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Antiangiogenic therapy can produce transient tumor regression in
glioblastoma (GBM), but no prolongation in patient survival has
been achieved. We have constructed a nanosystem targeted to
tumor vasculature that incorporates three elements: (i) a tumor-
homing peptide that specifically delivers its payload to the mito-
chondria of tumor endothelial cells and tumor cells, (ii) conjuga-
tion of this homing peptide with a proapoptotic peptide that acts
on mitochondria, and (iii) multivalent presentation on iron oxide
nanoparticles, which enhances the proapoptotic activity. The iron
oxide component of the nanoparticles enabled imaging of GBM
tumors in mice. Systemic treatment of GBM-bearing mice with the
nanoparticles eradicated most tumors in one GBM mouse model
and significantly delayed tumor development in another. Coinject-
ing the nanoparticles with a tumor-penetrating peptide further
enhanced the therapeutic effect. Both models used have proven
completely resistant to other therapies, suggesting clinical poten-
tial of our nanosystem.

angiogenesis | apoptosis | tumor targeting | tumor treatment

umor blood vessels have become an important therapeutic

target. As a tumor grows, the blood vessels grow with it, and
this growth primarily takes place through angiogenesis (1, 2).
Therefore, inhibiting angiogenesis has become a mainstream
therapeutic strategy. The special features of tumor vasculature
also enable another strategy, homing-based (synaphic) delivery of
drugs (3). Tumor blood vessels express various cell surface and
extracellular matrix proteins that normal vessels do not express or
do so at much lower levels than tumor vessels (1, 3). These
specific vascular markers are readily available to bind circulating
ligands, such as peptides and antibodies (4-6). Drugs attached to
such ligands become concentrated in tumor tissue, thereby im-
proving efficacy and reducing the exposure of normal tissues (3).

Vascular markers can be explored in an unbiased manner by
in vivo screening of phage libraries that display random peptide
sequences (7). The CGKRK (Cys-Gly-Lys-Arg-Lys) peptide we
used in this study was identified by screening for peptides homing
to epidermal tumors in mice (8). Intravenous injected CGKRK
recognizes the vessels in most tumors but not those in normal
tissues (8).

The o-helical amphipathic peptide p[KLAKLAK], was origi-
nally designed as a synthetic antibacterial peptide that disrupts the
bacterial cell membrane but is less toxic to eukaryotic cells (9).
However, when internalized into eukaryotic cells, p)[KLAKLAK],
disrupts the mitochondrial membrane, which is similar to bacteria
membranes, and initiates apoptotic cell death (10). Conjugating
p|KLAKLAK], with homing peptides has produced compounds
that specifically accumulate at the homing target, causing cell
death (11-15). Here we made a tumor-homing p[KLAKLAK],
compound by conjugating p[KLAKLAK], to CGKRK. p[KLA-
KLAK],, however, is a highly toxic compound, even when spe-
cifically targeted to tumors (11, 13). Administering toxic drugs in
a nanoparticle formulation can reduce toxicity. Examples include
paclitaxel-albumin nanoparticles [Abraxane (16)] and doxorubi-
cin liposomes [Doxil (17)], both of which are in clinical use. Other
advantages of nanoparticles include the fact that compounds
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coupled onto their surface are presented in a multivalent fashion,
which increases the binding efficiency at the target. Further,
multiple functions can be built into a nanoparticle.

Here we assembled a multifunctional theranostic nanoparticle
in which the CGKRK peptide provides the targeting function
that takes the nanoparticles to tumor vascular cells and into their
mitochondria. The nanoparticle uses the mitochondria-targeted
p[KLAKLAK], peptide as the drug and iron oxide as a diagnostic
component for MRI. Finally, we combined the nanoparticles with
the tumor-penetrating peptide iRGD (18, 19), which enhances the
penetration of the nanoparticles into the extravascular tumor tis-
sue. The activity of this nanosystem was tested in one of the most
difficult to treat tumors, glioblastoma (GBM). Despite a multi-
modality treatment approach, which includes surgery, irradiation,
and chemotherapy, the median survival in this cancer is only 12
mo (20). Thus, more effective treatments are desperately needed.

Results

CGKRK Peptide Homes to Brain Tumors and Colocalizes with Mito-
chondria in Cells. We tested a number of previously identified tu-
mor-homing peptides for homing to GBM tumors in mice after an
i.v. injection (21, 22). Rhodamine (Rd)-labeled CGKRK peptide
(8) strongly accumulated in GBM tumors but not in normal brain
or other normal tissues, with the exception of the kidneys, where
peptides are excreted (Fig. 14 and Fig. S1).

CGKRK is internalized into the target cells and can take a
payload with it (8). FAM-CGKRK colocalized with a mitochon-
drial marker in human umbilical vein endothelial cells (HUVEC)
and U87, human GBM cells (Fig. 1B). CGKRK bound to mi-
tochondria isolated from mouse liver (Fig. 1C). The binding was
inhibited by unlabeled CGKRK but not a control peptide with
a similar structure (CREKA), demonstrating the specificity of the
mitochondria binding. CGKRK-displaying phage showed 80-fold
higher binding to the isolated mitochondria than a control phage,
further supporting the notion that mitochondria are the primary
subcellular target of CGKRK.

Intratumoral Distribution of Iron Oxide Nanoworms Coated with
CGKRKp(KLAKLAK),. The mitochondrial localization of CGKRK
suggested a way of improving the delivery of a proapoptotic
peptide, p[KLAKLAK],, which acts on mitochondria (10). We set
up a targeting system that consists of the p[KLAKLAK], peptide
as a drug and CGKRK as a targeting element, coupled to iron
oxide nanoparticles, dubbed “nanoworms” (NWs) because of their
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Fig. 1. Homing of CGKRK peptide to GBM tumors and interaction of CGKRK
peptide with mitochondria. (A) Mice bearing 005 glioma tumors in the right
hippocampus were i.v. injected with 200 ug of CGKRK peptide labeled with
Rd. After 3 h, the mice were perfused through the heart with PBS, and the
tumor and normal brain tissue were collected. Inset, Right: Section of normal
brain tissue. Red, CGKRK peptide; green, tumor cells; magenta, blood ves-
sels; blue, nuclei. n = 3. (Scale bars, 200 um.) (B) Proliferating human endo-
thelial cells (resembling angiogenic endothelial cells) and U87 cells were
incubated with FAM-CGKRK peptide (green) and MitoTracker (red) and ex-
amined by fluorescent microscopy. Yellow indicates colocalization. (C) FAM-
CGKRK was incubated with purified mitochondria in the presence of in-
creasing concentrations of either unlabeled CGKRK or an unrelated peptide
(CREKA) as a control. Student t test (C). Error bars, mean + SD; n.s., **P <
0.01; ***P < 0.001.

elongated shape and which have been shown to have more ef-
fective targeting properties than spherical nanoparticles (23, 24).
The two peptides were synthesized as a chimeric peptide, which
was covalently linked to the NWs through a S5K-polyethylene
glycol (PEG) linker (Fig. 24).

Intravenous injected NWs coated with the chimeric
CGKRKp[KLAKLAK], peptide accumulated in tumor vessels in
GBM models (mouse 005 transplant tumors and human xeno-
grafts from GBM spheres and U87 cells) (Fig. 2B). The vessels
of the intact brain did not attract CGKRKp[KLAKLAK],-NWs
(Fig. S2). NWs coated only with CGKRK also accumulated in
tumor vessels, whereas p(KLAKLAK),-coated NWs did not (Fig.
S34). Approximately 80% of tumor vessels were positive for
CGKRK-NWs and CGKRKp[KLAKLAK],-NWs, whereas only
traces of p[KLAKLAK],-NWs were found in 4% of the vessels
(Fig. S3B). The exclusively vascular localization of the NWs is
likely due to the inability of the nanoparticles to enter into the
tumor tissue, a limitation the free peptide does not have (Fig. 14).
No fluorescence from the various NW formulations was observed
in normal tissues of the tumor-bearing mice, with the exception
of the liver and the spleen, which take up all nanoparticles non-
selectively (Fig. S2). When the fluorophore was on the p[KLA-
KLAK], peptide, the kidneys were also positive, presumably
because that is where this nondegradable peptide, having been
separated from the NWs, is excreted. MRI of 005 tumors after i.v.
injection of CGKRKp[KLAKLAK],-NWs showed hypointense
signals throughout the tumor due to the presence of the NWs
(Fig. 2C). This result confirms the tumor localization of the NWs
and suggests a possible utility of this reagent in GBM imaging.

CGKRKp[KLAKLAK],-NWs Target Mitochondria and Induce Apoptosis.
We next tested CGKRK in nanoparticle delivery to mitochondria
in cultured cells. CGKRKp[KLAKLAK],-NWs and CGKRK-
NWs were taken up into HUVEC cells and colocalized with mi-
tochondria, whereas p[ KLAKLAK],-NWs produced only a minor
signal at mitochondria (Fig. 34). Thus, CGKRK can deliver in-
organic nanoparticles to mitochondria.

The CGKRKp[KLAKILAK],-NWs were cytotoxic to cultured
tumor cells, whereas NWs coated with either peptide alone were
inactive in this regard. The nanoparticle-coupled peptide was
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Fig. 2.  Homing of CGKRKp[KLAKLAK], NWs to GBM tumors. (A) General design
of theranostic NWs. A chimeric peptide consisting of a tumor-homing peptide
(CGKRK) and a proapoptotic peptide (5[KLAKLAK],) is covalently coupled to iron
oxide nanoparticles (NWs; length 80-100 nm, width 30 nm); FAM, carboxy-
fluorescein. (B) Iron oxide NWs coated with Rd-labeled CGKRKp[KLAKLAK],
peptide through a 5KPEG linker were i.v. injected (5 mg iron per kg body weight)
into mice bearing either 005 tumors or xenograft tumors generated with human
GBM spheres or U87 cells. The tumor cells were injected into the right hippo-
campus. Five to six hours after the injection, the mice were perfused through the
heart with PBS, and the organs were collected. Tumor sections were stained and
examined by confocal microscopy. Red, CGKRKp[KLAKLAK],-coated particles;
green, tumor cells (both the human GBM spheres and U87 cells expressed green
fluorescent protein); magenta, blood vessels stained with anti-CD31; blue, nuclei
stained with DAPI. Arrows show representative blood vessels that accumulate
CGKRKp[KLAKLAK],-NW for each tumor model. (Scale bars, 100 pm.) (C) T2*-
weighted MRI. Rd-labeled CGKRKp[KLAKLAK],-NWs were i.v. injected into tumor-
bearing mice. Grayscale images of axial planes through the tumors are shown.
Gadolinium (Gd) and Feridex (Fe) were used as reference standards. n = 3-4.

hundreds of times more active than the free peptide on a molar
basis (Fig. 3B). Previous reports have shown that o[ KLAKLAK],-
homing peptide conjugates cause cell death via apoptosis (10),
although necrosis may also be a factor (11). Treatment of cultured
cells with [KLAKTLAK],-NWs and CGKRKp[KLAKLAK],-NWs
induced annexin V staining in activated HUVECsS (approximately
60% after 48 h) and T3 GBM cells (approximately 35% after
72 h) (Fig. 3C and Fig. S4 4 and B). CREKA-NWs and CGKRK-
NWs had no significant effect. However, when the nanoparticle-
treated cells were washed after 30 min of incubation, only
CGKRKp[KLAKLAK],-NWs induced significant apoptosis,
emphasizing the importance of the targeting peptide (Fig. 3D and
Fig. S4C). CGKRKp[KLAKLAK],-NWs also induced caspase-3
cleavage (Fig. 3 E and F), further supporting apoptosis as the cell
death mechanism.
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p[KLAKLAK],CGKRK-NW conjugates internalize into activated endothelial cells, colocalize with mitochondria, and induce cell death by apoptosis. (A)

Confocal microscopic images of live HUVEC incubated for 2 h at 37 °C in the presence of fluorescein (FAM)-labeled NWs (green) and a marker for mito-
chondria (MitoTracker; red) for 15 min before the imaging. DNA was counterstained with Hoechst 33342 (blue). (Scale bars, 20 ym.) (B) FAM-
CGKRKp[KLAKLAK], peptide was coupled onto the NWs via a reducible 5KPEG linker. The linker was cleaved from the NWs using DTT, and the amount of
peptide present on the NWs was determined by fluorescence measurements in solution (to circumvent quenching on the NW surface) and used to calculate
1Cs0. (C and D) HUVEC and T3 cells were left untreated (Control) or treated with a concentration of 10 pg/mL of NWs coated with either a control peptide
(CREKA), p[KLAKLAK],, or CGKRKp[KLAKLAK], for 24, 48, and 72 h (C), or the particles were washed away after 30 min and the incubation continued for 72 h
(D). The cells were stained with annexin and analyzed by flow cytometry. The total percentage of annexin-positive cells (apoptotic and dead cells) is indicated.
(E) Whole cell extracts (HUVEC) from the experiment in C were prepared and analyzed by immunoblotting using antibodies against cleaved caspase-3 and
B-actin as loading control. (F) Confocal microscopy images of HUVEC treated with the indicated NWs and stained for cleaved caspase-3 (green), tubulin (red),

and nuclei (blue). (Scale bars, 50 pm.)

CGKRKp|[KLAKILAK],-NWs significantly reduced the ability
of HUVEC to form tube-like structures in a Matrigel angiogen-
esis assay, whereas CGKRK-NWs were inactive (Fig. S54). To
assess in vivo effects, mice bearing bFGF-impregnated Matrigel
plugs were iv. injected with CGKRKp[KLAKLAK],-NWs or
PBS every other day for 2 wk. After 14 d the mice were perfused
with cy5-labeled isolectin, and the plugs were excised. Imaging of
the plugs by confocal microscopy showed a significant decrease in
blood vessels in the NW-treated mice (Fig. S5B).

Therapeutic Efficacy of NW in GBM. Given that CGKRKp[KLA-
KLAK], coated onto NWs was more effective in inducing cell
death than soluble CGKRKp[KLAKILAK],, we hypothesized
that the NW-based approach might be more effective and/or less
toxic than the monovalent homing peptide-[KLAKLAK], con-
jugates used previously (10, 11). We tested this possibility in
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mouse GBM models that closely resemble human GBMs in their
aggressiveness and in the diffuse spreading of the tumor cells into
the normal brain tissue (21). Like most human GBMs, the tumors
in these mouse models are highly angiogenic, and the vasculature
is considered a promising therapeutic target (25). Thus, our
nanoparticles, which target tumor blood vessels, seemed an ap-
propriate candidate to test in GBM.

In one model, a single lentiviral vector expressing H-RasV12
oncogene and an shRNA targeting p53 is injected into the hip-
pocampus of mice (22). The mice invariably develop GBMs that
have a highly predictable course of tumorigenesis and are lethal to
the mice within 2-3 mo after injection. These mice were treated
with systemic injections every other day over 3 wk, starting 3 wk
after tumor induction. Separate analysis by microscopy showed that
the tumors were 0.8 to1.0 mm?® at this stage. In the experimental
glioma treatment literature, tumors of this size are considered well
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Fig. 4. CGKRKp[KLAKLAK],-NW treatment of tumors induced by lentiviral injection. Mice bearing lentiviral (H-RasV12-shp53) induced brain tumors in the
right hippocampus were i.v. injected with NW coated with peptides. The particles were administered every other day for 18 d, starting 3 wk after viral in-
jection. (A) Survival curve of the nontreated and treated mice (n = 8-10 per group). (B) Mice were monitored for luciferase signal using the IVIS system (the
lentiviral vector contains the luciferase reporter); one representative mouse from each of the indicated groups is shown. (C) H&E staining showing the
lentiviral injection site in a representative control mouse and a mouse treated with CGKRK p[KLAKLAK],-NWs at the end of treatment. (D) Confocal mi-
croscopy images of brain sections from a representative mouse at the end of the treatment with p[KLAKLAK],-NWs (Di and Dii) and from a CGKRK
p[KLAKLAK],-NW-treated mouse that contained a small residual tumor (Diii and Div) (red); green, tumor cells. (Scale bars, 200 pm.)

established (e.g., ref. 26). As expected, mice that received the ve-
hicle only (PBS) all succumbed to the disease within 8-9 wk, and
p|KLAKLAK],-NWs provided no survival benefit. In sharp con-
trast, systemic CGKRKp[KLAKLAK],-NWs cured all but 1 of 10
mice (Fig. 44). We monitored the tumor mice by luciferase im-
aging (the lentiviral vector contains the luciferase reporter). The
imaging was not strong enough to detect the 1-mm?® tumors at 6 wk
when the treatment was stopped, but positive signals were seen
in the control-treated mice at ~7.5 wk after injection of the
virus. No tumors were detected by imaging in the mice treated
with CGKRKp[KLAKLAK],-NWs (Fig. 4B). Histological anal-
ysis showed no detectable tumor tissue in mice treated with
CGKRKp[KLAKLAK],-NWs (Fig. 4C). CGKRKp[KLAKLAK],-
NW-treated tumors, when present, were small and contained
abundant NWs in the blood vessels (Fig. 4D), whereas the mice
treated with the nontargeted p[KLAKLAK],-NW had large
tumors with no NWs.

Toxicology analyses indicated some liver toxicity (nano-
particles nonspecifically accumulate in the liver) judging from
a moderate elevation in the serum level of the liver enzyme L-
alanine-2-oxoglutarate aminotransferase (Fig. S64). The values
normalized within 2 wk after the treatment was discontinued.
The particles were not immunogenic, as determined by ELISA
(Fig. S6B). An IL-6 assay indicated low-level macrophage acti-
vation in CGKRKp|[KLAKLAK],-NWs-treated mice (Fig. S6C).
No evidence of kidney damage was detected in H&E-stained
sections (Fig. S6D). These modest toxicities are in contrast with
the severe toxicity of the monovalent p[KLAKLAK], conjugates
observed previously (e.g., refs. 11 and 13).

We also tested the NW treatment in a transplantable model
that uses a GBM cell line (005) established from a lentivirally
induced tumor (21). Mice transplanted with 005 tumor cells
usually die 4-6 wk after inoculation. The tumors display invasive
properties similar to the lentiviral model and human GBM.
CGKRKp[KLAKLAK],-NW treatment increased median sur-
vival from 32 to 52 d (Fig. 54). Continuous treatment did not
provide further survival benefit (Fig. 54).

Confocal microscopy at the end of treatment showed that vas-
cular structures in the 005 tumors were often filled with
CGKRKp(KLAKILAK),-NWs_(Fig. 5B), and lectin perfusion
revealed an almost complete absence of patent blood vessels, in-
dicating destruction of the vessels by the NWs (Fig. 5C). Clusters
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of TUNEL staining-positive cells in the CGKRKp(KLAKLAK),-
NW-treated but not in control-treated tumors also indicated
vascular destruction (Fig. S7).

We also tested the CGKRKp(KLAKLAK),-NW treatment in
a well-established human xenograft model, tumors induced with
orthotopic injection of U87 human GBM cells. The treatment
also prolonged survival in this model (Fig. S8).

Combining CGKRKp(KLAKLAK),-NW with iRGD Enhances Nanoparticle
Penetration and Therapeutic Efficacy. A tumor-penetrating peptide,
iRGD (sequence: CRGDKGPDC), enhances tumor penetration
of iRGD-bound and coadministered compounds (18, 19).
Combining the CGKRKp[KLAKLAK],-NWs with iRGD in the
005 tumor model, in which the NW treatment was only partially
successful, substantially prolonged survival (Fig. 64). Confocal
microscopy analysis showed that the NWs coinjected with iRGD
had spread into the extravascular tumor tissue, whereas NWs
coinjected with CRGDC mainly accumulated in tumor vessels
(Fig. 6B). This conclusion was confirmed by quantifying the
nanoparticle signal outside the blood vessels (Table S1).

Discussion

Our nanoparticle system allows an impressive degree of control
in GBM mouse models that closely resemble the pathobiology of
human GBMs: we were able to cure most of the GBM mice in
one model and greatly prolong the lifespan in another.

One key to the efficacy of the system is the CGKRK, tumor-
homing peptide, which provides the targeting function to the
system. It specifically delivers its payload not only to the tumor
vasculature but also to a specific subcellular location, the mito-
chondria. We made use of this unique ability of CGKRK to
reach the mitochondria by using the amphiphilic proapoptotic
peptide p[KLAKLAK], as the payload. p[KLAKLAK], has
been shown to act on mitochondria, the target of CGKRK (10),
and several reports have described the antitumor activities of
p[KLAKLAK], (and some other peptides with similar activities),
when selectively delivered to a target tissue (11-15, 27-29). The
main limitation of these treatments has been that the p[KLA-
KLAK], peptide is highly toxic at the doses required for tumor
treatment even with specific targeting. The presumed reason
is kidney toxicity of the nondegradable p-conformer (13). The
vastly enhanced activity of the multimeric CGKRKp[KLA-
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Fig. 5. Treatment of transplanted GBM tumors with CGKRKp[KLAKLAK],-
NWs. Tumors were developed by transplanting 3 x 10° 005 cells into the
right hippocampus of NOD-SCID mice. Ten days after tumor cell trans-
plantation, the mice were i.v. injected with NWs. The NWs (5 mg iron/kg)
were administered every other day for 3 wk or administered nonstop for the
same period (n = 8 per group). (A) Survival curve of the treated mice. (B)
Brain sections at the end of the treatment were stained: magenta, anti-
CD31; red, CGKRKp[KLAKLAK],-NWs or p[KLAKLAK],-NWs; green, tumor
cell; blue, DAPI. Arrows show representative blood vessels that accumulate
CGKRKp[KLAKLAK],-NW in the tumor. (Scale bars, 200 mm.) (C) Lectin per-
fusion of tumor mice at the end of the treatment. Vessels were stained by
perfusion of biotinylated Lycopersicon esculentum lectin and visualized by
confocal microscopy using anti-biotin. Green, tumor cells; red, perfused,
lectin-labeled blood vessels; blue, nuclei (DAPI).

KLAK], on NWs allowed us to lower the p[KLAKLAK], dose
100-fold, which largely corrected the toxicity problem. Multiva-
lent display of the p[KLAKLAK], on nanoparticles has been
reported to enhance in vitro internalization of the nanoparticles
into cells (29). In our hands, NW-bound p[KLAKLAK], was also
highly cytotoxic, but adding the CGKRK homing peptide greatly
increased the activity against tumor cells and activated endo-
thelial cells. In agreement with these in vitro results, the
CGKRKp[KLAKLAK],-NWs selectively homed to the tumors
and inhibited tumor growth in vivo. In contrast, NWs displaying
the proapoptotic peptide without CGKRK showed no tumor
homing and no effect on tumor growth. Thus, efficient targeting
is likely the main contributor to the selective antitumor activity.

GBMs are generally highly vascularized tumors, and VEGF is
produced at high levels by the tumor cells (25, 30). Therefore,
antiangiogenic therapy has been considered a promising strategy
for these tumors (30). However, antiangiogenic agents such as
the VEGF inhibitor bevacizumab have demonstrated only a
marginal efficacy in clinical GBM (31), and the anti-VEGF re-
ceptor inhibitor AG28262 has been found to give no significant
survival benefit in the H-RasV12-shp53 lentivirus-induced GBM
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Fig. 6. Enhanced antitumor effect of CGKRKp[KLAKLAK],-NWs coinjected
with iRGD. (A) Mice bearing orthotopic 005 tumors implanted 10 d earlier
received every other day for 3 wk i.v. injections of either CGKRKp[KLA-
KLAK]>-NWs (5 mg iron/kg) or CGKRKp[KLAKLAK]I,-NWs (5 mg/kg) mixed
with 4 mmol/kg of iRGD or PBS. Survival curves are shown (n = 8-10 per
group). (B) Mice bearing orthotopic 005 tumors were i.v. injected with
CGKRKp[KLAKLAK],-NW (5 mg iron/kg) in combination with 4 mmol/kg of
either nonlabeled CRGDC (Upper) or iRGD (Lower) peptide. The tumors and
tissues were collected 5-6 h later and analyzed by confocal microscopy. Red,
CGKRKp[KLAKLAK],-NWs; magenta, blood vessels; green, tumor cell; blue,
DAPI. (Scale bars, 50 mm.)

model we used in this study (22). Transdifferentiation of tumor
cells into endothelial cells has been observed in GBMs (22, 32,
33), and antiangiogenic therapy has been shown to increase the
rate of the transdifferentation. Because the transdifferentiation
cells do not need VEGF, the transdifferentiation is the likely
explanation for the resistance of GBM to anti-VEGF therapies
(22). Our therapeutic approach is independent of the VEGF-
VEGFR interaction, and unlike the existing antiangiogenic
therapies, CGKRKp[KLAKLAK],-NWs showed significant ef-
ficacy in both lentiviral-induced and 005 transplanted models.
These treatment results, and the robust in vitro cytotoxicity of
CGKRKp[KLAKLAK],-NWs to GBM-derived endothelial cells
(T3 cells) we observed, suggest that the NWs target both the
ordinary and transdifferentiated vessels.

Despite the obvious efficacy of CGKRKp[KLAKLAK],-NWs,
the 005 GBM mice eventually succumbed to the disease. A sur-
prising finding was that these treated tumors continued to grow
even though they were essentially devoid of functional blood
vessels. The formation of fluid-conducting channels lined by tu-
mor cells, vasculogenic mimicry, could produce vessels that are
not recognized by the lectin we used to detect patent blood
vessels, possibly explaining this paradox (34, 35).

Combining CGKRKp[KLAKI AK],-NWs with the tumor-pen-
etrating peptide iRGD further increased the survival of the 005
GBM mice. This peptide promotes the penetration of coadminis-
tered drugs and nanoparticles into extravascular tumor tissue (18),
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which was also observed with the current CGKRKp[KLAKLAK],-
NWs system. The likely reason for the improved survival of the
mice treated with the combination is that iRGD allows the NWs to
reach the tumor cells, not just the tumor vessels.

In summary, we describe a nanosystem that targets GBM
tumors that provides both effective therapeutic activity and a
diagnostic function and is augmented by the use of iRGD. The
efficacy and low toxicity we observed in these preclinical studies
encourages further development of the system toward clinical
application in GBM, where new therapies are desperately
needed, and potentially in other cancers as well.

Methods
Peptide Synthesis. Peptides were synthesized by solid phase methods (23).

Flow Cytometry. Cells were harvested and stained using the annexin V-phy-
coerythrin apoptosis detection kit (BD Pharmingen) and analyzed on a BD LSR I
flow cytometer (Becton Dickinson).

In Vivo Peptide Homing In vivo peptide homing was tested as previously
described (23).

In Vivo NW Injections. Mice bearing orthotopic GBM tumors were injected into
the tail vein with NWs (5 mg of iron per kg body weight). In homing
experiments, the mice were killed 5-6 h after the injection by cardiac per-
fusion with PBS under anesthesia, and organs were dissected and analyzed
for NWs. In tumor treatment experiments, tumor mice were i.v. injected with
NWs in 150 uL PBS, or PBS as a control every other day for 3 wk. Mice with
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005 tumors were also i.v. injected with CGKRKp[KLAKLAK]>-NW (5 mg iron/
kg) in combination with 4 mmol/kg of either the tumor-penetrating peptide
iRGD or CRGDC as a control. At the end of treatment two mice per group
were killed, and the rest of the mice were monitored until the animal facility
staff determined that a mouse’s symptoms required killing.

Histology and Immunohistology. Tissue sections were processed as previously
described (23).

The following methods are described in detail in S/ Methods: cell lines
and tumors; magnetic resonance imaging; preparation of NWs; biophotonic
tumor imaging; isolation of mitochondria and peptide/phage binding;
cell proliferation assay and imaging; and immunoblot analysis of NW-
bound proteins.

Statistical Analysis. Data were analyzed by two-tailed Student’s unpaired t
test. P values of <0.05 were considered statistically significant.
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