long-circulating liposome or latex
bead size. The open circles represent no extravasation at the indicated
liposome!latex bead size. The size range between the last particle
extravasated and the first particle that did not extravasate indicates the
vascular pore cutoff size range (hatched bar). The majority of tumors
have a vascular pore cutoff size range between 380 and 780 nm when
grown subcutaneously in the dorsal chamber. The interaction of the
tumor with the cranial microenvironment (B) leads to a smaller
vascular pore cutoff size than the interaction of the same tumor with
the subcutaneous microenvironment (A). Comparison of bFGF-
induced vessels (bFGF) and tumor-induced vascular pore sizes dem-
onstrates that the presence of bFGF alone can lead to pores of this size.

Table 1. MCa IV vessel morphometry by electron microscopy

Tracer Vessels counted % fenestrated % open junctions

No liposomes 142 39.4 10.6
Liposomes 442 28.1 9.1

FIG. 2. Representative electron micrographs of MCa IV tumor
vessels grown in the dorsal chamber. (A) Venular-sized vessel with
fenestrated endothelium (arrowheads). (Bar " 500 nm.) (B) Tumor
vessel with an open gap measuring 856 nm delineated by the arrows.
(Bar " 500 nm.) (C) Open endothelial gap in tumor blood vessel from
a long-circulating liposome-injected animal. What appear to be long-
circulating liposomes are shown traversing through the open junction.
Serial sections (not shown) demonstrate that these are not transverse
sections of cellular projections. (Bar " 300 nm.)
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fluorescence signal of cRGD/m along the lining of the
tumor vessel was confirmed 5min after administration.
Then, the intensity values of green fluorescence (cRGD/
m) at the tumor tissue increased from 0 to approxi-
mately 150 during the initial 5 h (Figure 6g). On the
other hand, the cRAD/m (red) was unable to penetrate
tumor vasculature (Figure 6h and i). We confirmed that
subcutaneous glioblastoma models showed the ex-
pression of “tight junctions” (Claudin 5-positive) and
“pericytes” (RSMA-positive) (Supporting Information
Figure S3) by immunohistochemical analysis,46!48 in-
dicating the existence of the vascular/tumor barriers.
Hence, we proved that this differential permeability is
attributed to the potential of cRGD ligands on the
micelles to induce integrin-mediated active transport
specifically through the vascular barrier. Overall, it is
reasonable to conclude that the cRGD/m can enter the
tumor sites via active transport-mediatedpathways,most

likely transcytosis as the vesicular transport is enhanced
in the vasculature of brain tumor.49,50 Although the
integrin targeting by using cRGD has been considerably
investigated, the direct visual evidence to support active
transport across the vascular barrier of glioblastoma is
reported for the first time in this study as far as we know.

Further research into the antitumor efficacy by
utilizing orthotopic brain tumor models would clarify
the availability of cRGD/m in clinical settings. We
implanted U87MG-Luc2 cancer cells into the brains of
BALB/c nude mice (Supporting Information) and mon-
itored the tumor growth inhibition effect by luciferase
imaging. Five days after tumor inoculation, 20% cRGD/m
and 20% cRAD/m were administered iv at a dose of
4 mg/kg on a DACHPt basis every other day (total of
three injections). Oxaliplatin (dose = 8 mg/kg) was also
used as a control-free drug with the same dosing
schedule. The IVIS images showed that the signals from

Figure 6. IVCLSM of DACHPt/m. IVCLSM observations of 20% cRAD/m (green) and 20% cRGD/m (red) in blood vessels and
tumors at (a) 5min and (b) 5 h after intravenous coadministration. IVCLSMobservations of 20% cRAD/m (red) and 20% cRGD/m
(green) in blood vessels and tumors at (c) 5 min and (d) 5 h after intravenous coadministration. Their colocalization is shown in
yellow. The spectral images were unmixed to determine the Alexa 647 (red), Dylight 488 (green), and autofluorescence levels.
Scale bars represent 100 μm in all images. (e) Quantitative analysis of the amounts of micelles in tumor sites based on the
IVCLSM results. Fluorescence profiles of cRGD/m (green) and cRAD/m (red) in the region selected (indicatedby awhite rectangle
in part c). (d) Permeation profiles of 20% cRGD/m (green) and 20% cRAD/m (red) from the blood vessels to the tumors in the
selected region (indicated by a blue rectangle in part c) at 5 min (f and h) and at 5 h (g and i).
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