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ABSTRACT: We detail the assembly and characterization of quantum dot QD-peptide-dye conjugate
(Ql_))—dye conjugates copstructed .using a peptide b'ridge speciﬁcall_y LS , ®
designed to recognize and interact with a breast cancer biomarker—matrix ¢
metalloproteinase-14 (MMP-14). The assembled QD conjugates are then ™\
used as optically addressable probes, relying on Forster resonance energy

PL changes

transfer (FRET) interactions as a transduction mechanism to detect the MMP-14
activity of MMP-14 in solution phase. The QDs were first coated with - ; enzyme
dithiolane poly(ethylene glycol) (PEG) bearing a carboxyl group that allows \f‘: - el
coupling via amide bond formation with different dye-labeled peptides. The

analytical capability of the conjugates is enabled by correlating changes in the \ FRET off

FRET efliciency with the conjugate valence and/or QD-to-dye separation
distance, triggered and modulated by enzymatic proteolysis of surface-
tethered peptides. The FRET probe exhibits great sensitivity to enzyme digestion with sub-nanomolar limit of detection. We further
analyze the proteolysis data within the framework of the Michaelis—Menten model, which considers the fact that surface-attached
peptides have a slower diffusion coefficient than free peptides. This results in reduced collision frequency and lower catalytic
efficiency, k.,/Ky;. Our results suggest that our conjugate design is promising, effective, and potentially useful for in vivo analysis.

Bl INTRODUCTION overlap and therefore enhanced FRET interactions. In

Human membrane-type 1 matrix metalloproteinase, also addition, their pronounced resistance to photobleaching

commonly referred to as matrix metalloproteinase-14 (MMP-
14), is known to promote cancer progression through
hydrolysis of interstitial collagen, allowing tumor cells to
escape and seed metastasis.' > In addition, the upregulation of
MMP-14 in breast cancer tissues has made this protease an
important pharmaceutical target for tumor diagnosis and
treatment.””* Among the established diagnostic methods,
fluorescence-based sensors, which often rely on changes in the
fluorescence or Forster resonance energy transfer (FRET)
interactions, as a signal transduction mechanism, have been
actively explored.*”" FRET efficiency is highly sensitive to
small changes in the donor—acceptor separation distance and
is thus ideal for probing dimensions comparable to those of

blOI‘I"lole'Cules(;’&glt has found widespread use in biosensing developed to interface the QDs with biological systems.
applications.

) . These surface coating methods ensure compact size, high PL
Luminescent semiconductor nanocrystals (quantum dots, 8 P ) 8 ’

i o 28,30,32-38 .
QDs) offer several unique spectroscopic features that can and long-term colloidal stability. Subsequent bio-
improve FRET efficiency and data analysis.'"’~'® For example,
the broad and tunable excitation bandwidth of QD donors Received: ~ August 4, 2022
allows one to reduce acceptor emission due to direct Accepted: December 29, 2022
excitation, which can be achieved by exciting the pair at the Published: January 27, 2023
valley of the acceptor absorbance profile. High photo-

luminescence quantum yields (PLQYs) combined with size-

tunable emission of QDs allow for a maximized spectral

ensures that samples can be monitored for extended periods
of time. Lastly, given their large surfaces (compared to
molecular dyes), each QD can be coupled to several acceptors,
promoting strong FRET interactions. These key features have
attracted much interest in developing QD-based conjugates for
use in a wide range of biosensing applications.'®™*'
Assembling FRET-based nanoprobes that can find effective
use in biological sensing requires high-quality biocompatible
QDs that exhibit great colloidal and structural stability along
with high PLQYs.”"”~>* However, as-prepared highly fluoresc-
ing QDs are routinely grown under strictly hydrophobic
conditions.””™*” Several surface coating strategies relying,
among others, on ligand substitution using coordinating

poly(ethylene glycol) or zwitterion-rich motifs have been
28-33
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conjugation of PEGylated 1i§and-stabilized nanocrystals could
be challenging nonetheless.”~*’ For example, metal—histidine
coordination has been exploited by our group and others to
facilitate the direct immobilization of polyhistidine—tag%ed
peptides and proteins onto zinc-rich QD surfaces.””"**
Although simple, this conjugation strategy is not effective in
the presence of fully passivated nanocrystals using ligands that
bind strongly and/or are not small enough.*' Alternatively,
integrating specific functionalities within the surface coating
enables bio-orthogonal reactions to be implemented on the
nanocrystals, yielding robust bioconjugates that preserve their
structural integrity under a broad range of conditions.””***

Here, we rely on a well-established conjugation method to
assemble a set of QD—peptide conjugates as a FRET-based
biosensor and validate that in the in vitro detection of the
MMP-14 enzymatic activity. Core—shell CdSe—ZnS QDs were
coated with dithiolane poly(ethylene glycol) (PEG) ligands
bearing a terminal carboxyl group that allows amide bond
formation with two sets of tetramethylrhodamine (TAMRA)
dye-labeled peptides (a substrate sequence for MMP-14 and a
control sequence). The TAMRA absorption profile exhibits a
pronounced spectral overlap with the photoluminescence (PL)
of green-emitting QDs (peak emission at 542 nm), making this
donor—acceptor pair ideally suitable for probing FRET
interactions. We utilize these conjugates to simultaneously
track the time-dependent QD PL recovery and dye PL decay,
which are attributed to changes in FRET interactions via
interfacial enzyme proteolysis. We find that the QD—peptide
can account for MMP-14 at sub-nanomolar concentrations.
Quantitative evaluation of the kinetic data indicates a rather
reduced catalytic efficiency for our sample configuration, where
the substrate peptides are integrated within QD—peptide
conjugates, compared to that measured for the freely diffusing
biomolecules. We attribute this finding to, among others, a
combination of slow substrate diffusion and crowding of
surface-coupled QD—peptides.

B EXPERIMENTAL SECTION

QD Surface Functionalization. Phase transfer and surface
functionalization of CdSe—ZnS core—shell QDs were
implemented using a rapid photoligation strategy, which relies
on the in situ reduction and coordination of lipoic acid (LA)
groups on the QD surfaces in a mixture of LA-PEG,5-OMe
and LA-PEGg-COOH ligands under UV irradia-
tion.””*¥*~* Typically, ~300 uL of as-grown hydrophobic
QD dispersion (stock sample, 12.1 uM) was precipitated with
S mL of ethanol and then centrifuged at 3500 rpm for 10 min.
The resulting pellet was redispersed in hexane (750 xL) using
a scintillation vial. Separately, a mixture of LA-PEG;5,-OCH,
(40.2 mg), LA-PEGy-COOH (25.7 mg), and TMAH (1-3
mg) was dissolved in S00 uL of MeOH using an Eppendorf
microtube. The ligand mixture was slowly added to the above
QD dispersion. These conditions yield a ligand mixture with a
molar ratio of LA-PEG,,-OCH;:LA-PEG,;,-COOH = 80:20
and a molar excess of total PEGylated ligand-to-QD of
~20,000-to-1. A stir bar was introduced, and the vial was
placed in a UV photoreactor (Luzchem UV lamp, model LZC-
4 V) and irradiated with a UV flux centered at 350 nm for 30—
40 min.””* The QDs were precipitated by adding a mixture of
CHCl; (~500 L) and hexane (~S mL) and then centrifuged
at 3500 rpm for S min. The supernatant was discarded, and the
yellowish pellet was redispersed in 500 uL of MeOH. Another
round of precipitation was applied using a mixture of hexane
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and CHClI; as above, and the pellet was slightly dried and then
dispersed in 4 mL of deionized (DI) water. The dispersion was
passed through a syringe filter (PTFE, pore size ~0.45 ym).
Finally, the aqueous dispersion containing the carboxyl-
modified QDs (QD-COOH) was further purified from excess
free ligands by applying 3 rounds of concentration/dilution
using a membrane filtration device (Millipore, with a cutoff
MW48: 100 kDa), followed by storage at 4 °C until further
use.

Synthesis of Dye-Labeled Peptides. Here, we limit our
description to the labeling of FS-6 peptides with maleimide—
TAMRA. Briefly, 0.5 mg of FS-6 peptide was first dissolved in
300 uL of phosphate buffer (PB, pH 7.5, 20 mM); peptide
concentration = 364 nM. Then, 0.3 mg (~3 X molar excess
with respect to peptide) of TCEP-HCI predissolved in 40 uL
of PB was added to the peptide solution and stirred for 15 min
at room temperature. Finally, 0.8 mg (4X molar excess with
respect to peptide) of maleimide—TAMRA predissolved in
DMSO (40 uL) was mixed with the peptide solution. The
reaction was purged with N, and stirred at room temperature
while protected from light exposure for 3 h. The reaction yield
after HPLC purification was estimated at ~90%."

Assembly of QD-(Peptide-TAMRA),, Conjugates. Here,
we limit our description to the assembly of QD-(FS-6-
TAMRA),; other conjugates were formed using the same
protocol. In a typical reaction, a 10 uL aliquot of QD-COOH
dispersion (3.8 uM) was first diluted in PB buffer (20 mM, pH
~ 7.5) to a final volume of 100 yL in a scintillation vial, and
then 0.82 mg of EDC-HCI was dissolved in 20 uL of DI water
at ~1000X molar excess with respect to [-COOH], assuming
that ~80 -COOH per QD and NHS (0.12 mg in 20 uL of DI
water at ~250X molar excess with respect to [-COOH]) were
added; the final dispersion pH was ~5—6.5.°>>" This yields a
molar ratio of EDC/NHS = 4:1. The mixture was stirred at
room temperature for 10 min to activate the surface carboxylic
acid groups on the QD surfaces. Next, 100 uL of 20 mM PB
(pH 10) was added to adjust the reaction medium to pH 8.”
Finally, 15 pL of the TAMRA-labeled FS-6 peptide (80 uM in
PB pH 7.5) was loaded, and the mixture was stirred at room
temperature for S h while protected from light exposure. These
conditions yield a molar ratio of peptide:QD = 30:1. The final
dispersion was passed through a PD-10 desalting column (GE
Healthcare) to remove unreacted peptide—dye and excess
coupling reagents, using a 50 mM kinetic buffer as the eluent.
The elution was tracked using a hand-held UV lamp, and the
first eluted band (yellow-color, ~460 uL) was collected and
stored at 4 °C for further use.

Proteolysis Assays. The recombinant cdMT1-MMP
(catalytic domain of MT1-MMP or MMP-14, M,, 25
kDa) used in our study was kindly provided by Professor
Harald Tschesche (Bielefeld University, Eastern Westphalia,
Germany).” The stock solution of the purified and activated
MMP-14 was aliquoted and stored at —80 °C in 50 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH
7.5, 200 mM NaCl, 10 mM CaCl,, 0.01% Brij-35, and 5%
glycerol. Prior to use, each enzyme aliquot was thawed and
diluted to the desired concentration using the kinetic buffer
(50 mM HEPES, pH 7.5, 200 mM NaCl, 10 mM CaCl,, 0.01%
Brij-35). PL measurements to characterize the kinetic assays
were carried out using an Infinite M1000 microplate reader
(TECAN, Research Triangle Park, NC). Prior to incubation
with the enzyme, 60 pL aliquots of the QD-(FS-6-TAMRA) g
conjugates (at 18.5 nM) were preincubated with the desired

~
~
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volumes of the 50 mM kinetic buffer in a 96-well microtiter
plate at 27 °C for 50 min with intermittent 2 s mechanical
shaking every 10 min until the PL signals reached equilibrium.
Next, aliquots of MMP-14 stock (stock concentration ~880
nM) at a volume ranging from O to 4.7 uL were rapidly
pipetted into each well. Buffer was added to bring the total
assay volume in each well to 80 yL and mixed thoroughly
while avoiding air bubble generation. The fluorescence signal
was then recorded every 10 min using a narrow excitation line
at 380 nm for at least 4 h, and the emission spectra were
simultaneously collected in the range of 515—680 nm. An
intermittent 2 s mechanical shaking was employed after each
round of PL data collection.

B RESULTS AND DISCUSSION

Several groups including ours have explored the potential
benefits (or limitations) of using fluorescent QDs as energy
transfer donors and scaffolds for immobilizing several dye-
labeled peptides as FRET conjugate substrates to characterize
the proteolytic activity of soluble enzymes. Two configurations
using, for example, a fixed enzyme concentration and varying
the substrate concentration, or varying the enzyme concen-
tration at a fixed substrate condition, focused on determining
the Michaelis—Menten (MM) constant, K,; the maximum
velocity, v,,, and the limit of enzyme detection in these
dispersion mixtures.”**> Other studies compared the rate of
substrate digestion for the enzyme interacting with QD—
peptide conjugates to the case of free substrates.”® Those
studies did not consider specific features corresponding to
slower mobility and reduced collision frequency on the
catalytic efficiency. We hereby tackle those questions using
QD—peptide—dye conjugates interacting with MMP-14, an
enzyme implicated in several diseases and with great
pharmacological value, using a varying enzyme assay under
fixed total substrate concentration in large excess. This study
follows a recent study, where we used AuNP—peptide—dye
conjugates, relying on dye quenching induced by plasmonic
metal nanocrystals.”

Steady-state fluorescence measurements probing the inter-
actions between luminescent QD donors and fluorescent dye
acceptors, in dispersions of QD—peptide/protein—dye con-
jugates, have yielded pronounced QD PL quenching coupled
with dye PL enhancement due to nonradiative QD—dye
energy transfer interactions.'”'”® The process can be
described within the Forster dipole—dipole interactions (or
simply FRET) model.”” The resulting changes in emission
intensities can be used to extract a measure for the FRET
efficiency (Egggr) using

PLpa

Eprer =1 — PL
D

(1)

where PLp, and PLp,, respectively, designate the deconvoluted
PL intensity of the donor alone and donor interacting with the
proximal acceptors. For a centrosymmetric conjugate config-
uration with a single donor surrounded by n acceptors arrayed
around the QD at a fixed average separation distance, r, the
efficiency is expressed as'>"?

6
nR,

Frner = nRS + r®
0

(2)
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where Ry is the Forster distance/radius corresponding to Egper
= 50%.

When the peptide bridge in the QD—dye assembly is
specifically recognized by a target enzyme for interactions,
proteolysis would release several dye-labeled peptide fragments
away from the QDs, lowering the energy transfer efficiency and
producing QD PL recovery combined with a reduction in dye
emission, as schematically represented in Figure 1. Analysis of
the time- and concentration-dependent changes in the FRET
efficiencies provides information about the kinetics of the
catalytic proteolysis of the enzyme.”>*>>%

protease analyte

FRET on FRET off
(S’} MMP-14 ,
o //’ ? u$S -

peptide,’
..-7 !

:Q‘ + P
e

2
‘6/@ GO\A‘//
\’f{dal p_"(l\/’ donor
re-emission

LA-PEG ligands

Figure 1. Schematic representation of a QD—peptide—dye conjugate
along with the sensing configuration targeting the MMP-14 protease
activity. The photoluminescence of the excited QDs is initially
reduced due to energy transfer interaction (i.e, FRET on) but
increases upon incubation with MMP-14 due to peptide cleavage and
loss of FRET interactions (i.e., FRET off).

Assembly of the QD-Peptide Conjugate FRET
Sensor. Two sets of bioconjugates were prepared comprising
green-emitting QDs with a 4., peak at 542 nm (542 nm QDs)
and TAMRA dye assembled using an FS-6 or FS-6* peptide
(see Table 1 and Figure S1). Hydrophobic QDs were first

Table 1. Peptide Information”

My,
peptide sequence (g mol™)  protease
FS-6  H,N-GGRPLG/LYARAACA-CONH, 13737  MMP-14
FS-6*  H,N-ggrplglyaraaca-CONH, 1373.7 N/A

“Note: H,N-surface coupling site; G and A-spacer; |-enzyme
recognition site; C-dye coupling site.

surface-functionalized with a mixture of LA-PEG;5,-OCH; and
LA-PEGg,-COOH (referred to as LA-PEG-OCH; and LA-
PEG-COOH) at a molar ratio of 5:1, following previous
protocols;®”*>* TH NMR spectra of the ligands are provided
in the Supporting Information, Figure S1. This yielded
hydrophilic QDs, where 20% of the total numbers of surface
ligands, present carboxyl groups, which will be referred to as
QD-COOH; the spatial extension of the PEG ligands is
estimated to be ~1.80 nm.%! Figure 2a,b shows that a sizable
spectral overlap between the QD PL and TAMRA absorption
is achieved, with an overlap integral I = 4.56 X 107 M™! cm?.
Table 1 shows the structures of two peptides; one substrate is
designed to contain a sequence that is recognized by MMP-14
and the other sequence has no specific interactions with MMP-
14 (i.e., control sequence).’>®® Importantly, the peptide FS-6
has a modular structure, which includes (i) an N-terminal

https://doi.org/10.1021/acs.analchem.2c03400
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Figure 2. (a) Normalized spectra of the QD donor absorption (dashed green line), QD emission (solid green line), TAMRA absorption (solid red
line), TAMRA emission (dashed red line), along with the spectral overlap region shown in yellow. (b) Spectral overlap function, J(1) = PLp_.(4)
X A* X €,(4), was calculated from the normalized profiles of donor emission and acceptor absorbance and used to extract a value for the spectral
overlap integral, I, using (eq S3). (c) Deconvolution of the absorbance spectrum acquired from the QD-(peptide-TAMRA), conjugates (yellow
curve) yields contributions from the QDs (green line) and dye (red line). The conjugate valence, 7, is extracted using the known molar absorption
coefficients. (d) Gel electrophoresis image acquired under UV light from the PEGylated QD-COOH (QDs only band) side-by-side with the
polyvalent QD-(peptide-TAMRA), assemblies with increasing average valence, n (as noted); concentration = 75 nM. The dashed white line
designates the loading wells, while “+” and “—” indicate the cathode and anode, respectively. Progressive reduction in the mobility shift is measured
as more peptides are coupled to the QDs. The additional image shows that when mixtures of QDs and dye—peptide were loaded (left band: mixed
overnight; right band: freshly mixed), independent and opposite mobility shifts were measured for the QD-COOH and dye—peptide (two dashed
boxes designate hydrolyzed and intact maleimide rings). The 0.7% gel was run at 6.5 V cm™ for 45 min.

o
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Figure 3. MALDI-TOF mass spectra of (a) TAMRA dye-labeled FS-6 peptide, (b) QD-(FS-6-TAMRA), conjugate, showing a negligible PEG
ligand signal with no detectable uncoupled peptide—dye after size exclusion chromatography, and (c) conjugate signature after the reaction with
MMP-14 enzyme, showing a dye-labeled fragment. This proves that substrate proteolysis occurred on the QD surfaces.

amine for coupling to the QDs; (ii) a spacer consisting of
repeating glycine (G) and alanine (A) residues for improving
the protease accessibility; (iii) an MMP-14 cleavage site; (iv) a
cysteine (C) for dye labeling;22’64 and (v) an amidated C-
terminus to eliminate secondary reactions. The control peptide
(FS-6*) has the same sequence but is made of p-enantiomers.

The QD—peptide—dye conjugates were formed by coupling
the TAMRA-labeled peptide to the fraction of reactive PEG—
COOH surface ligands. The peptide—dye was first synthesized
via maleimide-to-cysteine coupling by reacting the maleimide—

TAMRA with the tris(2-carboxyethyl)phosphine (TCEP)-

reduced peptide.”” Next, the QD—peptide—dye conjugates
(i.e, FRET pairs) were prepared by coupling the N-terminal
amine of the peptide—dye to QD-COOH through the N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysucci-
nimide (EDC/NHS) reaction. The optimal molar ratio of
EDC-to-NHS that yielded the highest coupling efficiency was
4:1 (Figure S2). This result agrees with a previous report by
Kanaras and co-workers.*” Finally, PD-10 size exclusion
column chromatography was applied to remove the uncoupled
peptide—dye. Matrix-assisted laser desorption/ionization-time
of flight (MALDI-TOF) mass spectrometry was used to
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Table 2. Forster Resonance Energy Transfer (FRET) Parameters for the QD—TAMRA Pair

QD radius dye-labeled Forster radius, R, peptide spatial extension
()3 size of the ligand (A)®' peptide I(M™ x cm®) A) D — A distance, r (A) (4)
~30 ~17.8 FS-6-TAMRA 4.56 x 1078 ~50.8 ~61.3 = 1.9 ~17.1-20.9
a b
2.5x107 White Ligh'tlmége,‘ . :
2.0x107 | iy IR
. LALE L2 L LR bR
3 1.5x107 |
8]
=
: 107 4
o
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Figure 4. (a) Composite PL spectra measured for the QD-(FS-6-TAMRA), with increasing valence. (b) White light image (top panel) and UV
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confirm the dye—peptide coupling (Figure 3a). The technique
was also used to acquire MS data from QD-COOH reacted
with the TAMRA-labeled peptide, which showed that
homogeneous conjugates have been formed (Figure 3b).
Additionally, MS data acquired from the QD—peptide—dye
conjugates that have been reacted with MMP-14 showed a
well-defined signature (1410.188 m/z) ascribed to the digested
TAMRA—peptide fragments, confirming that the QD-tethered
peptides are recognized and digested by the enzyme (Figure
3c). This proves that the peptide stayed bioactive after dye
attachment and tethering onto the QD surfaces.
Characterization of the FRET Sensor. We characterized
the conjugates using UV—vis absorption and fluorescence
spectroscopy. The composite absorption and fluorescence
profiles acquired from the purified conjugates account for the
effects of coupling multiple peptide—dye to a QD and the
changes brought by FRET interactions. For example, the
absorbance spectra acquired from the QD-(FS-6-TAMRA),
conjugates can be deconvoluted to isolate the characteristic
QD and TAMRA contributions (e.g., see Figure 2c). The
valence, n, designating the average dye-to-QD molar ratio in
the polyvalent conjugates, is estimated by comparing the
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deconvoluted absorbance profiles to their respective molar
absorption coefficients, namely, €359,m = 8.1 X 10° M™! cm™
for QDs and €554 ,n = 8.0 X 10* M™' cm™ for TAMRA in
water.”” Data indicate that the progressive increase in the dye
absorption contribution to the composite profiles is
commensurate with the equivalent peptide—dye introduced
during the coupling reaction, proving that control over the
conjugate valence has been realized. Docking several dye-
labeled peptides around a QD as a means of enhancing FRET
interactions has important implications for sensor perform-
ance, such as améplifying the signal output and improving
sensitivity.13’19’54’5

The above absorption and fluorescence measurements were
utilized to extract estimates for the energy transfer efficiency
realized with these conjugates. We first calculated the spectral
overlap integral, I = 4.56 X 107"* M™! cm? and R, ~ 5.1 nm
for the QD—TAMRA pair (see Figure 2b and Table 2). Figure
4a shows that the loss of QD emission (namely at $42 nm)
tracks the increase in the valence n from 0 to 18. This also
resulted in a bathochromic shift in the conjugate color when
UV irradiated with a hand-held lamp (Figure 4b). FRET
efficiency data deduced for the QD-(FS-6-TAMRA), con-
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Figure S. (a) Time-dependent progression of the conjugate PL during the proteolysis assay. 14 nM QD-(FS-6-TAMRA),5 conjugates were
incubated with 19.8 nM MMP-14. The composite PL spectra show enhancement in QD PL along with a decrease in sensitized TAMRA. (b) Time-
dependent product formation measured upon incubation of QD-(FS-6-TAMRA) 4 conjugates with various enzyme concentrations. (c) Amount of
digested peptide (at 3 h) in the conjugates as a function of MMP-14 concentration. The determined limit of detection (LoD) is 0.66 nM; the error
bar represents the standard deviation (n = 2). (d) v; vs [E] for the QD-(FS-6-TAMRA),, conjugates; [E] being the enzyme concentration. The
initial velocity is extracted when [P] < [S], X 15%. The data points are best fitted with the equation: v, = (k.[S]o/Ky)-[E].

jugates, as shown in Figure 4c, indicate that Egggy reached 80—
90% at n = 15. In comparison, less than 20% QD PL loss was
measured for unconjugated QDs mixed with free peptide-
TAMRA. They correspond to collisional quenching inter-
actions (see Figure 4c, green squares). FRET analysis of the
data shown in Figure 4 using eq 2 provided an estimate for the
average center-to-center separation distance: r ~ 6.1 nm for
QD-(FS-6-TAMRA),. This distance accounts for the spatial
extension consisting of the QD radius (~3 nm, see TEM data
in Figure S1), LA-PEGgy ligand (~1.80 nm), and the inserted
peptide (~1.7 nm), see Table 2.>%°"%

The above spectroscopic proof for the conjugate formation
was further corroborated by gel electrophoresis measurements.
Indeed, data on the gel mobility shift show that conjugates
with increasing valence exhibit reduced mobility shift (toward
the anode) compared to the shift measured for the starting
QD-COOH, primarily due to the reduction of the negative
charge combined with the overall increase in the conjugate
size, brought by the tethering of several peptides that present
positively charged arginine residues onto the QDs.”® Addi-
tionally, the bands recorded for conjugates with high valence
showed weak PL intensity due to strong FRET-induced
quenching of QD PL. Two control samples made of QD-
COOH mixed with free peptide—dye showed well-separated
bands, ascribed to unconjugated QDs and peptide—dye
(Figure 2d). These data also imply that nonspecific
interactions between the LA-PEG-stabilized QDs and dye-
labeled peptides are essentially negligible. Cumulatively, the gel
mobility data confirm that conjugation of peptide—dye onto
the QDs has taken place.
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The FRET interactions and their exquisite dependence on
the separation distance and/or conjugate valence, as reflected
in data shown in Figure 4, are critically important for extracting
information about the kinetics of enzyme proteolysis. Analysis
of changes in the composite fluorescence profiles and the
corresponding FRET efliciency data during proteolysis allow
one to measure the amount of released TAMRA—peptide
fragments from the conjugates during the digestion process,
which can be further exploited to extract kinetic parameters.
However, in our present case, we exploit changes in the PL
ratio (i.e., the ratio of the PL peak values, PLg,,/PLgg,) instead
of relying on Eppgr changes, to extract information about the
enzyme proteolysis. This approach is more effective and
provides easier to analyze data than using FRET efficiency
data, as it accounts for changes in both donor and acceptor PL
signals.ss’58 Figure 4d shows a plot of the ratio PLg/PLgg,
acquired for the set of assembled QD-(FS-6-TAMRA),
conjugates. The profile of the PL ratio vs n shows a trend
similar to that of QD PL loss vs n (see Figure 4, panels c vs d).
It provides a standard curve for the spectroscopic response to
increasing the QD—peptide-TAMRA conjugate valence n.
However, analysis of the ratiometric data must consider that
proteolysis cleaves a fraction of the peptide—dye, which
reduces the actual valence of the remaining assemblies. They
must also account for the fact that the displaced dye—peptide
fragments still contribute to the QD PL quenching via
solution-phase (collisional) quenching. To account for this, a
newly corrected standard curve was experimentally generated
by monitoring the ratiometric signal over a series of solution
mixtures of QD-(FS-6-TAMRA), with free FS-6—TAMRA
while maintaining a constant QD-to-dye molar ratio; additional
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details about how the corrected standard curve was assembled
are provided in the Supporting Information. This standard
curve was used in evaluating the amounts of cleaved peptides
in the QD—peptide—dye conjugates during the proteolysis
reaction.

Proteolytic Assays. Probing the kinetics of enzyme
proteolysis under “varying substrate” conditions is challenging
when using QD—peptide conjugates because that requires
changing QD concentrations at a given conjugate valence,
which complicates experimental implementation and data
analysis."*%”%® Instead, we chose a “varying enzyme format”
as an alternative condition, where effects of changes in the
enzyme concentration while maintaining a fixed conjugate
(and substrate) concentration are evaluated to characterize the
enzyme proteolytic activity.”*™’" For this, we titrate varying
molar amounts of the enzyme ([E], = 0—19.8 nM) into the
conjugate dispersion while maintaining a constant substrate
concentration ([S], = 260 nM) in all assays.”' This
concentration satisfies the condition of excess substrate and
ensures a valid quasi-steady-state assumption (e.g, [S], > 10 X
[E],).”> Additional background details about the Michaelis—
Menten kinetics are provided in the Supporting Information.

Figure Sa shows data acquired from a representative assay,
where QD-(FS-6-TAMRA),5 conjugates have been reacted
with MMP-14 at a concentration of 19.8 nM. Progression of
the composite fluorescence spectra shows enhancement in the
QD PL (40—50% recovery) concomitant with a reduction in
TAMRA emission. This accounts for reduction of the QD—
TAMRA energy transfer interactions, triggered by MMP-14
cleavage of the peptide, resulting in reduced conjugate valence
as well as FRET efficiency (eq 1). A similar trend was observed
for another assay test using an enzyme concentration of 4.9 nM
(Figure S3). The corresponding ratiometric PL data vs time
acquired at various MMP-14 concentrations ranging from 0 to
19.8 nM are summarized in Figure S4. Notably, a shift in the
color of the samples after proteolysis from orange to green
could be visualized using a hand-held UV lamp. The time-
dependent change in the composite fluorescence profiles has
been converted to plots of time-dependent reaction products
([P] vs t) using the calibration curves discussed above, see
Figure Sb.

Opverall, the data in Figure Sa,b show two key features of the
sensing construct described in this study. The fluorescence
ratiometric data have a stable baseline, which proves that the
conjugates are stable under the experimental conditions used.
In addition, at least 85% of the surface-docked FS-6 peptides
have reacted with the enzyme, resulting in proteolysis, which
confirms that essentially all of the surface-tethered substrates
are accessible to the enzyme. Also, no sign of macroscopic
aggregation buildup after proteolysis has been observed. Figure
Sc shows that the limit of detection (LoD) for MMP-14 is
~0.66 nM for QD-(FS-6-TAMRA),;.”> Conversely, incubating
the control QD-(FS-6*-TAMRA), conjugates with MMP-14
yielded no QD PL recovery over time (Figure SS5). We have
compared the data to those using the commercial fluorogenic
substrates (e.g., SensoLyte 520), see reference (web link:
https://www.anaspec.com/en/catalog/sensolyte-520-mmp-14-
assay-kit-fluorimetric-1-kit~36d26810-0641-4879-90cd-
3b84e4ffa469). Our limit of detection (~ 0.66 nM) is slightly
lower than the reported value (~ 2 nM) using the fluorogenic
substrates.

We now analyze the proteolysis data acquired using the
varying enzyme assay format, within the Michaelis—Menten
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(MM) model under the standard quasi-steady-state assump-
tion (sQSSA), where the concentration of enzyme-complexed
substrate, [ES], stays constant. We extract values for the
catalytic efficiency of MMP-14 measured using the two
peptide-tethered on the QD surfaces and compare those to
data reported in the literature using solutions of freely peptide
substrate and MMP-14. The time-integrated MM equation
under the sQSSA conditions yields a simple expression for the
product buildup with time®®

[P] = [Sly:(1 — ™) 3)
where the first-order rate constant K, is expressed as
_ _kalE]
b = — 2
P Ky + [E] (4)

Ky is the MM constant defined as Ky = ((koe + kog))/kon-
Equation 3 provides an easy fit to the experimental profiles for
[P] vs t at each enzyme concentration, [E], as shown in Figure
Sb. Additionally, applying the definition of the initial velocity
to eq 3 yields

(d[P]
=S

= [S], K,
dt )t_o [ ]0 obs

()

v; is extracted from the experimental digestion data limited to
15% substrate depletion. Equation S can further be simplified
using the condition (Ky; > [E]) to™

~ kcat[S]O

K, [E]

(6)

This yields a simple linear relationship between the initial
velocity and enzyme concentration, with a slope that is the
product of the catalytic efficiency of the enzyme, k /Ky, and
[S],. Figure Sd shows that the experimental data for v; vs [E]
for the QD—peptide assemblies exhibit a linear trend as
predicted by eq 6. Fitting the data combined with the use of
the experimental value for [S], = 260 nM yields an average
value for k,/Ky = 36,500 M™' s7! for the QD-(FS-6-
TAMRA),; substrates. Importantly, comparing this value to
literature data extracted from assays employing soluble-free
enzyme and peptide (i.e., k.,./Ky = 1,253,000 M~" s for FS-
6) indicates that the catalytic efficiency measured for our
FRET conjugates is about two orders of magnitude smaller
than the one reported using the free peptide.””"’ The
difference between the k,/Ky; values measured using our
polyvalent QD—peptide conjugates and those reported in the
literature using solutions of peptides can be attributed to the
effects of “substrate jamming” on the nanocrystal surfaces,
which reduces the encounter frequency with the enzyme.
Stringent steric constraints imposed by tethering the peptide
substrates on the QD make it difficult to systematically
describe the complex interfacial catalysis when the enzyme
interacts with the surface-docked substrates.”*””® Within these
conditions, application of the classical Michaelis—Menten
model has limited validity due to simplified assumptions
relying on thermodynamically driven collisions between the
enzyme and substrate in the absence of any colloid scaffold.
Here, we briefly discuss and compare the interfacial catalysis
and homogeneous proteolysis relying on diffusion—collision
theory (see Figure S6a,b), as done for substrates tethered on
Au nanoparticle (AuNP) surfaces.”” The proposed rationale
for explaining the reduced catalytic efficiency for a nano-
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particle—peptide substrate (compared to interactions occurring
in a homogeneous peptide solution) focuses on two physical
factors: (i) the encounter frequency in a pairwise reaction is
dictated by the molecule/species with the smaller molecular
weight. Consequently, in a homogeneous solution involving
soluble freely diffusing peptides and enzymes, the reaction rate
depends on the diffusion properties of the smaller specimen,
that is, the peptide. In our sample configuration, rather the QD
conjugates constitute the larger solute objects, which would
imply that the reaction rate is controlled by the diffusion
coefficient of the soluble enzyme instead of the substrates. This
in turn leads to a slower catalysis rate compared to the more
conventional case of a homogeneous solution of enzyme-plus-
peptide. (ii) The large nanoparticle size imposes stringent
steric conditions that permit the enzyme to collide and react
with the surface-tethered substrate (Figure S6c). This increases
the frequency of “empty collisions” involving the enzyme
interacting with the nonreactive regions of the QD conjugates.
These aspects combined greatly lower the frequency of events
producing enzyme—substrate complex formation and even-
tually yield a much smaller catalytic efficiency.

B CONCLUSIONS

We constructed a set of colloidally stable QD-based FRET
sensors via covalent peptide bond formation that are capable of
probing the activity of the cancer biomarker MMP-14 with
high sensitivity. Photoligation of hydrophobic QDs with
terminally reactive PEG-appended lipoic acid provided
conjugates with remarkable colloidal stability that is readily
linked with peptide substrates. We characterized the
conjugation by UV—vis absorption, steady-state emission, gel
electrophoresis, and mass spectrometry. Our results proved
successful surface immobilization and strong FRET inter-
actions. The QD—peptide—dye conjugates were sensitive to
MMP-14 at sub-nanomolar range (e.g., 0.66 nM). They also
showed that up to 85% of surface-tethered substrates were
hydrolyzed by the protease. We quantified the enzyme kinetics
and extracted the estimate for the catalytic efficiency for this
conjugate configuration. We further discussed our findings
within the framework of the Michaelis—Menten kinetic model
under the standard quasi-steady-state assumption (sQSSA),
and found that the reduced mobility of QD-tethered substrates
combined with steric effects reduce the encounter frequency
between the free enzyme and surface-immobilized peptides.
This results in decreased catalytic efficiency constant compared
to freely diffusing biomolecules. The QD—peptide—dye
conjugates exhibit high sensitivity to the enzyme, with a
nanomolar range limit of detection achieved using our assay
format. Overall, the data show the complexity of interfacial
catalysis involving nanoparticle-conjugated substrates, which
could be attributed to surface crowdedness, reduced collisions,
and slow formation of ES complexes on solid nanosurfaces.
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