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Nature has evolved elegant strategies to temporally and
spatially control the initiation of protein activity, including the
synthesis of subunits that self-assemble to form a functional
unit and the synthesis of proteins with prodomains that
require cleavage for activation. Nanomaterials that exploit
bio-inspired self-assembling motifs have been used for
sensitive detection of DNA,[1, 2] proteins,[3, 4] viruses,[5] and
pH changes[6] in vitro. In general, these systems employ
complementary chemistries that are constitutively exposed
and lack elements of temporal control that could broaden
their applicability. Herein, inspired by the biological motif of
initiating assembly by enzymatic removal of inhibitors, we
demonstrate with peptide–polymer chemistry that inorganic
nanoparticles may be functionalized to exist in a “latent” state
until triggered by a protease to self-assemble.
We inhibit the binding of biotin and neutravidin coated
superparamagnetic Fe3O4 nanoparticles with polyethylene
glycol (PEG) polymers that may be proteolytically removed
to initiate assembly by matrix metalloproteinase-2 (MMP-2),
a protease correlated with cancer invasion, angiogenesis, and
metastasis.[7–9] We demonstrate that MMP-2 initiated assembly amplifies the transverse (T2) relaxation of nanoparticle
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enhancement (Figure 2 b). However, because the 5 kDa PEG
cannot completely inhibit particle interaction in their latent
state, the 10 kDa PEG was chosen as the optimum surface
modification.
To further verify that the particle assembly was due to the
sequence-specific release of PEG by MMP-2, a scrambled
linker with low cleavage specificity by MMP-2,
GPVGLRGC,[14] was generated and conjugated to the
particles. The nanoparticles with the scrambled peptide
exhibit markedly decreased assembly compared with the
specific peptide sequence (Figure 2 c). At 3 h, following MMP-2
addition, assemblies of nanoparticles with specific MMP-2 substrates, examined by AFM, were
as large as 0.5—1 mm. This suggests
assembly of 10s to 100s of particles.
The nanoparticles that are not incubated with MMP-2 remained dispersed with diameters of  75 nm
(Figure 2 d).
Nanoassemblies of iron oxide
Figure 1. Schematic representation of a proteolytic actuation of self-assembly. Neutravidin- and biotinparticles that form upon proteolytic
functionalized superparamagnetic iron oxide nanoparticles are inhibited by the attachment of PEG chains that
activation acquire emergent magare anchored by MMP-2-cleavable peptide substrates (GPLGVRGC). Upon proteolytic removal of PEG through
netic properties that may be
cleavage of the peptides, biotin and neutravidin particles self-assemble into nanoassemblies with enhanced
remotely detected with MRI. The
magnetic susceptibility, T2 magnetic resonance relaxation, and lowered diffusivity.
coordination of superparamagnetic
Fe3O4 magnetic dipoles in assembled nanoparticles amplifies the diffusional dephasing of
sized by analytical ultracentrifugation (Micromod, Gersurrounding water molecules and causes shortening of T2
many), were modified with either biotin or neutravidin
relaxation times in MRI.[15, 16] We demonstrate that measure(Pierce, Rockford, IL) to generate two populations of
particles. When combined in solution, these particles selfment of T2 changes allows sensitive, remote detection of
assemble through highly stable biotin–neutravidin interacprotease-triggered assembly across a tenfold variation in
tions. To allow enzymatic control of particle assembly, the
particle concentration (Figure 3). The concentrations used
nanoparticle surfaces of both populations are modified with
correspond to 0.7–7 mg Fe/kg of solution, spanning the
the MMP-2 peptide substrate, GPLGVRGC,[10] which serves
working concentrations typically utilized for tumor and
lymphatic targeting in vivo (2.6 mg Fe/kg body weight).[17]
as an anchor for linear PEG chains. PEG is a highly mobile,
hydrophilic polymer with a large sphere of hydration that has
Nanoparticle solutions were incubated with varying concenbeen widely used to deter adsorption of proteins or cells on
trations of MMP-2 in a 384-well plate, and their T2 relaxation
surfaces and to extend therapeutic circulation times
times were mapped by using a Carr-Purcell-Meiboom-Gill
in vivo.[11, 12] We hypothesized that linear PEGs of appropriate
(CPMG) sequence on a 4.7T Bruker MRI. T2 shifts of greater
than 150 ms were observed by MMP-2-triggered assembly in a
lengths would inhibit association of 50 nm nanoparticles but
3.2 pm nanoparticle solution. For 10 pm and 32 pm concenstill allow MMP-2 proteases (< 9 nm[13]) to cleave peptide
trations, a T2 shortening of approximately 50 % of the starting
linkers. To explore this idea, we conjugated PEGs of varying
value was observed after incubation with MMP-2. Nanomolecular weights (2, 5, 10, and 20 kDa) to biotin and
particles at a 10 pm concentration were sensitive to at least
neutravidin particles through MMP-2-cleavable linkers, and
170 ng mL 1 (9.4 U mL 1) of MMP-2, which compares favortested their ability to assemble with and without MMP-2. The
rate and extent of assembly was measured by monitoring
ably with levels found in tumor tissue of MMP-2-expressing
changes in the solution extinction at 600 nm (Figure 2 a).
cancer cells (435 U/g MMP-2).[14]
Assembly of PEG-coated biotin and neutravidin particles
Next, the utility of the protease-triggered nanoparticles
without MMP-2 was found to be inversely related to PEG
was explored in complex biological specimens in which
molecular weight with almost complete inhibition of particle
nonspecific protein adsorption is often problematic. Specifassembly at lengths of 10 kDa or higher. Nanoparticles
ically, latent nanoparticles were incubated in cell-culture
incubated with MMP-2 also aggregated at a rate inversely
medium above living human fibrosarcoma cells, HT-1080s,
related to PEG chain length, likely owing to a similar steric
which constitutively express and activate MMP-2.[18, 19] MMPrepulsion of MMP-2. A comparison of the change in
2 is a zinc-binding protease with cleavage specificity for
extinction of particles incubated with MMP-2 with those
Type IV collagen, the principal constituent of basement
without MMP-2 incubation at 3 h showed that the 5 kDa and
membranes. Upregulation of MMP-2 activity leads to invasive
10 kDa PEGs allow the highest MMP-2-catalyzed assembly
proliferation and metastases of cancer cells by breaking down
solutions in magnetic resonance imaging (MRI), enables
magnetic manipulation with external fields, and allows MRI
detection of tumor-derived cells that produce the protease. In
the future, this general approach may enable site-selective
immobilization and enhanced image contrast in regions of
tumor invasion in vivo.
The synthesis of proteolytically actuated, self-assembling
nanoparticles involves modifying them to be self-complementary but rendered latent by protease-cleavable elements
(Figure 1). Briefly, 50 nm dextran-coated Fe3O4 nanoparticles,
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Figure 3. The triggered self-assembly of MMP-2 results in detectable
changes in T2 relaxation times. T2 maps generated by a 4.7T Bruker
MRI shows detectable aggregation after 3 h with the addition of 85,
170, 340, 680, and 1360 ng mL 1 MMP-2 for nanoparticle concentrations of 32 pm, 10 pm, and 3.2 pm.

Figure 2. The role of PEG length and characterization of assembly.
a) Changes in light scattering of nanoparticles over time with MMP-2
(11 mg mL 1; hollow) or without MMP-2 (solid) shows the influence of
PEG length on particle aggregation kinetics. b) The difference between
extinction of particles with and without MMP-2 after 3 h reveals an
optimal PEG chain length of 10 kDa. c) Nanoparticles with a specific
MMP-2 substrate aggregate in the presence of MMP-2 (11 mg mL 1),
whereas particles with a scrambled peptide do not. d) Atomic force
micrographs of particle solutions in (c) confirm aggregation of
particles in the presence of MMP-2. Scale bars are 500 nm.
Angew. Chem. Int. Ed. 2006, 45, 3161 –3165

tissue barriers.[7, 8] Nanoparticles (10 pm) were incubated over
HT-1080 cells for 5 h, and T2 maps of media samples were
generated with MRI. A substantial shortening in T2 was
detected in the media over HT-1080 cells compared with
media over cells incubated with the broad-spectrum MMP
inhibitor Galardin (Figure 4 a).
Triggered assembly of the nanoparticles can also be used
to magnetically target nanoassemblies to cells. As the
magnetic domains of coalesced nanoparticles coordinate to
form an amplified cumulative dipole, they become more
susceptible to long-range dipolar forces.[20] This phenomenon,
similar to the T2 relaxivity enhancement in MRI, allows
manipulation of the nanoassemblies with imposed magnetic
fields, whereas isolated particles remain unaffected. By using
a high-gradient permanent magnet, MMP-2 triggered assemblies of iron oxide particles (1.5 nm) can be visually drawn out
of solution, whereas nonactivated particles remain disperse
(Figure 4 b). To demonstrate that this can be extended
towards targeting particles onto cancer cells, HT-1080 cultures were placed over a strong permanent magnet and
incubated with nanoparticles at a 150 pm concentration. After
3 h, the media was removed and the cells were washed, fixed,
and stained for aggregates by using a biotinylated fluorescent
probe. Bright fluorescent staining of particle assemblies is
seen over HT-1080 cells, whereas weak diffuse staining,
indicating little to no targeting, is seen over cells incubated
with the inhibitor Galardin (Figure 4 c).
To the best of our knowledge, this report represents the
first demonstration of protease-triggered nanoparticle selfassembly. This system differs from the reported use of
enzymatic cleavage to prevent assembly,[2, 21, 22] rather it
exploits proteolytic activity to construct multimeric assemblies with emergent properties. Previously, our laboratories
have demonstrated that peptide-modified semiconductor
quantum dots could precisely target tumors in whole animals[23] and subcellular organelles in living cells.[24] This report
extends the ability of nanoparticles not only to target sites of
interest, but to interact with the processes of disease by
harnessing biological machinery to assemble nanomaterials
with amplified properties. We show that polymeric protection
can temporarily shield dissimilar complementary ligands,
including both small molecules (biotin) and tetrameric
proteins (neutravidin). Accordingly, in contrast to recent
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Figure 4. Triggered self-assembly of nanoparticles by HT-1080 Tumor-derived cells. a) T2 mapping of Fe3O4 nanoparticles incubated for 5 h over
HT-1080 cells that secrete active MMP-2 in a complex medium. Nanoparticle assembly amplifies T2 relaxation over cancer cells relative to cells
incubated with the MMP inhibitor Galardin at 25 mm. b) Activated nanoparticles are drawn out of solution by a strong magnet (left) whereas
inactive nanoparticles (right) are not. c) Nanoparticles activated by MMP-2-secreting tumor cells for 3 h are drawn out of solution onto cells by a
magnetic field. Available neutravidins on aggregates are stained with biotin-quantum dots (emission: 605 nm) and imaged by epifluorescent
microscopy. Assemblies are not targeted to cells if an MMP inhibitor is used. Scale bar represents 50 mm.

reports of proteolytic activation of cell-penetrating peptides[19] and peroxidase-initiated nanoparticle assembly,[4, 25]
our approach can be considered entirely modular and thereby
generalizable. Therefore, key features, for example, biochemical triggers and molecular recognition, may be altered
without significant re-engineering. Formulations with new
functionalities could be easily developed by substituting the
complementary binding pairs, cleavable substrates (e.g.
glycans, lipids, oligonucleotides), or multivalent nanoparticle
cores (e.g. gold, quantum dot, dendrimer) to extend the
capabilities of existing modalities.

Experimental Section
Synthesis of nanoparticle probes: Protease-triggered, self-assembling
nanoparticles were synthesized by using amine-functionalized, dextran-coated iron-oxide nanoparticles (50 nm ; 6.25 pmol/mg Fe), sized
by analytical ultracentrifugation (Micromod (Germany)). All peptides were obtained at > 90 % purity (Synpep), and all reagents were
obtained from Sigma unless otherwise specified. A high-gradient
magnetic-field filtration column was used between each conjugation
(Miltenyi Biotec) and all conjugations were performed at room
temperature unless stated. Peptides were synthesized to sequentially
contain a lysine (for the attachment of polyethylene glycol polymers),
an MMP-2 cleavage sequence (or scrambled version), and a terminal
cysteine (for linkage onto amines in the dextran coat or lysines on
neutravidin proteins). Phosphate-buffered saline buffer solution
(PBS; Na2PO4 (0.1m), NaCl buffer (0.15 m)). For biotin probes,
N-Succinimidyl-3-[2-pyridyldithio]-propionamido
(SPDP;
0.25 mg mL 1) was treated with particle amines (2.5 mg Fe; PBS
(1 mL), pH 7.2; 1 hr), after which cysteine-containing peptides
(acetyl-KGPLGVRGC-X-Biotin (1 mg mL 1)) were added to displace pyridine-2-thione leaving groups (PBS (1 mL) with EDTA
(10 mm), pH 7.2; 12 h under N2 ; 4 8C). Polyethylene glycol polymers
with a terminal methoxy cap at one end and an opposing aminereactive succimidyl a-methylbutanoate (mPEG-SMB) (Nektar;
2.5 mm) were then attached to peptide lysines (PBS (1 mL), pH 7.2;
3 h). Neutravidin (Pierce) nanoparticles were formed by modifying
particles (2.5 mg Fe) with biotinamidohexanoyl-6-amino-hexanoic
acid N-hydroxy-succinimide ester (0.5 mg mL 1; PBS (1 mL); pH 7.2;
1 h) and then coated with a saturating concentration of neutravidin
(850 mg neutravidin per 2.5 mg nanoparticles; (PBS (5 mL), pH 7.2;
> 3 h). The extinction of the solution at 600 nm was measured during
incubation to ensure no aggregate formation. Additionally, neutravidin-coated particles were passed through a 0.1 mm filter to confirm
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monodispersity. By using the same conditions described for biotin
particle conjugations, peptides (KGPLGVRGC) were linked to
available lysine amines on neutravidin-coated nanoparticles with
SPDP, after which mPEG-SMB polymers were linked to peptide
lysines. Scrambled sequences used for control experiments contained
GVRLGPG instead of GPLGVRG. Extinction, AFM, and magnetic
field migration measurements: For all assembly experiments, equimolar ratios of particles were used. All extinction measurements were
performed in duplicate in 384-well plates by using a SpectraMax Plus
spectrophotometer (Molecular Devices, Sunnyvale CA). Biotin and
neutravidin probes (0.5 mg mL 1; 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES; 0.1m), CaCl2 (5 mm); pH 7.2) were
mixed at equal ratios and 0.5 mg of the recombinant catalytic domain
of MMP-2 (Biomol,) (6 mL Tris-Cl (50 mm), CaCl2 (5 mm), Brij-35
(0.005 %); pH 7.5) was added to 40 mL probe solution at time zero.
For controls, 6 mL of buffer without MMP-2 was added. The same
probe and MMP-2 concentrations were used for AFM and solution
phase magnetic precipitation experiments. AFM measurements were
performed by using a multimode, Digital Instruments AFM (Santa
Barbara CA) operating in tapping-mode by using FESP Tips (Veeco
Nanoprobe TM, Santa Barbara CA). AFM reactions were incubated
for 3 h, diluted, and evaporated on freshly cleaved mica for analysis.
In magnetic precipitation experiments, probe solutions were incubated with or without MMP-2 overnight and placed over a strong
magnet for 2.5 min.
MRI detection of self-assembly: MRI images were taken on a
Bruker 4.7T magnet, 7 cm bore. Biotin–peptide-P-EG and neutravidin–peptide–PEG nanoparticles were mixed together and serially
diluted in 384-well plate. Serial dilutions of recombinant MMP-2 in
6 mL of buffer solution (Tris-Cl (50 mm), CaCl2 (5 mm), Brij-35
(0.005%); pH 7.5) were added to each well. After 3 h, a CPMG
sequence of 16 images with multiples of 10.45 ms echo times and a
relaxation time of 5000 ms were acquired. T2 maps were obtained for
each well by fitting images on a pixel by pixel basis to the equation y =
M* L 10( TE/T2) by using MATLAB.
Cell culture: HT-1080 human fibrosarcoma cells (ATCC) were
cultured in 24-well plates by using minimum essential medium eagle
(Invitrogen) with fetal bovine serum (10 %; Invitrogen) and penicillin/streptomycin (1 %). For MRI experiments, the media was
replaced with serum-free dubelccoMs modified eagle medium
(DMEM; Invitrogen) with a 10 pm nanoparticle concentration. The
broad-spectrum MMP-2 inhibitor Galardin (Biomol) was added at a
concentration of 25 mm in control cultures. Samples of 40 mL were
taken at 5 h for MRI imaging by using the same procedures for T2
mapping described above. For fluorescent labeling experiments,
media was replaced with serum-free DMEM with a 200 pm nanoparticle concentration and cells were placed over a strong magnet.
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After 3 h, the media was removed and the cells fixed with
paraformaldehyde (2 %). The cells were permeabilized with TritonX (0.1 %) in PBS and incubated with biotin quantum dots (emission =
605 nm; Quantum Dot Corp). Nuclear staining was performed by
incubating with Hoescht (0.001 %) for 1 min.
Received: January 20, 2006
Revised: March 11, 2006
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