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Figure 1.Schematic illustrations of the design and activation mechanism of the QD-FRET nanosensor. (a) Designed sequence compositior
multifunctional Cy3-peptide. (b) Nanosensor contains a QD coupled to multiple Cy3-peptides bent to a position which allows a high FRET betv
the QD and Cy3. (c) Activation mechanism of the FRET nanosensor upon the cleavage by MT1-CAT. (d) When the sensors bind to cancer
with active MT1-MMP, they can be cleaved at the substrate (AHLR), with decreasing FRET and increasing QD emission. Subsequently
penetration is triggered by the remaining positively charged peptide sequence. In addition, the nanosensors associate with the surfe
nonmalignant cells, but they are natiently cleaved or and do notcently enter the cell.

recently been engineered for improved biocompatibility Bequence of nine cationic arginines d8ginine) and a

living cells and anim&ié! QDs have also been conjugated sequence of eight anionic glutamatesgl@amate). When

with a spect peptide and employed as FRET donors for irattached to the same backbone, these domains electrostatically

vitro sensing of calcium and caspase attvidowever, the  bind together to yield a hairpin loop with a relatively weak

application of QD-peptide and FRET donor in single-cell nity (Ky = 6 uM, Figure ). Thus, we conjugated these

imaging has yet to be extensively explored. bentpeptide sequences to a FRET pair, with the N-terminus
Here, we demonstrate the development of a new generadupled to a QD FRET donor (QD525) via a hexahistidine

izable architecture for multifunctional QD-FRET proteassequence and the C-terminus coupled to an acceptor (Cy3) via

nanosensors. FRET is enabled by the usage of a bent peptidéeimidScysteine reaction§igure ). The usage of this

sequence stabilized by electrostatic attraction betweerbeat structure to bring close the donor and acceptor at the rest
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state and enhance FRETciency is derent from several

earlier work of Rao and Medmigroup$®®>! Then, this

peptide was also engineered to contain a cleavage site speci
for MT1-MMP to allow monitoring of MT1-MMP activity in

live cells via changes in FRET sigt4lipon cleavage by the
protease, the weakly associated domains dissociate to separate
the donor from acceptor and reduce FRET.

Results and DiscussionDesign of the QD-FRET MT1-
MMP NanosensoiThe engineered QD-FRET MT1-MMP
nanosensor is composed of a CdSe/ZnS QD that functions as a
FRET donor and multiple Cy3-peptides that function as FRET
acceptors Higure ). The QDs have a metal-rich surface,
allowing spontaneous association with hexa-histidine peptides
via oriented self-assemibiach Cy3-peptide consists of a QD
binding domain ¢6 histidine), a positive-chargedagginine
sequencé a 3x RGD (ArgGlySAsp) sequence for cell-
targeting, the MT1-MMP cleavable sequence AHLR, a
negative-chargea &lutamate sequence, and a Cy3 dye as
the FRET acceptoFigure &). The arginine and glutamate
sequences are botlanked by exible linker sequences
GGSGGT? By this design, the electrostatic interaction
between arginine and glutamate bends the peptide-Cy3 module
in a hairpin-liked shape, allowing FRET between QD and Cy3
when the peptide-Cy3 module is attached to the QD surface
(Figure b). The substrate sequence in the nanosensor can be
cleaved in vitro by the active catalytic domain of MT1-MMP
(MT1-CAT)?** thus separating Cy3 from the QD and
disrupting FRETHjgure t). This decrease of energy transfer
between the QD and Cy3 causes an increase in QD emission
and decrease in FRET emission (Cy3 emission with QD

excitation). As a result, the emission ratio of QD/FREEq e 2 1n vitro calibration of the nanosensor. (a) Normalized
increases, which can be used to represent the level of Midsorption and emission spectra of the QD-donor and Cy3-acceptor.
MMP proteolytic activity={gure ). After incubation with  (b) Spectra of QD before and after 2 h incubation with¥MeCy3-
cells expressing integrin surface receptors, the QD-FREBeled peptide (QD/peptide = 1:31). The nanosensor was excited at
nanosensors can be concentrated to the extracellular surfd®z 5 nm.
by the binding of RGD ligand sequences to intefgidnse &
and d)?>*° For cancer cells with high MT1-MMP activity, theFRET nanosensor to MT1-MMP activity, the nanosensors
nanosensor will be cleaved at the spsgbstrate sequence were cleaved in vitro using the active recombinant MT1-CAT.
(AHLR) so that the negatively charged Cy3 component ca&s shown ifrigure &, when a solution of pud nanosensor
di use away from the cell membrane. This exposes t(82 nM) was mixed in a 4:1 molar ratio with MT1-CAT (0.7
positively chargec Srginine sequence that also serves as ;@) at 37°C, an increase of the QD emission accompanied by
cell-penetrating peaptide to allow entry of the nanosensors irfadrop of FRET emission was observed within minutes. This
the cell Figure #).>**’ As a result, cells with high MT1-MMP trend continued up to 120 min after incubation, causing a
activity are expected to contain internalized nanosensors witibstantial increase of the QD/FRET emission Fadjiore
high QD/FRET emission ratios, whereas cells with low MT1b). These results cam that the QD-FRET nanosensors can
MMP activity will exhibit lower QD/FRET emission ratios abe e ciently cleaved by MT1-CAT, allowing physical
the cell membrané&igure d). separation between the QD and Cy3-peptide, leading to a
The absorption spectrum of Cy3 sigmitly overlaps with  decrease of energy transfer and an increase in the QD/FRET
the emission of a 525 nm emitting QD, with the emission peadsission ratioF{gure B).
of QD and Cy3 well separated (by 45 nm), allowing FRET to We further investigated the in vitro sensitivity of the QD-
occur with the QD serving as a donor and Cy3 an accepteRET nanosensors to increasing concentrations of MT1-CAT.
(Figure 3). Indeed, our results show that after self-assemblyTdfe resulting QD/FRET ratio was proportional to the
the QD and Cy3-peptides, the QD emission peak dropped aoohcentration of MT1-CAT after 15 min incubatibitgi(e
the Cy3 emission peak at 570 nm increased due to FREE), demonstrating a quantitative measure of MT1-CAT
(Figure B). The relatively low peak value at 570 nm indicatesctivity based on ratio signals. The time course of changes in
that Cy3-peptides can also quench the QD while serving aQB/FRET emission ratios with eient MT1-CAT concen-
FRET acceptorFgure B). The FRET pair formation was trations corrmed that this proportionality was robust for
further conrmed by adding imidazole as a binding competitogxtended durationSigure &). Therefore, the signals from our
to separate the histidine-containing Cy3-peptide from the QBRET nanosensor can be applied to quantify the level of MT1-
resulting in rapid recovery of QD emissi®opiporting MMP activity with high sensitivity.
InformationFigure S1). QD-FRET Nanosensor Can Be Activated by Cancer Cells
In Vitro MT1-MMP Proteolysis Yields Rapid Nanosensowith High MT1-MMP ActivityTo further examine the
Responselo quantitatively assess the sensitivity of the QDsensitivity and spedity of the nanosensor for detecting
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Figure 3.QD-FRET nanosensor cleavage assay using multiple concentrations of MT1-CAT in vitro. (a) QD signal recovered dramatically
treatment with 140 nM MT1-CAT for up to 120 min. (b) Time courses of donor (QD)/acceptor (Cy3-FRET) emisgion 3ago®( bar:

SEM). (c) Representative spectra of nanosensors upon cleavage for 183@nivitatd&rent concentrations of MT1-CAT. (Inset shows the
emission ratios of QD/FRET). (d) Time courses of QD/FRET emission ratios of the nanosensor when incuberett withcdintrations of
MT1-CAT. Excitation was performed at#50m and emission was collection at528m for the QD and 5205 nm for the FRET signal.

MT1-MMP activity in cells, the nanosensors were applied $i5>**° we quantied the QD/FRET ratio by accumulating all
assess the invasive human breast cancer cell line, MDA-MB+a8a& values within the selected region based on an intensity
(MDA). MDA cells grown on cover glass were incubated witihreshold and then dividing by the area of the region to obtain
the nanosensors for 3 h and washed to remove any that wére average QD/FRET ratio of each single cell. The intensity
unbound. Fluorescence microscopy images were then acquineeshold was chosen below the QD-intensity of the nano-
and analyzed. In parallel experiments, a potent MMP inhibiggnsor-covered regions but slightly above thecaaszence
GM6001 (GM), which forms a bidentate complex with zinc dtackground based on the histogram distribution. In addition,
the enzyme active site, was applied to MDA cells to selectivly normalized QD intensity was obtained by averaging the QD
inhibit MT1-MMP activity prior to addition of the nano- emission intensity above the threshold and normalizing by the
sensor>? The MDA cells without GM showed high QD/ cell size to account for size variances. The nanosensors in
FRET ratio and high intracellular QD intensity, whereas thmrmal MDA cells showed sigantly higher average QD/
cells with GM showed low QD/FRET ratio and low FRET ratio and normalized QD intensity than the GM-
intracellular QD intensityigure 4). These results indicate inhibited cellsHigure 4). To gain additional insight into the
that active MT1-MMP at the surface of cancer cells is neededction and internalization of the nanosensor, we also used a
for the activation and internalization of the QD-Cy3 nandsM-washout assay. The GM-inhibited live MDA cells were
sensors to result in high QD/FRET ratio and high QDincubated with the nanosensors for 1 h to allow association
intensity. with the cell membrane, but little internalization. The QD/
To examine the distribution of nanosensor signals withinFRRET ratio of the nanosensors increased in 5 min after
single cell, we quargd the distribution of QD intensities and removing GM inhibition to activate cellular MT1-MMP
QD/FRET ratios at the level of individual pixetsife #). In (Supporting InformatioRigure S2). In contrast, after more
normal MDA cells there was a large population of nanosendloan 6 h of incubation, some nanosensors can enter the cell
signals with both high QD/FRET ratio and high QD intensitynonspeckally, albeit were no longer cleavable upon GM
values compared with GM-inhibited cells. This resuWashout $upporting InformatioRigure S2b). Furthermore,
demonstrates that the nanosensors can be cleaved to sh®mreated the cells with ancent, membrane-impermeable
FRET changes. A fraction of pixels in the normal MDA celkigpiencher of QDs, bromocresol green (BCG), which did not
were similar to those of GM-inhibited MDA cells in both theeause a statistically sigaint reduction of the QD intensity
QD/FRET ratio and QD intensity, possibly due to nonspeci Figure d). This result indicates that majority of the observed
endocytosis of a small number of intact nanosénsors. nanosensors were inside the cells and cannotcieatly
Because the nanosensors predominantly cluster after celiglenched by BCGTaken together, the above results support
uptake, possibly through self-aggregation during endocytar proposed mechanism that active MT1-MMP at the surface
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Figure 4.Quantication of MT1-MMP QD/FRET ratio and QD intensity in MDA-MB-231 breast cancer cells. (a) Representative images of cell
and nanosensors with (left) or without (right) GM pretreatment. QD/FRET ratio images (top panels) were overlaid with cell edges (white line
QD intensity images (middle panels) were overlaid with detected QD clusters (red lines) and cell edges (white lines). DIC images are shown ¢
bottom row. (b) Pixel-wise histogram of QD/FRET ratio (top) and QD intensity (bottom) within the detected nanosensor clusters of the cell. (
Comparison of the QD/FRET ratio, QD intensity, and cell sizes between the cett2@)tbr(without GM pretreatmemt£ 22).* indicates
statistically sigoant di erencegy < 0.002. Error bar: SEM (d) Comparison of the QD intensity in cells before and after BCG treatment. The
intensity values were normalized to those in the same cell before BCG treatment, so that the QD intensity before BCG treatment is 1.

of MDA cells spedally cleaves the QD-Cy3 nanosensor, Classication of Cell Lines through a Dual-Index Readout
induces cell penetration, and allows a large population a¥f QD-FRET Nanosensoftie FRET nanosensor provides
nanosensors with high QD/FRET ratio to enter the cells, liketyo indices, the QD/FRET ratio for MT1-MMP activity and
via endocytosis. the QD intensity for cellular penetration of the nanosensor.
Control experiments using nanosensors without the RGBsing these two metrics, we evaluated the ability of the
motif conrmed that the highly intracellular QD intensity cannanosensors to distinguish cell lines witredit invasion
only be obtained in cells incubated with sensors harboriRgtentialsgigure i The results show that MDA and HT1080
RGD motif Gupporting Informatidfigure S3). Indeed, QDs cglls with substanua_l MT1-MMP expression hadcaighy
without the RGD-containing nanosensor coating did ndti9her QD/FRET ratios than the MT1-MMP aient Hela

; 4243 p
e ectively stain the cells and showed no inte8sippdrtin cells Figure b), _suggesting that the Nanosensor responses
y pdrting an reect the active MT1-MMP levels amongrdnt cell

InformationFigure S3a). To examine the possibility that th? . .
. es. By this metric,c, MDA and HT1080 cells are not
MT1-MMP substrate AHLR sequence in the nanosensor ¢ ILtinguishable; however, the MDA cells exhibitedaigyi

interact with the cell surface and allow nanosensor attachm re accumulation of QD intensity than HeLa and HT1080

we incubated the cells with sensors containing the motifs @i, ; : i . ;
. ) X s, possibly recting distinct adhesion processes regulating
ECFP-AHLR-YPet FRET biosensor with or without the RG ndocytosis in MDA and HT1080 cells after nanosensor

motif. The results commed that the AHLR sequence was nOtheavage on the cell surficas a result. the MDA and

su cient to mediate biosensor attachment and only the RGlyT1080 cell populations become distinguishable when the
containing biosensor stained cells with high intensigfuantied QD/FRET ratio was plotted vs normalized QD
(Supporting Informatidfigure S3b). Therefore, these resultsintensity for single celBigure ).

indicate that the RGD motif in the nanosensor is crucial for thewe further characterized the capacity of our nanosensors to
nanosensor-cell coupling, which are consistent with tlgstinguish cells with specicleavage and adhesion/uptake
previously reported RGD-integrin interaction at cellulgsotentials. The nanosensors were incubated with terestdi
surfacé>** cell lines: MCF7 cells lacking endogenous MT1-MMP and
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Figure 5.Di erent cancer cell lines can be @ddsy the nanosensor QD/FRET ratio and QD intensity. (a) Representative QD/FRET ratio
images of MDA-MB-231 (left), HeLa (middle), and HT1080 (right) cell lines. (b) Comparison of the QD/FRET ratio and QD intensity among
MDA-MB-231 (= 22), HeLalii= 23), and HT108n(= 23).** indicates statistically sicgmt di erences from the other two gropps0.001.

Error bar: SEM (c) 2D plots with MDA-MB-231 (blue), HeLa (red), and HT1080 (green) cell linescaitfs tthepicting the normalized QD
intensity and thg axis depicting the QD/FRET ratio.

integrin #3 subunits, MCF7 cells overexpressing exogenountegrin receptors in MGRB-MT1 cells are expected to form
MT1-MMP (MCF-MT1), or MCF7 cells expressing both avs3 dimers that may facilitate the adhesion of the nanosensors
exogenous integrif8 subunit and MT1-MMP (MC#RB- to the extracellular surface as well as enhance penetration of the
MT1). MCF-MT1 cells are expected to exhibit enhancefianosensofS.indeed, coexpressing integ8nin the MCF-
cleavage the nanosensors due to higher MT1-MMP activi§T1 cells signcantly enhanced the ability of the cells to
Consistent with this pretlim, the nanosensors had €ngulf the nanosensors, and slightly decreased the nanosensor

signi cantly higher QD/FRET ratios after incubating with theglea\t/_age ';(Sll%rlefw&spb)’ deSSibly rezc@irlg at_shc])crtenled
MCF-MT. el compared with the original MCF 88816 0L "o aerocie Trioce results indicate that our nanosensor
6a), although the QD intensities were not sigmily dierent Y '

/ - an provide a multiplex measure of individual cancer cell
_(Flgure B). These results indicate t_hat exogenous MTl'MMg’Iotential toward tissue degradation, migration, and invasion.
in MCF7 cells can enhance the ability of the cells to cleave

- : , % here is a possibility of cross-talk between the adhesion and
nanosensors but with only minaeat on the cell penetration.  ¢jeayage signals when the functional receptors are excessively
Since MCF?7 cells express endogenous imtegtibunits, the  expressed. We reasoned that the excessive expression of
integrin in MCH33-MT1 may have enhanced the nanosensor
adhesion and endocytodigg(re 6), which shortened the
nanosensor interaction with MT1-MMP on the plasma
membrane. This may negate thecteof a higher level of
MT1-MMP in MCFg3-MT1 cells, which led to a similar level

of QD/FRET ratio in MCIB3-MT1 and original MCF7 cells
(Figure @). It is, however, clear that the two indices of QD
intensity and QD/FRET ratio related to adhesion and cleavage,
respectively, are quite separable ervedit cell types when

only the endogenous receptors and their expression levels are
involved Figure BSc). As such, we reasoned that the
relationship between the adhesion and cleavage signals is
complex and nonlinear and, hence, requires a multiplex readout
for assessing the invasive potential of cancer cells.

Figure 6.Multiplex nanosensor readout of QD/FRET ratio and QD  conclusion. In this study, we have demonstrated that our
intensity depends on MT1-MMP and integrin expression. Compam@b-FRET nanosensor with an engineered bent peptide can

of (a) the QD/FRET ratio and (b) QD intensity among the cell lines . . . . i
MCE7 (MCF. bluen = 29), MCF7 expressing MT1-MMP only ScV€ asa potent and multiplex analysis tool to visualize MT1

(MCF-MTL, redn = 25), and MCF7 expressing both integgin ~ MMP activity and integrin adhesion in single cells. Our in vitro
subunit and MT1-MMP (MCE3-MT1, greem = 35).* indicates studies showed that this sensor can be precisely cleaved by
statistically sigoant di erence< 0.05) by the Bonferroni multiple ~ catalytically active MT1-CAT domain in a concentration-
comparison test. dependent manner. Single cell imaging further revealed that the
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nanosensor not only detects cancer cells expressing MT1-Mi¥@ course of the experiments. During the short duration of
through peptide cleavage but also measures integrin recefftesse experiments (3 h QD exposure), no sagni
expression through RGD-binding. This multiplex detectiategradation or acute toxicity is expected to*éccur.

capability of the nanosensor should allow théingroof MT1-CAT Enzyme Cleavage Assdaye MT1-MMP
di erent cancer cells in their potentials for tissue degradaticatalytic domain (MT1-CAT) was expressed ancegas
migration, and invasion. describet!*® and stored &80 °C prior to use. The cleavage

Experimental Details. Peptide Construction and Dye assays were carried out in 96-well polystyrene plate (Greiner).
Conjugation.The FRET nanosensor peptide was constructeMT1-CAT with dierent concentrations was added into the
by fusing several functional motifs in a speadiler. The  freshly prepared nanosensors in the proteolysis assay bu
guantum dots binding sitex(Bistidine) was coded by pRsetB The reactions were carried out for 2 h at’@G7in a
vector at the N-terminus of the linker peptide; the cell-uorescence plate reader (TECAMite M1000 Pro).
penetrating peptidex@rginine) and its blocking peptide (8 Intracellular Imaging.All cells were cultured following
glutamate) were derived from reported cell-penetratif§TCC instructions. The glass bottom dishes (Cell E and G) for
peptides? the cell-targeting peptidex(RGD motifs) was  cell imaging were coated withuBD bronectin solution at 37
derived fromx541 integrin binding motif obronectin; the  °C for 5 h before cells were seeded. Cells were transferred to
MT1-MMP cleavable peptide CRPAHLRDSG was reported the coated class bottom dish one night before experiments with
a previous publicatiomith a C-terminal cysteine for Cy3 culture media containing 1% BSA. The medium was then
labeling. These motifs weranked by GGSGGT linker replaced with a freshly prepared FRET nanosensor solution
peptides. The oligonucleotide constructs were synthesizetked 1:1 with DMEM culture medium (with 1% BSA). The
and inserted into a pRsetB vector using the BamM |/Bgldishes were further incubated in &@C3incubator for 3 h with
restriction site with a stop codon. The construct washesh  additional mixing every 30 min to avoid nanosensor
by sequencing. The synthesized plasmid was expressed in Biggiegation. After incubation, cells were quickly washed with
competenk. colfor protein production and then puaaition PBS three times to remove QD nanosensors from the medium,
by nickel chelation chromatography extraction described in dyen xed with 4% paraformaldehyde solution for 10 min. The
previous publicatidf. cells were then washed with PBS and covered with cold PBS

For Cy3 conjugation, the ped protein was dissolved at 1 before imaging. The selected cells had similar sizes.
mg/mL in degassed PBS éwu and incubated at room Bromocresol green (BCG, Sigma-Aldrich) is a membrane-
temperature for 30 min. Then, 100 molar excess of Tris(mpermeable dye that@ently quenches QDs, so we used it
carboxethyl) phosphine (TCEP) was added and incubated wighdistinguish internal QDs from external QBsie y, after
nitrogen gas at room temperature for 10 min. After that, 50 the cells were washed to remove QD nanosensors from the
of anhydrous dimethylformamide was added to one packmedium, a high concentration of BCG fd@Pwas added so
Cy3-maleimide (GE Healthcare) and added to the TCERhat the QDs outside the cells were quenched witketing
reduced protein. Theal solution was further incubated with the intracellular QDs. The cells were imaged before and after
in nitrogen at room temperature for 2 h with additional mixinghe addition of BCG to compare the QD intensityu(e 4d).

every 30 min, then left for reaction overnighd () at 8 =~ =~ Quantitative Analysis and StatisticRuantitative cell
°C. The conjugated peptide was pdrusing Ni-NTA beads images were obtained with a Nikon Eclipse Ti inverted
following standard protein pudtion procedures. Thaeal microscope with a cooled charge-coupled device camera using

concentration of conjugated Cy3-peptide construct waéetaFluor 6.2 software (Universal Imaging). The emission
determined with an @visible spectrophotometer (Fisher ratio and intensity values were queditioy MATLAB
Scientic) using a Cy3 extinction cagent of 150 000 M (MathWorks) with our Fluocell pacKdgad Excel (Micro-
cret at 550 nm. soft). The cell boundaries were drawn manually to identify QD
QD Nanosensor Assembly and Biocompatibilite QD- nanosensors located inside the cell bodies. The average QD
FRET nanosensor was fabricated by incubating 32 nM of 5pgnsity£3 times STD was set to identify statistical outliers
nm emitting ITK carboxyl quantum dots (Invitrogen) with 1and remove abe_rrant cells. For _statistical analysis, two-tailed
uM Cy3 labeled linker peptide (amount of peptide-Cy3 iStuderis t test with unequal variance was useq except for
chosen to saturate QDs and was determined experimentallyigsire 6 In Figure ¢ we used the Bonferroni multiple
shown inSupporting Informatiofigure S4) for 2 h at*C. comparison test of means at 95%demre interval, which is
The mixture was diluted 10 times with a proteolysis agsay buProvided by themultcomparéunction in the MATLAB
(50 mM HEPES, 10 mM CaCl2, 0.5 mM MgCl2uM0  Statistics toolbdR.
ZnClI2, and 0.01% Brij-35, pH 6.8), the excess dye-labeled
peptide was removed with a centrifugal 50 kDa MW ttato @ ASSOCIATED CONTENT
(Millipore) at 4000 rpm for 5 min, and then restored to the* Supporting Information
original concentration with the proteolysis assay bu The Supporting Information is available free of charge on the
The QD nanosensors were composed of core/shell CdS_ALCS Publications websigg DOI: 10.1021/acs.nano-
ZnS nanocrystals coated with amphiphilic polymers that hage.5b01047
previously been used extensively due to high stability of
uorescencé.Under certain conditions, cadmium-based QDs (S;JDp%Iementar)gures and supplementagyre legends
can leach toxic divalent cadmium4bhswever, these QDs
were coated with a cadmium-free inorganic shell and an
amphiphilic polymer that has been demonstrated to allc™ AUTHOR INFORMATION
robust protection from aqueous etchants and to provide lor@erresponding Authors
term stability without nanocrystal degraddtiorhich is *E-mailyiw015@ucsd.edu
veri ed by the lack of a spectral shift from the QD peak durirge-mail:kalu@ucsd.edu
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