Biomimetic amplification of nanoparticle homing to tumors
Dmitri Simberg, Tasmia Duza, Ji Ho Park, Markus Essler, Jan Pilch, Lianglin Zhang, Austin M.
Derfus, Meng Yang, Robert M. Hoffman, Sangeeta Bhatia, Michael J. Sailor, and Erkki Ruoslahti
PNAS 2007;104;932-936; originally published online Jan 10, 2007;
doi:10.1073/pnas.0610298104
This information is current as of January 2007.
Online Information
& Services

High-resolution figures, a citation map, links to PubMed and Google Scholar,
etc., can be found at:
www.pnas.org/cgi/content/full/104/3/932

Supplementary Material

Supplementary material can be found at:
www.pnas.org/cgi/content/full/0610298104/DC1

References

This article cites 32 articles, 14 of which you can access for free at:
www.pnas.org/cgi/content/full/104/3/932#BIBL
This article has been cited by other articles:
www.pnas.org/cgi/content/full/104/3/932#otherarticles

E-mail Alerts

Receive free email alerts when new articles cite this article - sign up in the box
at the top right corner of the article or click here.

Rights & Permissions

To reproduce this article in part (figures, tables) or in entirety, see:
www.pnas.org/misc/rightperm.shtml

Reprints

To order reprints, see:
www.pnas.org/misc/reprints.shtml

Notes:

Biomimetic amplification of nanoparticle homing
to tumors
Dmitri Simberga, Tasmia Duzaa,b, Ji Ho Parkc,d, Markus Esslera,e, Jan Pilcha, Lianglin Zhanga, Austin M. Derfusa,f,
Meng Yangg, Robert M. Hoffmang,h, Sangeeta Bhatiai,j, Michael J. Sailorc,d, and Erkki Ruoslahtia,k,l
aCancer

Research Center, Burnham Institute for Medical Research, 10901 North Torrey Pines Road, La Jolla, CA 92037; kBurnham Institute for Medical
Research at University of California Santa Barbara, 1105 Life Sciences Technology Building, University of California, Santa Barbara, CA 93106-9610;
cDepartment of Chemistry and Biochemistry, University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0358; dMaterials Science
and Engineering Program, University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0418; fDepartment of Bioengineering,
University of California at San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0412; gAntiCancer, Inc., 7917 Ostrow Street, San Diego, CA 92111;
hDepartment of Surgery, University of California, 200 West Arbor Drive, San Diego, CA 92103-8820; iHarvard–Massachusetts Institute
of Technology Division of Health Sciences and Technology, 77 Massachusetts Avenue, Cambridge, MA 02139; and jDepartment
of Electrical Engineering and Computer Science, Massachusetts Institute of Technology/Brigham and Women’s Hospital,
75 Francis Street, Boston, MA 02115
Contributed by Erkki Ruoslahti, November 22, 2006 (sent for review November 13, 2006)

Nanoparticle-based diagnostics and therapeutics hold great promise because multiple functions can be built into the particles. One
such function is an ability to home to specific sites in the body. We
describe here biomimetic particles that not only home to tumors,
but also amplify their own homing. The system is based on a
peptide that recognizes clotted plasma proteins and selectively
homes to tumors, where it binds to vessel walls and tumor stroma.
Iron oxide nanoparticles and liposomes coated with this tumorhoming peptide accumulate in tumor vessels, where they induce
additional local clotting, thereby producing new binding sites for
more particles. The system mimics platelets, which also circulate
freely but accumulate at a diseased site and amplify their own
accumulation at that site. The self-amplifying homing is a novel
function for nanoparticles. The clotting-based amplification
greatly enhances tumor imaging, and the addition of a drug carrier
function to the particles is envisioned.
clotting 兩 liver 兩 peptide 兩 tumor targeting 兩 iron oxide

N

anomedicine is an emerging field that uses nanoparticles to
facilitate the diagnosis and treatment of diseases. Notable
early successes in the clinic include the use of superparamagnetic
nanoparticles as a contrast agent in MRI and nanoparticle-based
treatment systems (1, 2). The first generation of nanoparticles
used in tumor treatments rely on ‘‘leakiness’’ of tumor vessels for
preferential accumulation in tumors; however, this enhanced
permeability and retention is not a constant feature of tumor
vessels (3) and, even when present, still leaves the nanoparticles
to negotiate the high interstitial fluid pressure in tumors (3, 4).
An attractive alternative would be to target nanoparticles to
specific molecular receptors in the blood vessels because they are
readily available for binding from the blood stream and because
tumor vessels express a wealth of molecules that are not significantly expressed in the vessels of normal tissues (5–7).
Specific targeting of nanoparticles to tumors has been accomplished in various experimental systems (8–10), but the efficiency of delivery is generally low. In nature, amplified homing
is an important mechanism, ensuring sufficient platelet accumulation at sites of vascular injury. Amplified homing involves
target binding, activation, platelet–platelet binding, and formation of a blood clot. We have designed a nanoparticle delivery
system in which the particles amplify their own homing in a
manner that resembles platelets.
Results

CREKA Peptide. We used a tumor-homing peptide to construct

targeted nanoparticles. We identified this peptide by in vivo screening of phage-displayed peptide libraries (5, 11) for tumor homing in
tumor-bearing MMTV-PyMT transgenic breast cancer mice (12).
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The most frequently represented peptide sequence in the selected
phage preparation was CREKA (Cys-Arg-Glu-Lys-Ala). We synthesized the CREKA peptide with a fluorescent dye attached to the
N terminus and studied the in vivo distribution of the peptide in
tumor-bearing mice. Intravenously injected CREKA peptide was
readily detectable in the PyMT tumors, and in MDA-MB-435
human breast cancer xenografts, minutes to hours after the injection. The peptide formed a distinct meshwork in the tumor stroma
[supporting information (SI) Fig. 5A], and it also highlighted the
blood vessels in the tumors. The CREKA peptide was essentially
undetectable in normal tissues. In agreement with the microscopy
results, whole-body imaging using CREKA peptide labeled with the
fluorescent dye Alexa Fluor 647 revealed peptide accumulation in
the breast cancer xenografts and in the bladder, reflecting elimination of excess peptide into the urine (SI Fig. 5B).
Tumors contain a meshwork of clotted plasma proteins in the
tumor stroma and the walls of vessels, but no such meshwork is
detectable in normal tissues (13–15). The mesh-like pattern
produced by the CREKA peptide in tumors prompted us to
study whether clotted plasma proteins might be the target of this
peptide. We tested the peptide in fibrinogen knockout mice,
which lack the fibrin meshwork in their tumors. Like previously
identified clot-binding peptides (15), intravenously injected
CREKA peptide failed to accumulate in B16F1 melanomas
grown in the fibrinogen null mice but formed a brightly fluorescent meshwork in B16F1 tumors grown in normal littermates
of the null mice (Fig. 1 A and B). In agreement with this result,
the CREKA phage, but not the control insertless phage, bound
to clotted plasma proteins in vitro (Fig. 1C). These results
establish CREKA as a clot-binding peptide. Its structure makes
it an attractive peptide to use in nanoparticle targeting because,
unlike our other clot-binding peptides, which are cyclic 10 amino
acid peptides (15), CREKA is linear and contains only 5 aa.
Moreover, the sulfhydryl group of the single cysteine residue is
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not required to provide binding activity and can be used to
couple the peptide to other moieties.
Peptide-Coated Nanoparticles. We coupled fluorescein-labeled

CREKA or fluorescein onto the surface of 50-nm superparamagnetic, amino dextran-coated iron oxide (SPIO) nanoparticles. Such particles have been extensively characterized with
regard to their chemistry, pharmacokinetics, and toxicology and
are used as MRI contrast agents (16–18). Coupling of the
fluorescein-labeled peptides to SPIO produced strongly fluorescent particles. Releasing the peptide from the particles by
hydrolysis increased the fluorescence further by a factor of ⬇3
(data not shown). These results indicate that the proximity of the
f luorescein molecules at the particle surface causes some
quenching of the fluorescence. Despite this quenching, fluorescence from the coupled fluorescein peptide was almost linearly
related to the number of peptide molecules on the particle (SI
Fig. 6), allowing us to track the number of peptide moieties on
the particle by measuring particle fluorescence and to use
fluorescence intensity as a measure of the concentration of
particles in samples. We used CREKA-SPIO with at least 8,000
peptide molecules per particle in our in vivo experiments. The
CREKA-SPIO nanoparticles bound to mouse and human
plasma clots in vitro, and the binding was inhibited by the free
peptide (Fig. 1D). The nanoparticles distributed along a fibrillar
meshwork in the clots (Fig. 1D Inset). These results show that the
particle-bound peptide retains its binding activity toward clotted
plasma proteins.
Tumor Homing vs. Liver Clearance of CREKA-SPIO. Initial experiments showed that intravenously injected CREKA-SPIO nanoparticles did not accumulate effectively in MDA-MB-435 breast
cancer xenografts. In contrast, a high concentration of particles
was seen in reticuloendothelial system (RES) tissues (Fig. 2A
Upper). Because the free CREKA peptide effectively homes to
these tumors (SI Fig. 5), we hypothesized that the RES uptake
was a major obstacle to the homing of the nanoparticles. We
Simberg et al.

Fig. 2. Tumor homing of CREKA-conjugated iron oxide particles. CREKASPIO particles were intravenously injected (4 mg of Fe per kg) into BALB/c nude
mice bearing MDA-MB-435 human breast cancer xenograft tumors measuring
1–1.5 cm in diameter. The mice were killed by perfusion 5– 6 h later, and tissues
were examined for CREKA-SPIO fluorescence (green). Nuclei were stained
with DAPI (blue). (A) Distribution of CREKA-SPIO in tissues from MDA-MB-435
tumor mice that 2 h earlier had received an injection of PBS (Upper) or
Ni/DSPC/CHOL liposomes (Ni-liposomes) containing 0.2 mol Ni in 200 l of
PBS (Lower). (B) Plasma circulation half-life of CREKA-SPIO after different
treatments. At least four time points were collected. Data were fitted to
monoexponential decay by using Prizm software (GraphPad, San Diego, CA),
and the half-life values were compared in unpaired t test (***, P ⬍ 0.0001
relative to PBS control; n ⫽ 10). (C) Accumulation of CREKA-SPIO nanoparticles
in tumor vessels. Mice were injected and tissues were collected as in A.
Fluorescent intravascular CREKA-SPIO particles overlap with iron oxide
viewed in transmitted light. (Magnification: ⫻600.) (D) Control organs of
Ni-liposome/CREKA-SPIO-injected mice. Occasional spots of fluorescence are
seen in the kidneys and lungs. The fluorescence seen in the heart did not differ
from uninjected controls, indicating that it is autofluorescence. Representative results from at least three independent experiments are shown. [Magnification: ⫻200 (A and D) and ⫻600 (C).]

confirmed the role of the RES in the clearance of CREKA-SPIO
by depleting RES macrophages in the liver with liposomal
clodronate (19). This treatment caused an ⬇5-fold prolongation
in particle half-life (Fig. 2B). Particulate material is eliminated
from the circulation, because certain plasma proteins bind to the
particles and mediate their uptake by the RES (opsonization)
(20, 21). Injecting decoy particles that eliminate plasma opsonins
is another commonly used way of blocking RES uptake (22, 23).
We tested liposomes coated with chelated Ni2⫹ as a potential
decoy particle because we surmised that iron oxide and Ni2⫹
would attract similar plasma opsonins, and Ni-liposomes could
therefore deplete them from the systemic circulation. Indeed,
SDS/PAGE analysis showed that significantly less plasma protein bound to SPIO in the blood of mice that had been pretreated
with Ni-liposomes (results not shown).
Intravenously injected Ni-liposomes prolonged the half-life of
PNAS 兩 January 16, 2007 兩 vol. 104 兩 no. 3 兩 933
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Fig. 1.
Tumor homing of CREKA pentapeptide. (A and B) Fluoresceinconjugated CREKA peptide (200 g per mouse) was injected into mice bearing
syngeneic B16F1 melanoma tumors. Representative microscopic fields are
shown to illustrate homing of fluorescein-CREKA to fibrin-like structures in
tumors in wild-type mice (A, arrow) and lack of homing in fibrinogen null mice
(B). (C) The CREKA phage binds to clotted plasma proteins in a test tube,
whereas nonrecombinant control phage shows little binding. (D) Dextrancoated iron oxide nanoparticles conjugated with fluorescein-CREKA bind to
clotted plasma proteins, and the binding is inhibited by free CREKA peptide.
(D Inset) The microscopic appearance of the clot-bound CREKA-SPIO. [Magnification: ⫻200 (A and B) and ⫻600 (D Inset).]

the SPIO and CREKA-SPIO in the blood by a factor of ⬇5 (Fig.
2B). The Ni-liposome pretreatment, whether done 5 min or 48 h
before the injection of CREKA-SPIO, greatly increased the
tumor homing of the nanoparticles, which primarily localized in
tumor blood vessels (Fig. 2 A Lower and D). The local concentration of particles could be so high that the brownish color of
iron oxide was visible in the optical microscope (Fig. 2C Right),
indicating that the fluorescent signal observed in tumor vessels
was from intact CREKA-SPIO. Fewer particles were seen in the
liver after the Ni-liposome pretreatment, but accumulation in
the spleen was unchanged or even enhanced (Fig. 2 A). Other
organs contained minor amounts of CREKA-SPIO particles or
no particles at all, whether Ni-liposomes were used or not (Fig.
2D). Although Ni-liposomes were quite effective, they caused
some deaths in the tumor mice, prompting us to also test plain
liposomes as decoy particles. These liposomes prolonged the
blood half-life and tumor homing of subsequently injected
CKEKA-SPIO (Fig. 2B and data not shown), suggesting the
existence of a common clearance mechanism for liposomes and
SPIO. However, although the plain liposomes showed no apparent toxicity, they were less effective as decoy particles than
the Ni-liposomes. Reducing the Ni content of the liposomes may
provide a suitable compromise between toxicity and efficacy.
Nanoparticle-Induced Blood Clotting in Tumor Vessels. CREKA-

SPIO particles administered after liposome pretreatment primarily colocalized with tumor blood vessels, with some particles
appearing to have extravasated into the surrounding tissue (Fig.
3A Top). Significantly, up to 20% of tumor vessel lumens were
filled with fluorescent masses. These structures stained for fibrin
(Fig. 3A Middle), suggesting that they are blood clots impregnated with nanoparticles. In some of the blood vessels, the
CREKA-SPIO nanoparticles were distributed along a meshwork
(Fig. 3A Middle Inset), presumably formed of fibrin and associated proteins, and similar to the pattern shown in Fig. 1D Inset.
Among the non-RES tissues, the kidneys and lungs contained
minor amounts of specific CREKA-SPIO fluorescence (Fig.
2D). However, low-magnification images, which reveal only
blood vessels with clots in them, showed no clotting in these
tissues, with the exception of very rare clots in the kidneys (SI
Fig. 7). Despite massive accumulation of nanoparticles in the
liver, we saw no colocalization between fibrin(ogen) staining and
CREKA-SPIO fluorescence in liver vessels (SI Fig. 8). Moreover, liver tissue from a noninjected mouse also stained for
fibrin(ogen) (SI Fig. 8B), presumably reflecting fibrinogen production by hepatocytes. Thus, the clotting induced by CREKASPIO nanoparticles is essentially confined to tumor vessels.
Nanoparticles can cause platelet activation and enhance
thrombogenesis (24, 25). Some CREKA-SPIO nanoparticles
(⬍1%) recovered from blood were associated with platelets (SI
Fig. 9A), but staining for a platelet marker showed no colocalization between the platelets and CREKA-SPIO nanoparticles
in tumor vessels (Fig. 3A Bottom). We also induced thrombocytopenia by injecting mice with an anti-CD41 monoclonal
antibody (26) and found no noticeable effect on CREKA-SPIO
homing to the MDA-MB-435 tumors (SI Fig. 9B). These results
indicate that platelets are not involved in the homing pattern of
CREKA-SPIO.
The deep infiltration of clots by nanoparticles suggested that
these clots must have formed at the time particles were circulating in blood rather than before the injection. We tested this
hypothesis with intravital confocal microscopy, using DiI-labeled
erythrocytes as a flow marker. There was time-dependent clot
formation and obstruction of blood flow in tumor blood vessels
with parallel entrapment of CREKA-SPIO in the forming clots
(Fig. 3B; and see SI Movie 1).
We next tested whether the clotting-inducing effect was
specific for SPIO particles, or could be induced with a different
934 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0610298104

Fig. 3. Accumulation of CREKA-SPIO nanoparticles in tumor vessels. Mice
bearing MDA-MB-435 xenografts were injected with Ni-liposomes and
CREKA-SPIO nanoparticles as described in the legend to Fig. 2. The mice were
perfused 6 h after the nanoparticle injection, and tissues were collected. (A
Top) Colocalization of nanoparticle fluorescence with CD31 staining in blood
vessels. (A Middle) Colocalization of nanoparticle fluorescence and antifibrin(ogen) staining in tumor blood vessels. (Inset) An image showing CREKASPIO distributed along fibrils in a tumor blood vessel. (A Bottom) Lack of
colocalization of nanoparticle fluorescence with anti-CD41 staining for platelets. (B) Intravital confocal microscopy of tumors using DiI-stained red blood
cells as a marker of blood flow. The arrow points to a vessel in which stationary
erythrocytes indicate obstruction of blood flow. Blood flow in the vessel above
is not obstructed. Six successive frames from a 1-min movie (SI Movie 1) are
shown. (C) CREKA-coated liposomes colocalize with fibrin in tumor vessels.
The results are representative of three independent experiments. [Magnification: ⫻600 (A and C) and ⫻200 (B).]

CREKA-coated particle. We used liposomes into which we
incorporated fluorescein-CREKA peptide that was coupled to
lipid-tailed polyethylene glycol. Like CREKA-SPIO, the
CREKA-liposomes selectively homed to tumors and colocalized
with fibrin within tumor vessels (Fig. 3C), suggesting that
CREKA liposomes are also capable of causing clotting in tumor
vessels. No clotting was seen when control SPIO or control
liposomes were injected in the tumor mice.
Clotting-Amplified Tumor Targeting. We next studied the contribution of clotting to the accumulation of CREKA-SPIO in
tumor vessels. Quantitative analysis of tumor magnetization with
a superconducting quantum interference device (SQUID) (Fig.
4A), and measurement of the fluorescence signal (data not
shown) revealed ⬇6-fold greater accumulation of CREKASPIO in Ni-liposome-pretreated mice compared with PBSpretreated mice. Aminated SPIO control particles did not significantly accumulate in the tumors (Fig. 4A).
The SQUID measurements revealed that injecting heparin,
which is a strong clotting inhibitor, before injection of CREKASPIO reduced tumor accumulation of nanoparticles by ⬎50%
(Fig. 4A). Microscopy showed that heparin reduced the fibrinpositive/CREKA-SPIO-positive structures within tumor vessels
but that the particles still bound along the walls of the vessels,
presumably to preexisting fibrin deposits (a representative image
is shown in Fig. 4B). Separate quantification of the homing
Simberg et al.

pattern showed that heparin did not significantly reduce the
number of vessels with nanoparticles bound to the vessel walls,
but essentially eliminated the intravascular clotting (Fig. 4C).
Thus, the binding of CREKA-SPIO to tumor vessels does not
require the clotting activity that is associated with these particles,
but clotting improves the efficiency of the tumor homing.
The clotting induced by CREKA-SPIO caused a particularly
strong enhancement of tumor signal in whole-body scans.
CREKA-SPIO nanoparticles labeled with Cy7, a near-infrared
f luorescent compound, effectively accumulated in tumors
(Fig. 4D, image on the left, arrow), with a significant signal
from the liver as well (arrowhead). The reduction in the tumor
signal obtained with heparin (Fig. 4D, image on the right)
appeared greater in the f luorescence measurements than the
50% value determined by SQUID, possibly because the concentrated signal from the clots enhanced optical detection of
the f luorescence. These results suggest that the clotting induced by CREKA-SPIO provides a particular advantage in
tumor imaging.
Simberg et al.

PNAS 兩 January 16, 2007 兩 vol. 104 兩 no. 3 兩 935

MEDICAL SCIENCES

Fig. 4. Effect of blood clotting on nanoparticle accumulation in tumors. Mice
bearing MDA-MB-435 human breast cancer xenografts were intravenously
injected with PBS or a bolus of 800 units/kg of heparin, followed 120 min later
by Ni-liposomes (or PBS) and CREKA-SPIO (or control nanoparticles). The mice
received additional heparin by i.p. injections (a total of 1,000 units/kg) or PBS
throughout the experiment. (A) Tumors were removed 6 h after the nanoparticle injection, and magnetic signal in the tumor after different treatments
was determined with SQUID. Aminated dextran SPIO served as a particle
control (control SPIO). SPIO nanoparticle concentration in tissues is represented by the saturation magnetization value (electromagnetic unit, emu) of
the tissue at 1T magnetic field after the subtraction of the diamagnetic and
the paramagnetic background of blank tissue. The magnetization values were
normalized to dry weight of the tissue. Results from three experiments are
shown. (B) Quantification of heparin effect on clotting in blood vessels. Mice
were pretreated with PBS (open bars) or heparin (filled bars) as described
above, followed by Ni liposomes/CREKA-SPIO nanoparticles. Three sections
from two tumors representing each treatment were stained with anti-CD31
for blood vessels, and the percentage of vessels positive for fluorescence and
fluorescent clots was determined. Note that heparin did not significantly
change the percentage of blood vessels containing particles, but dramatically
decreased the incidence of the lumens that are filled with fluorescence. (C) A
representative example of the appearance of CREKA-SPIO particles in tumor
vessels of mice treated with heparin. (D) Near-infrared imaging of mice that
received Ni-liposomes, followed by Cy7-labeled CREKA-SPIO, with or without
heparin pretreatment. The images were acquired 8 h after the injection of the
CREKA-SPIO particles by using an Odyssey 2 NIR scanner (Li-COR Biosciences,
Lincoln, NE). The images shown are composites of two colors, red (700-nm
channel, body and chow autofluorescence) and green (800-nm channel, Cy7).
Arrows point to the tumors, and arrowheads point to the liver. Note the strong
decrease in signal from the tumor in the heparin-pretreated mouse. One
representative experiment of three is shown.

Discussion
We describe a nanoparticle system that provides effective accumulation of the particles in tumors. The system is based on four
elements: First, coating of the nanoparticles with a tumorhoming peptide that binds to clotted plasma proteins endows the
particles with a specific affinity for tumor vessels (and tumor
stroma). Second, decoy particle pretreatment prolongs the blood
half-life of the particles and increases tumor targeting. Third, the
tumor-targeted nanoparticles cause intravascular clotting in
tumor blood vessels. Fourth, the intravascular clots attract more
nanoparticles into the tumor, amplifying the targeting.
We chose a peptide with specific affinity for clotted plasma
proteins as the targeting element for our nanoparticles. The
interstitial spaces of tumors contain fibrin and proteins that
become cross-linked to fibrin in blood clotting, such as fibronectin (13, 15). The presence of these products in tumors, but not
in normal tissues, is thought to be a result of leakiness of tumor
vessels, which allows plasma proteins to enter from the blood
into tumor tissue, where the leaked fibrinogen is converted to
fibrin by tissue procoagulant factors (13, 14). The clotting creates
new binding sites that can be identified and accessed with
synthetic peptides (15). The present results show that the
CREKA-modified nanoparticles not only bind to blood and
plasma clots but can also induce localized tumor clotting. The
nature of the particle may not be important for this activity,
because we found both CREKA-coated iron oxide nanoparticles
and micron-sized CREKA-coated liposomes to cause clotting in
tumor vessels. The mechanism by which CREKA-SPIO and
CREKA-liposomes induce vascular clotting requires further
study. We speculate that the binding of one or more clotting
products by the CREKA-modified particles may shift the balance of clotting and clot dissolution in the direction of clot
formation and that the presence of this activity at the surface of
particles may facilitate contact-dependent coagulation.
Some nanomaterials are capable of triggering systemic thrombosis (27), but, here, the thrombosis induced by the CREKA
particles was confined to tumor vessels. The high concentration
of the targeted particles in tumor vessels partially explains the
selective localization of the thrombosis to tumor vessels. However, because no detectable clotting was seen in the liver, where
the nanoparticles also accumulate at high concentrations, other
factors must be important. The procoagulant environment common in tumors is likely to be a major factor contributing to the
tumor-specificity of the clotting (28). It remains to be seen
whether CREKA particles might bind to other regions of
pathological clotting activity in the body (e.g., wounds) and to
induce additional clotting at such sites.
A major advantage of nanoparticles is that multiple functions
can be incorporated onto a single entity. We describe here an in
vivo function for nanoparticles that has not been described
previously; self-amplifying tumor homing enabled by nanoparticle-induced clotting in tumor vessels and the binding of additional nanoparticles to the clots. Our nanoparticle system combines several other functions into one particle: specific tumor
homing, avoidance of the RES, and effective tumor imaging. We
used optical imaging in this work, but the SPIO platform also
enables MRI imaging, which does not suffer from the tissuepenetration problems that limit optical imaging in animals larger
than mice and in humans. The clotting caused by CREKA-SPIO
nanoparticles in tumor vessels serves to focally concentrate the
particles in a manner that appears to improve tumor detection
by microscopic and whole-body imaging techniques.
Another possibly useful function of our targeted particles is
that they cause physical blockade of tumor vessels by local
embolism. Blood vessel occlusion by embolism or clotting can
reduce tumor growth (29, 30).To date, we have achieved a 20%
occlusion rate in tumor vessels. Preliminary tumor treatment

experiments (D.S., L.Z., and E.R., unpublished work) have
indicated that this degree of vessel occlusion is not sufficient to
reduce the rate of tumor growth. However, future optimization
of the procedure may change that. Finally, because of the
modular nature of nanoparticle design, the functions we describe
here can be incorporated into particles with additional activities.
We envision the design of drug-carrying nanoparticles that
accumulate in tumor vessels and slowly release the drug payload
while simultaneously occluding the vessels.
Materials and Methods
Phage Screening, Tumors, and Peptides. In vivo screening of a
peptide library with the general structure of CX7C, where C is
cysteine and X is any amino acid, was carried out as described
(5) by using 65- to 75-day-old transgenic MMTV PyMT mice
(31). These mice express the polyoma virus middle T antigen
(MT) under the transcriptional control of the mouse mammary
tumor virus (MMTV), leading to the induction of multifocal
mammary tumors in 100% of carriers. MDA-MB-435 tumors in
nude mice and peptide synthesis have been described (32, 33).
B16F1 murine melanoma tumors were grown in fibrinogen null
mice (34) and their normal littermates and were used when they
reached 0.5–1 cm in size (15).
Nanoparticles and Liposomes. Amino group-functionalized dextrancoated superparamagnetic iron oxide nanoparticles (50-nm
nanomag-D-SPIO; Micromod Partikeltechnologie, Rostock, Germany) were coupled with CREKA peptide by using a cross-linker.
The final coupling ratio was 30 nmol of fluorescein-labeled peptide
molecules per milligram of iron oxide, or 8,000 peptides per
particle. For near-infrared labeling with Cy7, ⬇20% of the amines
were derivatized with Cy7-NHS ester (GE Healthcare Bio-Sciences,
Piscataway, NJ), and the remaining amines were used for conjugating the peptide. Details on the SPIO and the preparation of
liposomes are described in SI Materials and Methods. Clodronate
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