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The emergent electromagnetic properties of nanoparticle self- Scheme 1. Schematic Representation of Logical Nanoparticle

assemblies are being harnessed to build new medical and biochemiS€nsors

cal assays with unprecedented sensitivity. Nanoparticle (NP)

assembly has been exploited to probe for a host of pathological ;

inputs in vitro, including DNAL2 RNA,! proteins# viruses? and VE .

enzymatic activity:®’ Typically, NP systems are designed to sense /\/\-'°' -~ oL

single molecular targets. While this methodology has been effective \-’L L o0,

for in vitro applications, the future development of highly diagnostic a {‘\ff “D

in vivo sensors may benefit from the ability to simultaneously L <

monitor multiple aspects of disease. In this report we describe a .//Z

method whereby inorganic nanocrystals may perform Boolean logic vl >

operations using two inputs associated with cancer invasion (MMP2 > :

and MMP7). Disperse, superparamagnetigdzé\Ps are designed _ .O“ C) »

to coalesce in response to logical AND or OR functions. In either Logical AND L

system, NP self-assembly amplifies tA@ relaxation rate of Py Ye——

hydrogen protons, enabling remote, MRI-based detection of logical l J

operations. In the future, we believe that these sensors may be aself-assembly is gated to occur in the presence of MMP2 and MMP7

optimized to monitor a diversity of inputs in vitro and in vivo. (logical AND) (left) or in the presence of either or both proteases (logical
Logical operations were designed to analyze inputs of two matrix- OR) (right) by attachment of protease-removable polyethylene glycol

metalloproteinases, a family of at least 26 secreted and membranePOYMers

bound proteases that have been studied extensively for their role . .

in cancet In particular, matrix-metalloproteinase-2 (MMP2), is coul_d be restricted to occur only in the presence of _both enzymes

overexpressed in many cancers, including breast cancers, and i¢/°9ical AND) (Scheme 1). Furthermore, by anchoring polymers

an indicator of cancer invasiveness, metastasis, angiogenesis, anfP ©nly the ligand NP with a tandem peptide substrate (containing

treatment efficacy. MMP7, a protease with broader substrate POth enzyme cleavage motifs in series), we sought to actuate

specificity, is thought to facilitate early stages of mammary @assembly in the presence of eitf@rboth of the enzyme inputs

carcinoma progressiof. In tissues excised from breast cancer (logical OR) (Scheme 1).

patients, both MMP-2 and MMP-7 were expressed at statistically ~ Peptide PEG polymers were synthesized by reacting the peptide

higher levels in carcinogenic than in normal breast tisdties, N-terminus (or lysine residue for OR tandem peptide) with amine-

highlighting their potential utility as dual markers of neoplastic reactive 20 kDa methoxy-PEG-succimidyimethylbutanoate (see

inception. We demonstrate using dynamic light scattering (DLS), Supporting Information for details). Cysteine residues were incor-

fluorescence, and MRI that logical sensors can probe samples forporated at the C-terminus of peptides to allow oriented attachment

the presence of both MMP&hd MMP7 (AND function) or for the of substrate polymers to NPs, and TAMRA fluorochromes were

presence of either MMP@r MMP7 (OR function). incorporated distally to fluorescently monitor polymer removal. To
To synthesize both sensor types, two kinds of NPs were initially begin AND NP synthesis, ligand particles were shielded with an

engineered: one with a tethered ligand (biotin) and the other with MMP2 (Gly-Pro-Leu-Gly-Val-Arg-Gly}213substrate-polymer and

its receptor (neutravidin). These particles were stable separately,receptor particles were shielded with an MMP7 (Val-Pro-Leu-Ser-

but aggregated readily when combined. We sought to completely | ey-Thr-Met}# substrate-polymer. Enzyme specificity for these

mask these groups by attachment of peptide-polyethyleneglycol sequences was assessed by monitoring TAMRA fluorescence

(PEG) conjugates to conditionally prevent assembly. Previously, jncrease in the presence of various enzymes. Specific enzyme

we demonstrated that two 10 kDa PEG-modified NPs could g psirate pairs rapidly increased TAMRA fluorescence as cleaved

mutually deter each other's bindifigHere, by increasing the g pqirate fluorochromes diffused away from the quenching iron

polymer weight to 20 kDa, we (:quonstr_ate_ that modlflcatlo_n_ of oxide cores (Figure S1). Nonspecific pairs, including human

only one NP c.an. completely |nh|.b|t the binding of an unmodﬂed thrombin, factor Xa, and serum, showed little fluorescence increase.

g;;zlg:jsr(teosjé;g:e:iiil)é/?/(i:aczrr(ljigqugclayé)\r,;?er::eszztlﬁttrg?égya:g]skel:ﬁbIWe next examined each enzyme’s ability to actuate assembly of

' ¥)eptide-shielded particles in the presence of their unmodified

" Harvard-MIT Division of Health Sciences and Technology. cognate particles. Specific enzymsubstrate pairs rapidly catalyzed

s University of Californiia. . the formation of nano- and microassemblies when incubated with
MIT Electrical Engineering and Computer Science. . X o . L

I MIT/Brigham & Women'’s Hospital. unmodified cognate NPs, while nonspecific pairs negligibly affected
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Figure 1. Logical AND: (a) Hydrodynamic radius in dynamic light

scattering is only increased in the presence of both MMP2 and MMP7;
either or none is insufficient to actuate assembly (40 ug Fe/mL). (b)
Assemblies express AND logic in MRT2 relaxation decreases30% in

3 h following addition of MMP2 and MMP7, with nominal changes
following addition of either enzyme alone (7.5 ug Fe/mL).
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Figure 2. Logical OR: (a) Population hydrodynamic radius is increased
in the presence of either or both MMP2 and MMP7 (40 ug/mL Fe). (b)
MRI visualization of logical function demonstrategl0% enhancement in
T2 relaxation in the presence of either MMP2 or MMP7 or both enzymes
(15 ug/mL Fe).

population size (Figure S2). To investigate the relationship between
peptide polymer removal and NP assembly, biotin-MMP2-PEG

In conclusion, we have demonstrated the synthesis of NPs that
use Boolean logic to simultaneously monitor multiple biological
processes associated with tumorigenesis. In the future, we anticipate
that logical NP switches may enable more informative imaging of
neoplastic transformation in optically opaque samples both in vitro
and in vivo. The modular design of these logical NP sensors can
be applied to other enzymatic triggers, complementary ligand/
receptor pairs, or NP cores (semiconductor, plasmonic). Looking
further, logical NP switches may enable specific localization of
the processes underlying malignant transformation in vivo, as
proteolytically assembled beacons in sites of neoplastic inception.
Such interstitial assembly may amplify the retention of particles
(by mechanical entrapment in the tumor interstitium) and enhance
MRI visualization of diagnostic logic functions.
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