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ABSTRACT Ligand-mediated drug delivery systems have enor-

mous potential for improving the efficacy of cancer treatment. In
particular, Arg-Gly-Asp peptides are promising ligand molecules for
targeting a,/33/a.,fs integrins, which are overexpressed in angio-
genic sites and tumors, such as intractable human glioblastoma
(UB7MG). We here achieved highly efficient drug delivery to US7MG
tumors by using a platinum anticancer drug-incorporating polymeric

micelle (PM) with cydic Arg-Gly-Asp (cRGD) ligand molecules.
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Intravital confocal laser scanning microscopy revealed that the cRGD-linked polymeric micelles (cRGD/m) accumulated rapidly and had high permeability

from vessels into the tumor parenchyma compared with the PM having nontargeted ligand, “cyclic-Arg-Ala-Asp” (cRAD). As both cRGD/m- and cRAD-linked

polymeric micelles have similar characteristics, including their size, surface charge, and the amount of incorporated drugs, it is likely that the selective and

accelerated accumulation of cRGD/m into tumors occurred via an active internalization pathway, possibly transcytosis, thereby producing significant

antitumor effects in an orthotopic mouse model of U87MG human glioblastoma.
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reatment of glioblastoma (GBM) is
Tone of the greatest challenges in

cancer therapy.' ™ Although a large
number of advanced treatment paradigms
have had impacts on medical management
for other tumors, prolongation of GBM pa-
tients' survival has not been achieved in
decades> ° Because of the difficulty of
complete surgical excision, irradiation and
chemotherapy play important roles in con-
ventional GBM treatment. However, the
effects of chemotherapy on GBM are very
limited as a result of poor drug penetration
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from vessels into tumors caused by the
vascular/tumor barrier such as the blood—
brain barrier (BBB) and the blood—brain
tumor barrier (BBTB).'~"° In fact, the vas-
cular/tumor barrier is highly variable and
heterogeneous in the brain. At the early
stage of GBM, the tumor cells use the
normal brain vessels, which are protected
by the BBB, for their growth.""'*~"7 The
gradual progression of GBM and its neov-
ascularization compromise the integrity
of BBB and lead to the formation of
BBTB.""'®'7 By the time GBM is diagnosed,
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the tumor has already developed neovasculature and
the BBTB is presented. Therefore, it is important to
deliver the effective dose of therapeutic agents into
tumor tissues through the BBTB. In the clinic, chemo-
therapeutic agents may be administrated at high con-
centrations to circumvent the BBTB,'® although this
strategy is always jeopardized by side effects. Thus,
alternative approaches are needed to overcome the BBTB
and to transport therapeutic agents efficiently to brain
tumors using smart drug delivery systems (DDSs).'®~%

In general, the main driving force for tumor accu-
mulation of drug carriers can be explained by the
enhanced permeability and retention (EPR) effect,
which is characterized by microvascular hyperperme-
ability to circulating macromolecules and impaired
lymphatic drainage in tumor tissues.?® However, the
presence of the BBTB limits the EPR effect, thereby
resulting in the poor efficacy in drug delivery to
GBM."”?7 A feasible approach for overcoming this
issue is the use of ligands that facilitate the transloca-
tion of drug carriers across the endothelium of the
tumor vasculature. Here, we focused on cyclic Arg-
Gly-Asp (cRGD)? as a candidate ligand because this
cyclic peptide has selective affinity for the a,f3 and
o5 integrins that are overexpressed on the endothe-
lial cells of tumor angiogenic vessels*®?° as well as on
GBM cells (e.g., the US7MG cell line)**~3? and because
cRGD-linked nanocarriers have shown therapeutic effi-
cacy in GBM.3** However, the mechanisms for the
accumulation of cRGD-linked nanocarriers in GBM are
still controversial. In this regard, we have recently demon-
strated the spatiotemporal and quantitative analyses of
extravasation, tissue penetration, and cellular internaliza-
tion of drug carriers in a living animal through the
intravital confocal laser scanning microscopy (IVCLSM)
technique.>*~*® Thus, we adapted this technique to long-
circulating cRGD-linked nanocarriers for studying the
penetration pathway and the derived therapeutic activity
of cRGD-mediated DDS. To our knowledge, no systematic
research exists addressing the in situ observation of
translocating behavior of the drug-incorporated cRGD
nanocarriers crossing the vascular barrier, and mechan-
isms involved in cRGD-induced transvascular transport
have not been clearly proven yet.

We here developed new long-circulating, cyclic
RGD-linked polymeric micelles (PMs) incorporating
(1,2-diaminocyclohexane)platinum(ll) (DACHPt), the
parent complex of the potent anticancer drug oxali-
platin, through the metal complex formation-driven
self-assembly of poly(ethylene glycol) (PEG)-b-poly-
(t-glutamic acid) and DACHPt in an aqueous milieu
(DACHPt/m).>>3%4% A series of cRGD-linked DACHPt/m
(cRGD/m) was prepared with various cRGD conjuga-
tion ratios, ranging from 5% to 40%, in the distal ends
of the PEG strands in the outer-shell layer of the PMs.
We compared their antitumor effects against GBM
with a control DACHPt/m linked with the nontargeted
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Figure 1. Schematic showing the design and synthesis
strategy for the ligand-linked DACHPt/m.

peptide cyclic-Arg-Ala-Asp (cRAD). Intravital confocal
laser scanning microscopy was used to observe the
behaviors of the micelle at tumor sites. This showed
that cRGD/m, but not control micelles, could bypass
vascular/tumor barriers in situ and penetrate deep into
GBM through cRGD-induced transvascular transport
presumably related to transcytosis, resulting in the
induction of potent antitumor effects against malig-
nant glioma.

RESULTS AND DISCUSSION

Development of Surface-Tunable DACHPt/m. cRGD/m with
varying densities of cRGD ligand were prepared by
“postconjugating” Cys-containing cRGD peptides onto
maleimide-functionalized DACHPt/m (the precursor
micelle) obtained from a mixture of poly(ethylene
glycol)-b-poly(L-glutamic acid) (MeO-PEG-b-P(Glu)) and
maleimide-conjugated poly(ethylene glycol)-b-poly-
(t-glutamic acid) (Mal-PEG-b-P(Glu)) (Figure 1). The key
features of this strategy are related to the preparation
of the precursor micelles, where maleimide functional
groups on the micelle surface at a controlled density
allow highly reproducible introduction of any ligand
molecule with thiol residues. Mal-PEG-b-P(Glu) was pre-
pared according to the following scheme. Ring-opening
polymerization of the N-carboxy anhydride of y-benzyl
L-glutamate with NH,-PEG-N; yielded the azido-terminated
diblock copolymer Ns-poly(ethylene glycol)-b-poly-
(y-benzyl L-glutamate) (N3-PEG-b-PBLG), which was fol-
lowed by the removal of the y-benzyl side chain under
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TABLE 1. Characterization of (1,2-Diaminocyclohexane)platinum(ll) (DACHPt)-Loaded Micelles

micelles cRGD™® (%) cRAD* (%) size® (nm)
trl/m” 0 0 7
5% cRGD/m’ 542 0 28
10% cRGD/m 10+2 0 30
20% cRGD/m N+2 0 29
40% RGD/m B+2 0 31
20% cRAD/nY 0 2042 31

pPDI*¢ [Pt)/[COO]° (mol/mol) zeta potential® (mV)
0.09%6 0.51 —314£05
0.088 0.50 —34+03
0.100 0.55 28407
0.099 0.52 —23+04
0.093 0.49 —29+03
0.101 0.54 —25407

“Determined by "H NMR. ® Determined by DLS. ¢ Determined based on ICP-MS measurements of platinum concentration and the weight of dried micelles. ¢ Determined by laser
Doppler electrophoresis (n = 4, mean == SD). € cRGD, cydlic Arg-Gly-Asp. fcRAD, cyclic Arg-Ala-Asp. 9 PDI, polydispersity. ” ctrl/m, control DACHPt/m. / cRGD/m, cRGD-linked

DACHPt/m. / cRAD/m, cRAD-linked DACHPt/m.

alkali conditions to obtain N3-PEG-b-P(Glu). The a-end
azido group of N3-PEG-b-P(Glu) was then reduced to a
primary amino group and reacted further with N-(4-
maleimidobutyryloxy)sulfosuccinimide (sulfo-GMBS) to
obtain Mal-PEG-b-P(Glu) (Supporting Information Figure S1).
By controlling the ratio of MeO-PEG-b-P(Glu)/Mal-PEG-
b-P(Glu), a series of surface-tunable micelles with differ-
ent percentages of maleimide groups on their surfaces
was prepared before cyclo[RGDfK(CX-)] (cRGD peptide,
X = 6-aminocaproic acid, e-Acp) was introduced onto
the DACHPt/m surface via Michael addition reactions.
This strategy facilitated the preparation of DACHPt
micelles with 5—40% cRGD ligands (Table 1). These
percentages, which represent the molarities of ligand
molecules on the DACHPt/m surface, were determined
by "H nuclear magnetic resonance (NMR) spectroscopy
(Supporting Information).

Cyclo[RADFK(CX-)] (cRAD peptide, X = &-Acp) was
also used as a nontargeting ligand molecule. As de-
scribed in detail later, 20% cRGD-linked DACHPt/m had
the best potential for in vitro activity. Thus, we pre-
pared 20% cRAD-linked DACHPt/m as a nontargeting-
ligand-linked micelle, which was used as a control
micelle for comparison. In all cases, the ligand-linked
micelles prepared in this study had similar character-
istics (Table 1). Even after modifying the surface, all the
micelles produced had diameters between 27 and
31 nm with narrow polydispersity (PDI). Therefore, it
was appropriate to verify the effect of ligands by using
these micelles.

Integrin-Dependent Activity of Ligand-Linked DACHPt/m in
Tumor Cells. To evaluate the biological activities of the
ligand-linked micelles, we quantitatively analyzed their
cellular uptake in a,33- and o,3s-positive UB7MG hu-
man GBM cells by inductively coupled plasma mass
spectrometry (ICP-MS) (Figure 2a). Free oxaliplatin was
taken up continuously by the U87MG cells, whereas
control DACHPt/m (ctrl/m, without ligand molecules)
was internalized slowly via endocytosis.3® In contrast,
higher cellular uptake of cRGD/m was observed in the
early stages of the experiment, particularly when the
amount of cRGD was increased (Figure 2a). With 20%
and 40% cRGD/m, the internalized platinum amount
was approximately 2.5-fold higher than that with 20%
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cRAD-linked DACHPt/m (20% cRAD/m) after 3 h incu-
bation (Figure 2a). Thus, we prepared a fluorescence
(Alexa 555)-labeled PM (Supporting Information) to
perform in vitro confocal laser scanning microscopy
(CLSM). The results showed that the 20% cRGD/m was
taken up rapidly into the U87MG cells, whereas the
ctrl/m and 20% cRAD/m were internalized more gradually
(Figure 2b). On the basis of the CLSM images, the
quantification of cell-associated fluorescence was con-
sistent with the ICP-MS data (Figure 2c). As shown in
Figure 3a, the introduction of cRGD ligands increased
the in vitro cytotoxicity of DACHPt/m. The results
obtained 48 h after incubation (white bar in Figure 3a)
showed that 50% growth inhibitory concentration
(IC50) values were lower with 20% and 40% cRGD/m.
Due to the cRGD-associated cellular uptakes (Figure 2a),
this tendency was enhanced when the cytotoxicity assay
method was changed to a 3 h drug/micelle exposure,
followed by 48 h postincubation (gray bar in Figure 3a).
These results suggested that the ligand density was
essential for increasing the cytotoxicity of micelles. To
confirm the recognition of integrins by the cRGD ligand,
we established a, integrin downregulated U87MG cells
by RNA silencing (Supporting Information Figure S2a
and b). Flow cytometric analysis revealed that the
U87MG cells expressed o35 (blue line) and a5 (red
line) integrins, whereas the a, integrin-downregulated
U8B7MG cells expressed almost no 33 and a5 integrins
(Figure 4a and b). In vitro cytotoxicity assays using
integrin-downregulated U87MG cells showed that the
activity of cRGD/m was changed to similar values of both
ctrl/m and 20% cRAD/m, thereby indicating a crucial role
for binding of cRGD ligands with the (s and o.fs
integrins in the enhanced cytotoxicity of cRGD/m against
the UB7MG cells (Figure 3b). It should be noted that the
recently developed antiangiogenesis drug cilengitide
includes a cRGD sequence and has been demonstrated
to have antitumor activity against GBM.3%341~45 How-
ever, the cytotoxicity of cilengitide itself is very low. For
instance, Mikkelsen et al. studied the cytotoxicity of
cilengitide in combination with X-ray irradiation, but no
significant cytotoxicity was observed for 10 uM cilengi-
tide without radiation.** In our system, only 2 uM cRGD
(in the case of 40% cRGD-linked DACHPt/m solution) is
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Figure 2. Cellular uptake of DACHPt/m with various ligand species and densities. (a) In vitro cellular uptake of micelle-
encapsulated platinum, which was determined by ICP-MS. The obtained cell-associated platinum increased as the percentage
ligand payload in the micelles increased, whereas ctrl/m remained at low values. Experiments were performed four times in
quadruplicate. They produced similar results. Bars represent the mean + standard error of the mean (SEM). (b) In vitro CLSM of
Alexa 555-labeled ctrl/m, 20% cRGD/m, and 20% cRAD/m uptake in U87MG glioblastoma cells. The cells were incubated with
the respective micelle solutions (10 #M platinum) for 20, 60, and 180 min at 37 °C. All pictures show merged images, which
include the nuclei (blue) and micelles (red). Scale bars represent 20 um in all images. (c) Quantitative analysis of the amount of
internalized micelles based on the CLSM results. Thirty different cells were analyzed and evaluated at each time point. Data
represent mean =+ SEM from three independent experiments performed in triplicate. The data were analyzed using Student's

t-test, and *p < 0.001 was considered significant.

included in 100 M (based on DACHPt) micelle solution.
Thus, the concentrations of cRGD in our micelle did not
reach a toxic range. Overall, these results highlight
the importance of the ligand density, particularly when
the surface payload of peptide ligand molecules on the
micelle reached 20—40%, which correlated with the
maximum cancer cell uptake and cytotoxicity.
Therapeutic Efficacy and Accumulation Behavior of Ligand-
Linked DACHPt/m in Human GBM Models. U87MG tumors
have a highly angiogenic vasculature and overexpress
integrin receptors, as described above. Thus, our li-
gand-linked micelle system should be highly suitable
for the treatment of GBM models. On the basis of the
results of in vitro cytotoxicity assays, 20% cRGD ligand-
linked DACHPt/m was tested against xenografted
U87MG tumor-bearing mice and compared with oxa-
liplatin and 20% cRAD/m. These mice were treated by
systemic injections of micelle solutions every other day
(total of three injections), starting 5 days after tumor
inoculation. While no inhibition of tumor growth was
observed in oxaliplatin-treated tumors (Figure 5a), 20%
cRGD-linked micelles demonstrated significant tumor
growth inhibition (Figure 5a). Conversely, nontargeting-
ligand-linked micelle, cRAD/m, had no therapeutic
effect, indicating the sequence specificity of the pep-
tide ligand was essential (Figure 5a). According to
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previous reports, single-cilengitide treatments with a
high dosage of cRGD, such as 2400 mg/m?, against
brain tumor have provided only moderate therapeutic
efficacy.*® Therefore, the antitumor activity that we
showed in this study is assumed to be caused by the
incorporated DACHPt, not by cRGD. The interesting
point here is the tumor-accumulating behavior of
cRGD/m, as it revealed a fast accumulation within 4 h
after administration (Figure 5b, ca. 2.2-fold at 4 h vs
20% cRAD/m), followed by the further gradual accu-
mulation until 24 h, despite both micelles showing
similar size (Table 1) and comparable blood circulation
profiles (Figure 5c). Thus, the tumor-association behav-
ior of cRGD/m is clearly distinct from micelles that can
be accumulated into tumors just by the EPR effect,
indicating the key features of ligand effects.

To understand the functionality of cRGD/m in a
human GBM model, the in vivo behaviors of cRGD/m
and cRAD/m were comparatively analyzed by IVCLSM.
As we reported previously, IVCLSM is a useful tech-
nique to reveal blood circulation, extravasation, and
tissue penetration of micelles in living animals.?” Here,
cRGD/m and cRAD/m were labeled with Alexa 647 (red)
and DyLight 488 (green) fluorescent probes, respec-
tively (Supporting Information), and concurrently in-
jected iv into the U87MG tumor-bearing mice. In this

VOL.7 = NO.10 = 8583-8592 = 2013 K@}Nﬁ@i{\j

WWwWW.acsnano.org

8586



3 48 hincubation
m@ 3 h drug/micelle exposure
then 48 h incubation

*

3

= NS
2 100
8
o 4
10 )] - N H N
e 9 X Q@ Q 9 9
P = X X R R
= 3 Q
5 5 2 2 2 %
2 S 8 & & >
5 ¢ ¢ 9o ©
3 3 3 3
b O RNA silencing with control siRNA
B Integrin down regulated U87MG
4
s 2
= 100
3
o 4
2
10

w/aoydd %0¢
w/avyd %0e

Figure 3. Variation in ICs, values with U87MG in vitro treat-
ment. (a) In vitro cytotoxicities of free oxaliplatin or DACHPt/m
with different percentages of ligand molecules in the US7MG
cells and (b) in vitro cytotoxicities of oxaliplatin, 20% cRGD/m,
and 20% cRAD/m in o, integrin-downregulated U87MG cells
(Supporting Information). The ICs, values were determined
using Cell Counting Kit-8 and are expressed as the percen-
tages of control wells. The experiments were confirmed
four times. The data were analyzed using Student's t-test,
and *p < 0.001 was considered significant.
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Figure 4. Flow cytometric analysis of integrin expression.
(a) UB7MG glioblastoma cells and (b) a, integrin-down-
regulated U87MG cells. FITC-labeled mouse IgG: control,
black; FITC-labeled anti-o.,35 integrin antibody: blue; and
FITC-labeled anti-o.,5 integrin antibody: red.

case, it is possible to evaluate the real-time extravasa-
tion and penetration of the micelles based on the
changes in fluorescence signals within the same tumor.
Figure 6a and b show IVCLSM snapshots of the U87MG
tumor site. At 5 min after administration, the color
in the bloodstream appeared yellow due to the co-
localization of both micelles (Figure 6a). At 5 h after
injection, the fluorescence signal corresponding to
cRGD/m (red) was clearly observed inside the tumor
tissue (Figure 6b). This phenomenon was confirmed by
using the opposite combination of fluorescent probes,
i.e., DylLight 488-labeled cRGD/m (green) and Alexa
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Figure 5. In vivo anticancer activity, plasma clearance, and
tumor accumulation of cRGD- and cRAD-linked DACHPt/m.
(a) Comparison of tumor growth inhibition with cRGD/m
and cRAD/m. Five days after tumor cell transplantation, the
mice were injected intravenously with micelles. The micelles
(4 mg/kg based on DACHPt) were administered every other
day (three injections). Oxaliplatin was used as a control
platinum drug (dose = 8 mg/kg) with the same treatment
schedule. Bars represent mean + SD (n = 8). Two-way
ANOVA was used to analyze the differences in the tumor
mass volume, and **p < 0.001 was considered significant.
(b) Tumor accumulation of DACHPt/m and oxaliplatin. Mice
bearing U87MG tumors (n = 6) were injected intravenously
with 20% cRGD/m, 20% cRAD/m, and oxaliplatin at 100
ug/mouse on a DACHPt basis. The mice were sacrificed 1, 4,
8, and 24 h after injection. Acid digestion of all tumors was
performed using approximately 1.0 mL of concentrated
HNO; at 200 °C, and the dried samples were dissolved in
1 vol % HNOs(aq) (1.0 mL). Platinum concentration was
measured by ICP-MS. Bars represent mean + SEM. (c)
Plasma clearance of DACHPt/m and oxaliplatin. Blood was
collected from the inferior vena cava, heparinized, and
centrifuged to obtain the plasma. Acid digestion of all
samples was performed using approximately 1.0 mL of
concentrated HNO; at 200 °C, and the dried samples were
dissolved in 1 vol % HNOs(aq) (1.0 mL). Platinum concentra-
tion was measured by ICP-MS. Data represent mean + SEM
(n=6).

647-labeled cRAD/m (red), and the result indicated the
time-dependent increase in the green fluorescence
(cRGD/m) at tumor tissue (Figure 6¢,d and Supporting
Video). To quantitatively evaluate the accumulation of
the micelles at the tumor tissue, three different regions
were selected (white rectangle in Figure 6c), and the
changes in the fluorescence signals were analyzed for
up to 9 h. For cRGD/m, a rapid increase in the fluores-
cence signals (green) in the tumor tissue during the
initial 5 h was confirmed (Figure 6e). This observation is
well consistent with the ICP-MS results of the tumor
accumulation as shown in Figure 5b. Thus, the IVCLSM
results indicated that despite the subtle difference in
the amino acid sequence, the cRAD peptides were
unable to facilitate extravasation and penetration of
PMs as could cRGD. Moreover, based on the IVCLSM
results (Figure 6¢ and d), we quantitatively analyzed
the permeability of DyLight 488-labeled cRGD/m and
Alexa 647-labeled cRAD/m from vasculature to the
interstitium of U87MG tumor. The fluorescence inten-
sity in the selected region (blue rectangle in Figure 6c¢)
was observed. As shown in Figure 6f, the strong green
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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) 5 min and (b) 5 h after intravenous coadministration. IVCLSM observations 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 «m 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 (indicated by a white 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).

fluorescence signal of cRGD/m along the lining of the
tumor vessel was confirmed 5 min after administration.
Then, the intensity values of green fluorescence (cRGD/
m) at the tumor tissue increased from O 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” (aSMA-positive) (Supporting Information
Figure S3) by immunohistochemical analysis,** 2 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-mediated pathways, most

MIURA ET AL.

likely transcytosis as the vesicular transport is enhanced
in the vasculature of brain tumor.***° 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
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Figure 7. Effects of cRGD-linked DACHPt/m in orthotopic U87MG glioblastoma. The mice were anesthetized with isoflurane
and injected intravenously with 150 mg/kg luciferin. At 1—2 min after luciferin injection, the mice were imaged for 1-60s. (a)
Representative in vivo bioluminescence images of the mice from PBS-, oxaliplatin-, 20% cRAD/m-, and 20% cRGD/m-treated
groups. The colored scale bar indicates the intensity of bioluminescence in p/s/cm?/sr. (b) Comparison of tumor growth
inhibition with 20% cRGD/m and 20% cRAD/m. Five days after tumor cell transplantation, the mice were injected
intravenously with micelles. The micelles (4 mg/kg based on DACHPt) were administered every other day (three injections).
Oxaliplatin was used as a control platinum drug (dose = 8 mg/kg) with the same treatment schedule. Data represent mean +
SEM (n = 12). Two-way ANOVA was used to analyze differences in the tumor mass volume, and **p < 0.001 and *p < 0.01 were

considered significant.

the cRGD/m-administrated group were clearly weaker
than other groups (Figure 7a). On the basis of the
quantification of the bioluminescent data from the head
area on day 22, approximately 5-fold lower photon flux
was observed in the mice treated with 20% cRGD/m
compared to those treated with oxaliplatin and 20%
cRAD/m (Figure 7b). These results indicate that cRGD is
a key to deliver the PM into orthotopic brain tumor
models. Altogether, we found that linkage of the ligand
molecule cRGD to PMs allows active transport-mediated
penetration into tumor tissue beyond BBTB in brain
tumor models, achieving potent antitumor activity.

CONCLUSION

In this study, we designed and synthesized a series
of DACHPt/m with different percentages of cRGD

MATERIALS AND METHODS

Materials, Cell Lines, and Animals. Information regarding materials,
cell line (human glioblastoma cell line (U87MG)), and animals

(BALB/c nude mice; Oriental Yeast Co. Ltd., Tokyo, Japan) is
described in the Supporting Information. All animal experiments
were performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals as stated by the University of Tokyo.

Preparation of Polymers and PMs. Poly(ethylene glycol)-b-poly-
(t-glutamic acid) (MeO-PEG-b-P(Glu)) and maleimide-conjugated
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ligand for the treatment of brain tumors. The con-
structs and their properties were fully characterized
and subjected to in vitro and in vivo studies, including
cytotoxicity assays, cellular uptake analyses, and eva-
luations of therapeutic efficacy in tumor-bearing mice.
Consequently, 20% cRGD/m exhibited significantly
higher growth inhibitory effect against GBM tumors
compared to the nontargetable 20% cRAD/m. Further-
more, the IVCLSM results demonstrated the tumor-
accumulation characteristics of cRGD/m, which promp-
ted the identification of the active transport of cRGD-
mediated drug delivery across vascular and tumor
barriers, i.e., BBTB. These findings indicate that cRGD-
mediated DDS is a powerful strategy for targeting
therapy of glioblastoma through the facilitated drug
delivery beyond the BBTB.

poly(ethylene glycol)-b-poly(L-glutamic acid) (Mal-PEG-b-P(Glu))
were designed and synthesized based on our developed
methods.3>3°4° MeO-PEG-b-P(Glu) was fluorescently labeled by
conjugating the Dylight 488, Alexa 555, and Alexa 647 succinimidyl
esters to the w-amino groups of polymers. The polymers were
characterized by "H NMR measurement (solvent: CDCls, D,0O, and
d-DMSO; temperature: 25 °C), size exclusion chromatography in
DMF containing lithium bromide (10 mM) or in 10 mM PBS
containing 150 mM NaCl, and high-performance liquid chroma-
tography in 2 mM PB (pH = 6.5). Details of the procedures used for
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polymer synthesis and characterization are described in the
Supporting Information. DACHPt/m, cRGD/m, and cRAD/m were
prepared according to a method described previously, with a
slight modification. In brief, the typical procedure used for the
preparation of 20% cRGD/m was as follows: a mixture of DACHPt-
(NOs)Cl, MeO-PEG-b-P(Glu), and Mal-PEG-b-P(Glu) ([Glu] =5 mmol/L,
[DACHPt)/[GIu] = 1.0 (mol/mol), and [MeO-PEG-b-P(Glu)]/[Mal-
PEG-b-P(Glu)] = 1.0/1.0 (mol/mol)) was stirred at 37 °C for 120 h.
The reaction mixture was transferred to a cellophane tube
(Spectra/Pro 6 membrane: MWCO, 3500) and dialyzed for
1 day against distilled water, followed by ultrafiltration (MWCO,
30000) to yield the maleimide-functionalized DACHPt/m. Next,
cyclo[RGDfK(CX-)] (cRGD peptide, X = e-Acp) was added to the
maleimide-functionalized DACHP/m solution and incubated at rt.
After 18 h, the micelle solution was purified by ultrafiltration
(MWCO, 100000) to give the 20% cRGD-linked DACHPt/m (20%
cRGD/m). The number of cRGD linked was estimated by "H NMR
measurement (solvent, D,O; temperature, 25 °C). The control
DACHPt/m (ctrl/m), 5% and 40% cRGD-linked (5% cRGD/m and
40% cRGD/m), and 20% cRAD-linked (20% cRAD/m) DACHPt/m
were prepared in the same manner as described above, with the
slight exception that the molar ratios of [MeO-PEG-b-P(Glu)/Mal-
PEG-b-P(Glu)] were changed from 50/50 to 100/0 for ctrl/m, 10/90
for 5% cRGD/m, and 0/100 for 40% cRGD/m. The size distribution
of DACHPt/m was evaluated by DLS measurements at 25 °C, and
the zeta potentials of the micelles were measured in phosphate
buffer at pH 7.4 using a Zetasizer Nano ZS90 (Malvern Instruments).
The platinum content of the micelles was determined by ICP-MS
using a Hewlett-Packard HP 4500 ICP-MS system. More detailed
information is provided in the Supporting Information.

Cellular Uptake of the Platinum Drug. US7MG cells (2 x 107) were
seeded into a 225 cm? cell culture flask. After 12 h incubation,
the medium was replaced with fresh medium (30 mL), which
included 10 uM (on a platinum basis) oxaliplatin or micelles.
Then, cells were incubated for 1, 3, 8, and 24 h. The cells were
then washed three times with PBS, scraped, and harvested. The
cells were resuspended in 1000 L of water and freeze-dried to
yield the dried samples. Acid digestion of all samples was
carried out with ca. 1.0 mL of concentrated HNOs at 200 °C,
and then the dried samples were dissolved in 1 vol % HNOs(aq)
(1.0 mL). Platinum concentration was measured by ICP-MS. All
experiments were repeated four times, and the average plati-
num content (ug)/2 x 107 cells was calculated.

In Vitro Cytotoxicity Assay. The 50% growth inhibitory concen-
trations (ICsp) of free oxaliplatin, ctrl/m, the 5%, 20%, and 40%
cRGD/m, and 20% cRAD/m were evaluated in U87MG cells using
the Cell Counting Kit-8 (Dojindo Laboratories). The cells (2000
cells/50 uL) were cultured in DMEM containing 10% FBS in a 96-
well multiplate. The cells were then exposed to oxaliplatin or the
micelles for 48 h. The manufacturer's reagent (10 uL) was added,
and then the cells were incubated for 2 h. The absorbance of
media was measured at 450 nm using a microplate reader
(Biorad). The inhibitory effect after short-term drug exposure
was tested in the same manner as described above, with the
following slight difference: different concentrations of oxalipla-
tin solution or micelle solution were added to the 96-well
multiplate, and the cells were incubated for 3 h. The medium
was replaced with fresh medium (100 uL) and incubated for
48 h. The experiments were repeated three times, and the
average ICsq values were calculated.

Antitumor Activity Assay. In order to evaluate the antitumor
efficacy of DACHPt/m using different molarities of ligand mol-
ecules, subcutaneous tumor models in BALB/c nude mice
(Oriental Yeast Co., Ltd., Tokyo, Japan) (n = 6) were treated
three times intravenously every other day with 4 mg/kg (on a
DACHPt basis) of 20% cRGD/m and 20% cRAD/m. The antitumor
activities were evaluated by measuring the tumor size (V), which
was estimated using the following equation: V = ab%/2, where a
and b are the major and minor axes of the tumor measured
using a Vernier microcaliper. In the antitumor activity assay
using orthotopic tumor models, BALB/c nude mice (n = 12) were
treated three times intravenously every other days with 4 mg/kg
(on a DACHPt basis) of 20% cRGD/m and 20% cRAD/m. In vivo
imaging was performed using an IVIS Spectrum (Xenogen
Corporation). Luciferin (Promega) was used as a substrate for
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luciferase. The mice were anesthetized with isoflurane (Mylan
Inc.) and injected intravenously with 150 mg/kg luciferin. At
1—2 min after luciferin injection, the mice were imaged for
1—60 s. The regions of interest (ROls) were selected to measure
the tumor volume and background. The photons emitted from
ROIs were quantified using Living Image software (ver. 4.1).
In vivo luciferase activity was expressed as photons/s/cm?/sr.
Two-way analysis of variance (ANOVA) was used to analyze the
differences in the tumor mass volume between the experimen-
tal and control groups. Data analysis was performed using
GraphPad Prism version 5.04 for Windows (GraphPad Software).
**p < 0.001 was considered statistically significant in each
analysis.

Plasma Clearance and Tumor Accumulation of DACHPt/m. To evalu-
ate the plasma clearance and tumor accumulation of DACHPt/m
in vivo, BALB/c nude mice bearing U87MG tumors (n = 6) were
intravenously injected with 20% cRGD/m, 20% cRAD/m, and
oxaliplatin at 100 mg/mouse on a DACHPt basis. The mice were
sacrificed 1, 4, 8, and 24 h after injection. The tumors were
excised, washed with PBS, and weighed after removing excess
fluid. Blood was collected from the inferior vena cava, hepar-
inized, and centrifuged to obtain the plasma. Acid digestion of
all samples was carried out using ca. 1.0 mL of concentrated
HNOs at 200 °C, and the dried samples were dissolved in 1 vol %
HNOs(aq) (1.0 mL). Platinum concentration was measured by
ICP-MS.

IVCLSM. IVCLSM was performed using a Nikon A1R confocal
laser scanning microscope system attached to an upright
ECLIPSE FN1 machine, which was equipped with a Plan Apo
VC 20x DIC N2 (numerical aperture: 0.75) objective lens (Nikon),
as described in our previous report.>’ All pictures/movies were
acquired as spectral images using 10 um of confocal slices.
Video images of the tumors were aquired at 5 min intervals for
15 min. Video acquisition was continued at 1 h intervals. Two-
hundred microliters of solution containing Dylight 488- and
Alexa 647-labeled micelles was administered via a tail vein
catheter. The AFU value of each micelle solution was adjusted
to ca. 6000 measured by NanoDrop. Video acquisition was
initiated 280 s after administration. Dylight 488 and Alexa 647
were excited using lasers at wavelengths of 488 and 638 nm,
respectively. Acquired data were processed using Nikon NIS
Elements (ver. 4.00.06). The spectral images were unmixed with
respect to Dylight 488, Alexa 647, and autofluorescence. ROIs
were selected manually using Nikon NIS Elements (ver. 4.00.06).
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