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ABSTRACT: Nanoparticle bioconjugates are attractive probes for
measuring the activity of hydrolytic enzymes. In these configurations,
the localization of multiple copies of a hydrolase substrate to a
nanoparticle scaffold has been reported to enhance apparent activity
by factors of 2 to 3 compared to that for equivalent amounts of
substrate in bulk solution. Here, we studied the effect of surface
chemistry on protease activity using multivalent QD−peptide
substrate conjugates as a model system. QDs were coated with
cysteine (CYS), glutathione (GSH), dihydrolipoic acid (DHLA), or
3-mercaptopropionic acid (MPA) ligands, and thrombin and trypsin
were used as model proteases. Proteolytic activity was measured for
different combinations of ligand and protease using Förster resonance energy transfer (FRET)-based assays. The highest levels of
activity were observed with CYS and GSH coatings, and the lowest levels of activity were observed with DHLA and MPA
coatings. In all cases, proteolytic activity was accelerated compared to that for an equivalent amount of substrate in bulk solution,
with up to 80- and 65-fold increases in the apparent specificity constants for thrombin and trypsin, respectively. Thrombin was
more strongly affected by the QD surface chemistry, with up to a 50-fold variation in its apparent specificity constant between
ligand coatings, whereas only a 5-fold variation was observed with trypsin. These trends were correlated to adsorption of the
proteases on the QDs and are discussed in the context of the physicochemical properties of both components. This work clearly
indicates a critical role for the nanoparticle interface in mediating substrate turnover and provides some of the strongest support
to date for a so-called hopping model of activity.
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■ INTRODUCTION

An immense variety of probes based on semiconductor
quantum dots (QDs) and other nanoparticle materials have
been developed for biosensing and other biological applica-
tions.1−3 Several of these bioprobes have been designed to
detect the activity of enzymes. Considering hydrolase enzymes
in particular, a common format is to conjugate a central
optically active nanoparticle such as a QD,4 gold nanoparticle
(AuNP),5 or graphene oxide sheet6 with a biomolecular
substrate for the target enzyme. This substrate is often labeled
with a dye or another nanoparticle at the opposite terminus
such that energy transfer can occur between the central
nanoparticle and the label.7 Hydrolytic activity then cleaves the
substrate such that the central nanoparticle and the label diffuse
apart, resulting in a loss of energy transfer that can be tracked
optically. In the case of QDs, Medintz et al.,8 Shi et al.,9 and
Chang et al.10 reported the first QD-based probes for detecting
the activity of proteases, and Gill et al. reported QD-based
probes for detecting nuclease activity.11 Many other iterations
and variations of these designs have been reported
subsequently (for example, refs 12−15 and many others).
Whereas a multitude of biophysical studies on the activity of

nanoparticle−enzyme conjugates toward substrates in bulk
solution have been published (for a recent review, see ref 16),

biophysical studies of the converse configuration, with substrate
bound to the nanoparticle, have been relatively scarce. To date,
the interest in such probes has almost exclusively been their
analytical utility; however, a pair of recent studies on the
kinetics of hydrolase activity toward nanoparticle−substrate
conjugates has provided some interesting new insight.
Prigodich et al. found that the activity of ribonuclease H
(RNase H) toward multivalent AuNP−DNA/RNA hetero-
duplex conjugates was enhanced ∼2-fold relative to the same
substrate in bulk solution.17 The association of the RNaseH
with the high density of DNA oligonucleotides around the
AuNP resulted in colocalization of the enzyme with its RNA
substrate, leading to enhanced activity. Similarly, Algar et al.
reported that the net proteolytic activity associated with
multivalent QD−peptide substrate conjugates was enhanced
3-fold and that the kinetics did not follow the classic
Michaelis−Menten model.18 The data was consistent with a
hopping model where the localization of multiple peptide
substrates to the QD, combined with weak interactions
between the protease and poly(ethylene glycol) coating on
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the QDs, was responsible for the observed enhancement and
kinetic profile.18 However, the weak interactions between the
protease and QD interface were not directly observable.18

While both of the above examples suggest an important role for
the nanoparticle as a scaffold for colocalizing enzyme and
substrate, the enhancements in hydrolytic activity generated by
this effect have thus far appeared to be relatively modest.
Here, we analyze the kinetics of proteolysis associated with

multivalent QD−peptide substrate conjugates that have been
prepared with four small molecule thiol ligand coatings. It is
shown that the selection of ligand coating can lead to both
dramatic and modest enhancements of proteolytic activity, and
we link these observations to interactions between the enzyme
and the QD interface. Two well-known serine proteases, trypsin
and thrombin, are used in this study, with a Förster resonance
energy transfer (FRET)-based configuration for tracking
proteolysis. As illustrated in Figure 1, CdSeS/ZnS QDs with
red emission (QD624) were coated with either cysteine (CYS),
dihydrolipoic acid (DHLA), glutathione (GSH), or 3-
mercaptopropionic acid (MPA) and then self-assembled with
multiple copies of a peptide substrate. The peptide, which
contained cleavage sites for both trypsin and thrombin, was
labeled with a terminal Alexa Fluor 647 dye that functioned as
FRET acceptor for the QD donor. Changes in FRET were used
to quantitatively track proteolysis using a method described
previously.18 Depending on the choice of ligand coating on the
QD and its adsorptive interactions with the protease, activity
enhancements of up to 80-fold relative to substrate in bulk
solution are possible, far exceeding those reported previously.
Moreover, the comparison between trypsin and thrombin
reveals that the effects of the coating also depend strongly on
the physical properties of the protease. Overall, this work
provides new biophysical insights into the mechanism under-
lying proteolytic activity associated with QD−peptide substrate
conjugates, and nanoparticle−enzyme substrate conjugates
more generally, providing much stronger support for the so-
called hopping model than previous studies. Given the
importance of proteases and other enzymes in numerous
biological processes and as drug targets,19−23 such insights are
invaluable for the design of nanoparticle-based bioanalytical

probes that exhibit improved sensitivity and selectivity toward
their target enzymes.

■ EXPERIMENTAL SECTION
A summary of the main experimental methods is given below. Further
details can be found in the Supporting Information.

Materials. CdSeS/ZnS core/shell QDs (CytoDiagnostics, Burling-
ton, ON, Canada) with red emission (∼6 nm, peak PL at 624 nm;
QD624) or green emission (∼6 nm, peak PL at 524 nm; QD524)
were made water-soluble by coating with one of four different small
molecule thiol ligands: glutathione (GSH), cysteine (CYS),
dihydrolipoic acid (DHLA), or 3-mercaptopropionic acid (MPA).
The ligand exchange procedures are described in detail in the
Supporting Information. QDs were quantified by UV−visible
spectrophotometry. A synthetic peptide (Bio-Synthesis Inc., Lewisville,
TX) with a polyhistidine tag was labeled at a terminal cysteine residue
with Alexa Fluor 647 (A647)-maleimide (Life Technologies, Carlsbad,
CA) as described previously.24 The peptide sequence was H6SP6GSD-
GNESGLVPRGSGC (written N-terminal to C-terminal) and is
abbreviated as Sub(A647). Bovine thrombin (THR), bovine trypsin
(TRP), and Nα-tosyl-L-lysine chloromethyl ketone hydrochloride
(TLCK) were obtained from Sigma-Aldrich (Oakville, ON, Canada).
Borate buffered saline (BBS; pH 8.5, 50 mM, 13.7 mM NaCl, 0.27
mM KCl) was prepared in-house and sterilized by autoclaving.

Calibration Curves. Calibration samples were prepared by mixing
X−QD624 (X = GSH, CYS, DHLA, or MPA, in reference to the
ligand coating on the QD) with varying amounts of Sub(A647) and
predigested Sub(A647) using two different methods. These methods
are explained conceptually in the Results section. Full experimental
details can be found in the Supporting Information. In both methods,
the PL spectra of the calibration samples were measured and used to
calculate A647/QD624 PL ratios. Predigested peptide was prepared by
incubating Sub(A647) with thrombin or trypsin (25 μM) overnight, at
room temperature, followed by irreversible inhibition of the proteases
with three separate 5 μL additions of 25 mM TLCK (in DMSO) at 60
min intervals.

Enzyme Assays. Stock solutions of 0.4 μM X−QD624−[Sub-
(A647)]16 conjugates (the subscript number denotes the average
number of peptides per QD) were prepared by first diluting 320n
pmol of Sub(A647) (20 μM, 16n μL) with BBS (35n μL) and then
adding 20n pmol of X-QD624 (5.0 μM, 4n μL), where n was the
number of samples to be assayed. The stock solutions were let stand
for 30 min prior to assays. A series of solutions of either thrombin
(0.04−20 μM, scaling by factors of two) or trypsin (0.5−240 nM,
scaling by factors of two) were prepared in BBS. Aliquots (50 μL) of

Figure 1. (A) Schematic of the QD-based proteolytic systems studied. CdSeS/ZnS QDs (peak PL at 624 nm) were coated with cysteine (CYS),
dihydrolipoic acid (DHLA), glutathione (GSH), or 3-mercaptopropionic acid ligands (MPA) and self-assembled with a fluorescent dye (A647)-
labeled peptide substrate, Sub(A647). The dye served as an acceptor for FRET with the QD donor. (i) Interactions between thrombin or trypsin and
the QD−peptide conjugate led to (ii) protease-catalyzed hydrolysis of the peptide with loss of FRET. (B) Amino acid sequence of the peptide
substrate. (C) Structures of the different small molecule thiol ligands used to coat the QDs.
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X−QD624−[Sub(A647)]16 conjugate solution were added to an equal
volume of the series of protease solutions in a 96-well microtiter plate
(100 μL final volume, 0.20 μM final concentration of QD624).
Immediately after mixing, the PL emission from the QD624
(measured at 624 nm) and the A647 (measured at 668 nm) were
recorded at 2 min intervals over 4 h using 400 nm excitation. Details of
assays without QDs are described in the Supporting Information.
QD-Inhibition Experiments. Inhibition experiments used X−

QD524 as an inhibitor and used GSH−QD624−[Sub(A647)]16
conjugates as a probe for protease activity. Aliquots from three
separate stock solutions in BBS were combined prior to starting PL
measurements: 33.3 μL of thrombin solution (5 μM), 33.3 μL X−
QD524 (6.0 nM−3.0 μM, where X = GSH, CYS, DHLA, or MPA),
and 33.3 μL GSH−QD624−[Sub(A647)]16 conjugates (0.60 μM).
The thrombin and X−QD524 were mixed first in the 96-well
microtiter plate, followed by the addtion of the GSH−QD624−
[Sub(A647)]16 conjugates. PL emission from the GSH−QD624 and
A647 was measured at 1 min intervals for 4 h. The final concentrations
of thrombin and GSH−QD624−[Sub(A647)]16 conjugate were 1.7
and 0.20 μM, respectively. Experiments with trypsin were done
similarly except that the concentration of the added trypsin solution
was 72 nM (final concentration of 24 nM). In both cases, two control
samples without protease were run with (i) GSH−QD624−[Sub-
(A647)]16 conjugates, to correct for any nonproteolytic changes in PL
over time, and (ii) a combination of GSH−QD624−[Sub(A647)]16
and X−QD524, to ensure that the peptide substrates did not dissociate
from the original QD624 and reassemble on the QD524, generating a
false positive signal for proteolysis.
Proteolytic Rate Analysis. For each time point, t, in an enzyme

assay or inhibition assay, the A647/QD624 PL intensity ratio, ρ, was
calculated using eq 1, where IQD624 and IA647 are the PL intensities of
the QD624 and A647, respectively, and I668 and I624 are the measured
PL intensities at 668 and 624 nm, respectively. The PL intensity
measured at 624 nm was exclusively from the QD624; the PL intensity
measured at 668 nm was predominantly from the A647 but did have a
small contribution from the QD624. A correction factor, σ668 (= 0.04−
0.05; see Supporting Information, Table S1), was used to account for
the contribution from QD624.
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The PL ratios measured at time, t, and enzyme concentration, c,
during an assay are denoted ρ(t,c). For analysis, these PL ratios were
normalized to control samples (no protease) according to eq 2, where
ρ̅(t,c) is the normalized PL ratio.
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The values of ρ̅(t,c) were converted to either the average number of
Sub(A647) per QD, N(t,c), or χ(t,c), the mole fraction of X−QD624−
[Sub(A647)]16 remaining, by comparison to calibration curves (vide
inf ra). Progress curves were fit with eq 3 using nonlinear regression,
where t0 adjusts the starting position of the curve to account for the
delay between adding enzyme and starting PL measurements, k1 and k2
are empirical rates, A1 and A2 are empirical amplitudes, and N∞ is the
residual peptide substrate per QD at long digestion times. The
regressions were constrained so that (i) A1 + A2 + N∞ = N(0,0) and
(ii) all progress curves in a data set shared the same value of t0 (∼2
min in most assays). Initial rates, v0, were extracted from progress
curves by taking the derivative of eq 3 at time t = t0.
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■ RESULTS
Assay Format and FRET. To assay proteolytic activity, X−

QD624−[Sub(A647)]16 conjugates were mixed with either
thrombin or trypsin, and the progress of the hydrolysis reaction
was tracked in real time via changes in FRET. The X notation

denotes a GSH, CYS, DHLA, or MPA ligand coating on the
QD. The peptide substrate, Sub(A647), contained a LVPRGS
amino acid sequence, which is a well-known cleavage site for
thrombin25 and, simultaneously, a cleavage site for trypsin.
Hydrolysis occurred C-terminal to the arginine residue in both
cases (see Figure 1B). A647 had its peak absorption at 647 nm
(ε = 240 000 M−1 cm−1;26 see Supporting Information, Figure
S1) and was thus a good FRET acceptor for the QD624 donor.
The spectral overlap integral between the QD and A647 was
1.96 × 10−9 mol−1 cm6, corresponding to Förster distances of
3.3−6.7 nm for QD donor quantum yields between 0.001 and
0.06 for the various X−QDs (see Supporting Information,
Table S2). With 400 nm excitation light, directly excited
fluorescence from A647 was negligible, permitting tracking of
proteolysis through changes in the ratio of FRET-sensitized
A647 emission (peak at 668 nm) and FRET-quenched QD624
PL (i.e., A647/QD624 PL ratio). These two emission signals
were easily resolved.

Calibration. Sub(A647) was hydrolyzed during proteolytic
assays to yield unlabeled peptide fragments that remained
bound to the QD and A647-labeled peptide fragments that
either diffused away from the QD or nonspecifically adsorbed
to the QD. Such adsorption can yield nontrivial background
FRET. If FRET ratio data is to be converted into progress
curves in terms of the number of Sub(A647), then it is
necessary to account for any adsorption in calibration
experiments. As in a previous study,18 adsorption was taken
into consideration by first predigesting substrate peptide, then
mixing together both the predigested and native substrates at
N:(N0−N) ratios to generate calibration samples, where N0 is
the initial number of substrate peptides per QD in a proteolytic
assays and 0 ≤ N ≤ N0. This method produces a mixture of
native and digested peptide fragments on each QD. The
assumption inherent to this procedure is that, during assays,
individual substrate peptides are hydrolyzed in separate
encounters between the QD−substrate conjugates and
protease. Figure 2A(i) illustrates the conjugates expected
from this model of proteolysis at the beginning, midpoint,
and end of an assay. Figure 2B(i) shows an example of a
calibration curve for GSH−QD624 with Sub(A647) and N0 =
16. Analogous calibration curves for X−QD624 with X = CYS,
DHLA, and MPA are shown in the Supporting Information
(Figure S2).
The study that pioneered the above method of calibration

ultimately suggested a so-called hopping model of proteolysis,
where a protease hydrolyzes all of the substrate peptide
conjugated to a QD in a single encounter.18 At the midpoint of
an assay, it would therefore be expected that half of the QD−
substrate conjugates are completely undigested and half are
fully digested, as illustrated in Figure 2A(ii). However, neither
the above study nor other studies have proposed a calibration
method that parallels a hopping model. To this end, we mixed
undigested QD−substrate conjugates with fully digested
conjugates at ratios of χ:(1 − χ), where χ is the mole fraction
of undigested conjugates. Figure 2B(ii) shows an example of a
calibration curve for GSH−QD624 with Sub(A647) prepared
in this manner. It is notable that the calibration data are nearly
identical. This agreement is expected theoretically when FRET
ratios scale linearly with the number of acceptors per donor, as
was the case for Sub(A647) with X−QD624 (see Supporting
Information for details). More importantly, this result indicates
that the two different models of proteolysis will yield the same
apparent progress curves when measured via QD-FRET. For
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this reason, the progress curves for proteolytic activity that we
present below have two y-axis scales: a left-hand scale that
corresponds to N, the average number of Sub(A647) per
QD624, for the model illustrated in Figure 2A(i), and a right-
hand scale that corresponds to the concentration of X−
QD624−[Sub(A647)]16 remaining, assuming the model
illustrated in Figure 2B(ii). The latter was a function of the χ
value determined from the A647/QD624 PL ratio.
Proteolytic Assays. Progress curves for the digestion of X−

QD624−[Sub(A647)]16 conjugates as a function of thrombin
and trypsin concentration are shown in Figure 3A,B. These
curves were calculated from FRET data in terms of N, the
average number of peptide substrates remaining per X−QD624
according to model (i) in Figure 2A, and [*], the remaining
concentration of X−QD624−[Sub(A647)]16 according to
model (ii) in Figure 2A. As expected, more substrate was
digested with increasing time, and, for each ligand coating, the
rate of digestion scaled in proportion to the concentration of
protease added. However, significant differences in proteolytic
rate were observed between different ligand coatings for equal
amounts of protease.
As per a conventional analysis of simple single-substrate

enzyme kinetics within the framework of the Michaelis−
Menten (MM) model, initial rates of hydrolysis of Sub(A647)
by trypsin and thrombin were calculated from progress curves

and are plotted in Figure 3C,D (note that the left axes, dN/dt,
were converted to d[S]/dt = [QD] dN/dt to obtain units of
concentration). These plots permitted estimation of apparent
specificity constants, kcat/Km, for the proteases with the X−
QD624−[Sub(A647)]16 conjugates, according to eq 4, where v
is the initial rate of hydrolysis, [S] and [E] are the initial
concentrations of substrate and enzyme, respectively, Km is the
Michaelis constant, kcat is the turnover number, and [S] ≪ Km.
Calculated specificity constants are listed in Table 1. The values
are independent of the models in Figure 2A; however, given the
nature of the system, these values should be interpreted as
apparent pseudo-second-order rate constants rather than
classical specificity constants (see Discussion for details).
Both proteases had the same general trend in proteolytic
activity as a function of ligand coating, with activity increasing
in the order MPA < DHLA < CYS < GSH.

=
+

≈v
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K
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K
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Despite the similar trend in relative activity between ligand
coatings for trypsin and thrombin, the progress curves revealed
important differences between the two proteases. First, trypsin
was more robust than thrombin, exhibiting significant activity
across all four ligand coatings, whereas several concentrations
of thrombin that exhibited significant activity with the GSH and
CYS coatings were completely inactive with the DHLA and
MPA coatings. Furthermore, for each ligand, the progress
curves for trypsin exhibited a much greater degree of
convergence at complete turnover of available substrate (i.e.,
progress curves approach zero at long incubation times). In
contrast, the progress curves for thrombin proteolysis often
failed to converge or reach complete turnover, with the
exception of the highest concentrations of thrombin with X =
GSH, CYS, and DHLA. These results suggested that trypsin
and thrombin had significantly different interactions with the
X−QD624−Sub(A647) conjugates.

Adsorption of Thrombin and Trypsin on QDs. To
account for the differences between thrombin and trypsin in
Figure 3, we hypothesized that thrombin had stronger
nonspecific interactions with the X−QD624, in addition to its
selective enzyme−substrate interaction with the conjugated
Sub(A647). This hypothesis was evaluated with electrophoretic
mobility shift assays. Adsorption of protease on X−QD624 was
expected to result in decreased mobility versus a X−QD624-
only reference sample because of the increase in size upon
protein adsorption.27 QDs coated with all four ligands exhibited
negative electrophoretic mobility in running buffer at pH 8.5,
consistent with their anionic character. Initial tests were done
with X−QD624 mixed with 100 μM thrombin and 1.2 μM
trypsin (concentrations 5-fold larger than the highest
concentrations used in Figure 3). For thrombin with each
X−QD624, the gels showed mobility shifts indicative of
adsorption on the QD (see Supporting Information, Figure
S3). It was also noted that GSH−QD624 were least prone to
adsorption and that MPA−QD624 were the most prone to
adsorption, suggesting an inverse correlation between proteo-
lytic rates and the strength of adsorption. For trypsin, no
mobility shifts were observed.
Given the above results, electrophoretic mobility shifts were

measured as a function of thrombin and trypsin concentration.
Figure 4 shows the results when GSH− and MPA−QD624
were preincubated with either trypsin or thrombin at

Figure 2. (A) Two possible models of proteolysis and corresponding
methods of calibration. (i) Digestion of Sub(A647) conjugated to X−
QD624 through multiple encounters between each X−QD624 and
protease, with hydrolysis of only a single Sub(A647) in each
interaction. (ii) Digestion of Sub(A647) conjugated to X−QD624
through a series of interactions where the protease hydrolyzes all of the
Sub(A647) conjugated to a X−QD624 in a single interaction. This
model is referred to as hopping. (B) Representative calibration data for
GSH−QD624−[Sub(A647)]16 with thrombin. For model (i), FRET
ratios, ρ, were calibrated by mixing N and N0 − N equivalents of
Sub(A647) and predigested peptide fragments, respectively, with X−
QD624. For model (ii), FRET ratios were calibrated by mixing χ and
1 − χ equivalents of X−QD624−[Sub(A647)]16 conjugates and
predigested conjugates, respectively. The same concentration of X−
QD624 was used for both calibrations.
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concentrations in the range 0.1−33 μM. Similar gels for CYS−
and DHLA−QD624 with thrombin can be found in the
Supporting Information (Figure S4). Mobility shifts from
thrombin adsorption on X−QDs became evident at enzyme
concentrations of ∼0.1 μM for MPA, ∼0.75 μM for DHLA and
CYS, and ∼2.0 μM for GSH (Figure 4A). This trend was in
agreement with the thrombin digestion rates in Figure 3, where
MPA−QD624 yielded the slowest rates, DHLA−QD624 and
CYS−QD624 yielded intermediate rates, and GSH−QD624
yielded the fastest rates. In the case of trypsin, the onset of
adsorption on MPA−QD624 and GSH−QD624 occurred at
higher concentrations than that for thrombin, with changes in
the mobility becoming evident at ∼1 and ∼6 μM, respectively
(Figure 4B), where the adsorption of trypsin appeared to result
in aggregates of QD624 rather than a discrete shift of the band
on the gel. Importantly, the result that trypsin adsorbed more
readily on MPA−QD624 than GSH−QD624 was in agreement

with the slower rates of digestion with the former, consistent
with the results obtained with thrombin. The overall lower
tendency of trypsin to adsorb to X−QD624 was also consistent
with the smaller effect that QD ligand selection had on the rates
of trypsin digestion.
In light of the apparent adsorption of thrombin on X−

QD624, an important consideration was whether the adsorbed
thrombin retained its structure. Attempts to characterize the
adsorption of thrombin and trypsin on QDs using circular
dichroism spectroscopy were unsuccessful because of the
overwhelming background UV absorption of the QDs.
Measurements of tryptophan fluorescence, which can some-
times serve as a probe of protein structure,28 were also
inconclusive.

Inhibition Assays. To better characterize the effect of QD
ligand coatings and interfacial adsorption on protease activity,
green-emitting X−QD524 were prepared without conjugated

Figure 3. (A) Representative progress curves for the digestion of X−QD−-[Sub(A647)]16 by different concentrations of thrombin. N is the number
of Sub(A647) per QD, and [*] is the approximate concentration of X−QD−[Sub(A647)]16. (B) Representative progress curves for the digestion of
X−QD−[Sub(A647)]16 by different concentrations of trypsin. (C) Plots of initial rates as a function of thrombin concentration, determined from the
progress curves in panel A. (D) Plots of initial rates as a function of trypsin concentration, determined from the progress curves in panel B.

Table 1. Apparent Specificity Constants, kcat/Km, for X−QD624−Sub(A647)16 Conjugates and Apparent Dissociation
Constants, Kd, for X−QD524, Estimated from Initial Rates of Proteolytic Digestion with Thrombin and Trypsin

thrombin trypsin

kcat/Km (min−1 μM−1)a Kd (μM)b kcat/Km (min−1 μM−1)a Kd (μM)b

CYS−QD 0.057 ± 0.005 0.20 ± 0.03 1.7 ± 0.1
DHLA−QD 0.035 ± 0.004 0.03 ± 0.01 1.4 ± 0.1 0.8 ± 0.1
GSH−QD 0.16 ± 0.03 0.53 ± 0.01 2.2 ± 0.1 5.0 ± 1.6
MPA−QD 0.003 ± 0.001 0.09 ± 0.01 0.39 ± 0.01 1.1 ± 0.3

aDerived from the data in Figure 3 for X−QD624. bDerived from the data in Figure 5 for X−QD524. The listed uncertainties are standard errors
from data fitting.
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peptide and added to samples for FRET-based proteolytic
assays with GSH−QD624−[Sub(A647)]16. As illustrated in
Figure 5A, our hypothesis was that if ligands on the QD
promoted the adsorption of thrombin or trypsin, then these
nonsubstrate X−QD524 would act as competitive inhibitors.
The potency of the inhibition would depend on the selection of
ligand and the tendency of the protease to adsorb. The
spectrally narrow PL of the QD524 avoided interference with
transduction of proteolysis via the QD624−A647 FRET pair,
and, by virtue of using QDs with an alloyed CdSeS core, the
QD524 and QD624 had approximately the same size (∼6 nm)
and surface areas for adsorption,29 despite their spectrally
distinct emission bands. GSH−QD624 were selected as the
substrate-bearing QD because both thrombin and trypsin had
the greatest activity with this ligand (see Figure 3).
To carry out the inhibition assays described above, the

GSH−QD624−[Sub(A647)]16 conjugates and protease were
held at a fixed concentration, and increasing concentrations of
X−QD524 were added as inhibitors. Figure 5B shows that, for
thrombin, the rate of proteolytic digestion of GSH−QD624−
[Sub(A647)]16 decreased as the concentration of each inhibitor
X−QD524 increased. Presumably, the formation of adsorption
complexes between X−QD524 and thrombin increased as the
concentration of X−QD524 increased, resulting in a reduction
in the activity of thrombin. Qualitatively, the observed degree of

inhibition in Figure 5B correlated with the observed rate of
proteolysis in Figure 3A, with X = GSH and CYS having the
smallest inhibitory effects, and X = DHLA and MPA having the
largest effects. Figure 5C shows the results of analogous
inhibition experiments with trypsin. As expected from the
results in Figure 3B, the various X−QD524 had a much smaller
inhibitory effect on trypsin activity. Even the highest
concentrations of GSH− and CYS−QD524 had little effect
on the trypsin activity toward GSH−QD624−[Sub(A647)]16
conjugates. Although X = DHLA and MPA had some inhibitory
effect, it was much less than with thrombin.
To quantitatively analyze thrombin and trypsin inhibition by

the various QD coatings, we started from eq 5, which was
reported by Gray et al. for the analysis of acetylcholinesterase
inhibition.30 In this model, [I] is the concentration of X−
QD524, and Kd is the dissociation constant of the inhibitory
interaction between thrombin and X−QD524. For [S] ≪ Km,
eq 5 reduced to eq 6. Initial rates calculated for the progress
curves in Figure 5B,C are shown in Figure 5D,E. These data
were fit to eq 6, and the resulting values of Kd are listed in
Table 1. Apparent Kd values for thrombin were on the order of
101 to 102 nM, whereas those for trypsin were ≥1 μM. The
magnitudes of these values were consistent with expectations
from electrophoretic mobility data. Although the trend in Kd
did not exactly correlate with the trends from the proteolytic
assays or mobility shift assays, there was once again a clear
dichotomy between X = GSH and CYS and X = DHLA and
MPA.

=
+ +− −v

k
K K K
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(1 [S] [I] )

cat

m m
1

d
1
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k K
K

( / )[E][S]
1 [I]
cat m

d
1
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Comparing QD−Sub(A647) and Sub(A647). The results
presented thus far have demonstrated that the adsorption of
proteases on QDs can strongly affect the kinetics of proteolysis.
In particular, ligand coatings that promoted adsorption
inhibited proteolysis relative to coatings that had weaker
adsorption; however, these results have thus far been presented
without a baseline for comparison. To this end, we compared
the rate of proteolysis associated with GSH−QD624−[Sub-
(A647)]16 conjugates with an equivalent amount of Sub(A647)
(without QDs) in bulk solution. To analyze proteolytic rates in
bulk solution, substrate peptides were first hydrolyzed by the
addition of thrombin or trypsin for a certain time interval (2, 5,
8, 15, 20, 40, 60, and 80 min) followed by termination of the
reaction with the addition of TLCK, an irreversible protease
inhibitor. GSH−QD624 were then added, and any non-
hydrolyzed substrate assembled to the QDs to form GSH−
QD624−[Sub(A647)]N FRET pairs and provide a readout
signal analogous to the kinetic experiments with X−QD624
present throughout. Each of these assays was done in triplicate.
Compared to the rate of digestion of GSH−QD624−
[Sub(A647)]16 conjugates, a much slower rate of proteolysis
was observed when thrombin and trypsin were mixed with
Sub(A647) in bulk solution without QDs, as shown in Figure 6.
The results of these experiments were confirmed using a
second measurement method that did not involve QDs at any
step (see Supporting Information for details). These results are
also shown in Figure 6 and were in good agreement with the
results of the first analysis. The specificity constants, kcat/Km, for

Figure 4. Pseudocolor PL images of agarose gels (1.0% w/v) showing
changes in the electrophoretic mobility of GSH−QD624 and MPA−
QD624 (0.2 μM) with different concentrations of (A) thrombin and
(B) trypsin. Gels for thrombin with CYS−QD624 and DHLA−
QD624 can be found in the Supporting Information. The dashed line
indicates the position of the sample wells; the arrow at the left
indicates the polarity of the electric field (7.3 V cm−1). The gels clearly
show that thrombin has a greater tendency to adsorb than trypsin and
that adsorption is more favored on MPA−QD624 than GSH−QD624.
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Sub(A647) were calculated from Michaelis−Menten model fits
to the progress curves, yielding values of ca. 0.002 min−1 μM−1

with thrombin and ca. 0.033 min−1 μM−1 with trypsin. The
corresponding values for thrombin with MPA−QD624−
[Sub(A647)]16 and GSH−QD624−[Sub(A647)]16 were 1.5-
and 80-fold larger, respectively, and those values for trypsin
were 12- and 65-fold larger (see Table 1). X−QD624 can thus
provide either a drastic or modest acceleration of proteolytic
activity depending on the selection of X and the protease.

■ DISCUSSION
Our results have shown that adsorption of a protease on a QD
probe can have a profound effect on its proteolytic activity. It
appears that, up to a point, affinity between the protease and
the QD−peptide substrate conjugate can significantly accelerate
proteolysis when compared to that in bulk solution; however,
too much affinity for the QD interface may start to inhibit
proteolysis. The accelerations seen in our experiments are more
than an order of magnitude larger than the 2- to 3-fold
increases that have been observed previously.17,18 Our

experiments have also shown that the degree of acceleration
can vary significantly between two different proteases,
independent of their preference for the substrate peptide
conjugated to the QD. In a bioanalytical context, these
observations suggest that the surface chemistry on QDs and
other nanoparticles can provide a means of tuning the
sensitivity and selectivity of assays, such that the activity of a
target protease can be detected in the presence of a nontarget
protease that has similar substrate specificity. Here, we discuss
possible reasons for the different sensitivities of thrombin and
trypsin toward the ligand coating on the QD probe and
possible reasons for the higher levels of activities observed with
CYS and GSH coatings versus DHLA and MPA coatings.
Ramifications for understanding the mechanism of proteolysis
with nanoparticle−peptide substrate conjugates are discussed in
closing.

Differences between Thrombin and Trypsin. Bovine
trypsin is a 23 kDa protein with a pI of ca. 10.5, and bovine
thrombin is a 37 kDa protein with a pI of ca. 7. Both thrombin
and trypsin hydrolyze peptide bonds C-terminal to arginine or

Figure 5. (A) Schematic of the QD inhibition experiment. Thrombin (THR) or trypsin (TRP) can adsorb on GSH−QD624−[Sub(A647)]16 where
it can hydrolyze substrate, or it can adsorb on X−QD524 where it cannot hydrolyze substrate. (B) Representative progress curves for the digestion of
GSH−QD624−[Sub(A647)]16 by thrombin in the presence of different concentrations of X−QD524. N is the number of Sub(A647) per QD624,
and [*] is the approximate concentration of X−QD624−[Sub(A647)]16. (C) Representative progress curves for the digestion of GSH−QD624−
[Sub(A647)]16 by trypsin in the presence of different concentrations of X−QD524. (D) Plots of initial rates as a function of X−QD524
concentration, determined from mathematical fitting of the progress curves in panel B (see Experimental Section). (E) Plots of initial rates as a
function of X−QD524 concentration, determined from mathematical fitting of the progress curves in panel C.
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lysine residues.31,32 Thrombin has a preference for the cleavage
site P4-P3-Pro-Arg-P1′-P2′, with hydrophobic residues at P4
and P3 and nonacidic residues at P1′ and P2′.32 Although
trypsin exhibits different hydrolytic rates with different
substrates, its specificity for P4-P3-P2-Arg/Lys-P1′-P2′ is very
broad, albeit with poor tolerance for Pro at the P1′ position and
unfavorable interactions with acidic residues on either side of
the cleavage site.33 The LVPRGS sequence used in this study
was thus a good substrate for both thrombin and trypsin.
One obvious difference between thrombin and trypsin in this

study is that the latter hydrolyzes Sub(A647) more rapidly.
This difference in activity toward Sub(A647) in bulk solution is
trivial and can be attributed to the intrinsically different catalytic
activities of thrombin and trypsin and the different degrees to
which bulk assay conditions (e.g., pH) are optimal for these
proteases. The more interesting difference is that thrombin
adsorbs more strongly on X−QD624 and is more sensitive to
changes in the identity of the ligand coating, X. At pH 8.5,
trypsin will have a net positive charge, and an electrostatic
attraction to the anionic X−QD624 may be sufficient to explain
the relatively weak adsorption that was observed. Although
thrombin has a net negative charge at pH 8.5, electrostatic
repulsion does not appear to hinder its adsorption. This
observation is not surprising given that thrombin has two
positively charged anion binding exosites that interact with
ligands such as polyphosphate,34 hirudin,35 heparin and
heparan sulfate,36,37 many other anionic macromolecules, and
anionic surfaces such as glass.38 In contrast to thrombin, trypsin
does not have anion binding exosites.39,40 Electrostatic

potential maps41 for thrombin and trypsin are shown in Figure
7 (generated from Protein Data Bank entries42,43), illustrating

this difference. The observed adsorption of thrombin on the
interface of QDs coated with anionic ligands is therefore
consistent with its structure and function. We posit that the
anion binding exosites of thrombin are the cause of its strong
adsorption on anionic X−QD624 and, at least in part, are the
reason for the greater dependence of its activity on the identity
of X. More generally, similar differences in sensitivity to the
coating on a nanoparticle might be expected between other
enzymes of the same classes as trypsin and thrombin. The
fibrinolytic and blood coagulation proteases (e.g., thrombin)
have large, noncatalytic segments appended to a trypsin-
homologue region, and these segments mediate binding to
macromolecules and interfaces as part of the regulatory role of
these proteases.44 Digestive enzymes (e.g., trypsin) lack these
segments in their structure.44

Differences between X−QDs. CYS, DHLA, GSH, and
MPA ligands bind to the ZnS shell of QDs through their thiol
groups and expose anionic carboxylate groups to bulk solution.
CYS and GSH may also expose cationic amine groups. The X−
QDs are stabilized as a uniform dispersion by net electrostatic
repulsion between particles. CYS has pKa values of 2.0
(−COOH) and 10.3 (−NH3

+),45 GSH has pKa values of 2.1,
3.6 (−COOH), and 8.8 (−NH3

+),46 and DHLA and MPA have
pKa values of 4.847 and 4.7,48 respectively. A simple
Henderson−Hasselbalch calculation with these values suggests
that each X−QD624 will carry 0.2, 1, 1.3, and 1 negative charge
per CYS, DHLA, GSH, and MPA ligand, respectively. An
important caveat to this analysis is that hydrogen bonding
between ligands can elevate the pKa values of carboxylic acid
ligands on nanoparticles by several units relative to the values
measured in bulk solution.49 Indeed, it has been reported that
MPA ligands on QDs exhibit behavior consistent with pKa ∼
8,50 or 0.8 charges per ligand per QD at pH 8.5. The pKa of
amine groups may also be affected by hydrogen bonding
between ligands and possible coordination to Zn sites on the
QD surface. Experimentally, the relative electrophoretic
mobilities of the X−QD624 were DHLA > GSH (0.9) >
CYS (0.7) > MPA (0.6), where the values in parentheses
indicate the migration distance relative to DHLA (see
Supporting Information, Figure S3). Since all X−QD624 had
the same hard geometric size, the differences in electrophoretic
mobility were therefore a reflection of differences in charge and

Figure 6. Progress curves for the activity of (A) thrombin (THR) and
(B) trypsin (TRP) with GSH−QD−Sub(A647) conjugates (blue
circles) and with an equivalent amount of Sub(A647) in bulk solution
(red symbols). The activity in the latter case was determined by FRET
measurements with QDs after the enzyme reaction had been quenched
(closed red circles) and by using a pull-down assay with an affinity
resin and absorption spectrophotometry (open red circles). Protease
concentrations are indicated in the figure. The progress curves for the
GSH−QD−Sub(A647) conjugates are from Figure 3. [*] is defined as
per Figure 3.

Figure 7. Surface electrostatic potential maps for (A) thrombin
(Protein Data Bank ID: 1HRT) and (B) trypsin (Protein Data Bank
ID: 1S0R). Positive, neutral, and negative potentials are colored blue,
white, and red, respectively. Note the two strongly positive sites on
thrombin, which are anion-binding exosites.
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effective size in aqueous solution. A Ferguson analysis (see
Supporting Information, Figure S6 and Table S3) indicated
effective radii between 3.1 nm (GSH) and 4.9 nm (CYS) and
zeta potentials ranging from −31 mV (MPA) to −37 mV
(DHLA), in agreement with the trend in electrophoretic
mobility. None of the above trends mirrored the trends
observed for proteolytic activity: DHLA and GSH had the most
comparable zeta potential but engendered very different
proteolytic rates, whereas CYS and GSH had the most
disparate effective radii but engendered the most similar
proteolytic rates.
Potential gaps in ligand coverage also appear unlikely to be

the cause of the observed trends in proteolytic rates. Both MPA
and CYS are known to have tendencies to desorb from the QD
surface, but they also engender very different proteolytic rates.
Further evidence against gaps in ligand coverage mediating
activity is that DHLA, which is bidentate and likely to be the
most stable coating, has inhibitory effects comparable to those
of MPA. It should also be noted that unbound ligands
themselves cannot account for the observed effects on
proteolysis. Control assays were done to measure the activity
of thrombin toward N-benzoyl-Phe-Val-Arg-4-methoxy-β-naph-
thylamide hydrochloride, a fluorogenic small molecule
substrate, in the presence of 2.5−40 μM of free ligand, X.
This amount corresponded to the equivalent of 12−200 free
ligands per X−QD624 in assays. As described in the Supporting
Information (Figure S5), the effects of the free ligands on
thrombin activity were inconsistent with the X−QD624 data.
Another possibility is that the substrate peptide, Sub(A647),

adopted a different average conformation when assembled to
the different X−QD624, with some conformations being more
favorable for hydrolysis by trypsin and thrombin than others.
Ligand-dependent orientation of a protein (∼30 kDa) self-
assembled to QDs with DHLA, GSH, and MPA ligands has
been reported previously.51 Here, the average center-to-center
separation distances between X−QD624 and A647 with 16
Sub(A647) per QD were approximately 4.9, 7.6, 8.1, and 6.1
nm for X = CYS, DHLA, GSH, and MPA, respectively, as
estimated from ensemble FRET efficiencies. The smallest and
largest separations were for the CYS and GSH coatings, which
yielded the highest levels of activity, suggesting that the trend in
proteolytic activity was not due to differences in the average
conformation of the peptide substrate.
Overall, the commonality appears to be that the two ligands

that yield the highest levels of activity (CYS, GSH) have
zwitterionic character, whereas the two ligands that yield the
lowest levels of activity (DHLA, MPA) have purely anionic
character. Zwitterionic surfaces, including those modified with
CYS52,53 and GSH,54 have been reported to be resistant to
nonspecific protein adsorption.55,56 We suggest that the
zwitterionic character of GSH and CYS ligands on X−
QD624 tempers protease adsorption otherwise driven by the
net charge on the QD, promoting increased proteolytic activity.
Although detailed structures of nanoparticle interfaces are still
poorly understood, our cumulative results are consistent with
such a hypothesis.
On the Mechanism of Proteolysis. Our results are also

consistent with, and provide further evidence to support, the
hopping model that has been proposed for the proteolytic
digestion of QD−peptide substrate conjugates.18 This model,
illustrated in Figure 2A(ii), stipulates that the conversion of
each X−QD624−[Sub(A647)]16 to X−QD624−[Sub(A647)]0
occurs in the course of a single interaction between enzyme and

QD. In contrast, the conventional model in Figure 2A(i)
assumes that multiple interactions are required to achieve this
net conversion, with each interaction converting X−QD624−
[Sub(A647)]N to X−QD624−[Sub(A647)]N−1. Attempts to
use slab gel electrophoresis to resolve distinct populations of
X−QD624−[Sub(A647)]16 to X−QD624−[Sub(A647)]0 dur-
ing proteolysis were unsuccessful because of the limited
resolution of the technique and the subtle changes in the size
and charge of the QDs. Nonetheless, there are three strong
indicators for a hopping model of proteolysis. First, the
magnitude of the acceleration of proteolysis with QD−
substrate peptide conjugates versus only substrate peptides in
bulk solution. Diffusion-driven interactions between individual
substrate peptides and protease cannot account for enhance-
ments in activity of more than an order of magnitude when
there are more than an order of magnitude fewer diffusing
entities of X−QD624−[Sub(A647)]16 than Sub(A647) alone
(0.2 vs 3.2 μM in Figure 6). Second, the magnitude of the
acceleration is sensitive to the surface chemistry of the QD.
Since both Sub(A647) and the underlying QD624 were
consistent between experiments, only the X ligand coating
can be responsible for the observed trends in proteolytic
activity. Third, thrombin and trypsin exhibit different
sensitivities to the QD surface chemistry, indicating that the
properties of the protease also play a role in determining the
magnitude of acceleration. These results, including the direct
observation of thrombin binding to X−QDs at assay-relevant
concentrations, indicate an important role for interfacial
chemistry in mediating observed rates of proteolysis. Such a
dependence is consistent with a hopping model of proteolytic
activity where the nanoparticle scaffold increases the colocaliza-
tion of substrate and enzyme.
Given the above, our results also highlight the limitations of

conventional Michaelis−Menten-type analyses that utilize
initial rate data with QD−substrate conjugates and, likely,
nanoparticle bioconjugates in general. Such analyses are
semiquantitative because the complexities of the nanoparticle
system are evident only by considering progress curves in full.
The measured Kd values from initial rate data are approximate,
much as the estimated or apparent values of specificity
constants, kcat/Km, from initial rate data are better described
as pseudo-second-order rate constants. Apparent values of
kcat/Km are good for comparisons between systems but should
not be interpreted as the same collection of physical
constant(s) as kcat/Km for an enzyme−substrate reaction that
meets the criteria of the Michaelis−Menten model. Our results
indicate that a model that satisfactorily addresses nanoparticle
systems of the type studied here must include provisions for
adsorption and desorption of multiple protease molecules per
nanoparticle and, if a hopping model is strictly correct,
effectively undergo single-step conversion of QD−substrate
conjugates to QD−product conjugates. There is also the
possibility that the hopping model is mostly correct in that
multiple substrates get digested per QD per encounter between
QD and protease but is not always 100% per encounter as
stipulated for pure hopping. The ideal experimental system for
further studies would have high intrinsic activity, like the
combination of trypsin and Sub(A647), such that progress
curves could be measured in less than 1 to 2 h with less than
one protease per QD, but have high-sensitivity to interfacial
chemistry, like thrombin with X−QD624. Additional study is
also needed to address the role of substrate density and its
effect on apparent values of Kd and kcat/Km or if the surface
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chemistry on nanoparticles can be rationally controlled to
target exosites on certain enzymes for specific enhancement or
inhibition of only their activity. A full understanding of
proteolysis associated with QD−peptide substrate conjugates
may ultimately permit the design of bioanalytical probes with
enhanced sensitivity and selectivity, potentially distinguishing
between proteases with similar specificities when peptide
probes alone cannot.

■ CONCLUSIONS
We studied the proteolytic activity of thrombin and trypsin
toward X−QD624−[Sub(A647)]16 conjugates, where X was
CYS, DHLA, GSH, or MPA and Sub(A647) contained an
LVPRGS amino acid sequence that was hydrolyzed by both
proteases. QDs coated with GSH and CYS ligands exhibited the
highest levels of proteolytic activity, whereas those with DHLA
and MPA exhibited the lowest levels of proteolytic activity.
Thrombin was more sensitive to changes in X, with a ca. 50-
fold change in activity between coatings, versus only a 5-fold
change for trypsin. Trends in thrombin and trypsin activity with
changes in X, and the greater sensitivity of thrombin to X, were
correlated with the apparent tendency of the protease to adsorb
to the interface of the QD. This behavior was discussed in
terms of the physicochemical characteristics of both the
proteases and the ligand coatings. There was also a remarkable
65−80-fold increase in proteolytic activity for GSH−QD624−
[Sub(A647)]16 conjugates versus an equivalent amount of
Sub(A647) in bulk solution. Analogous increases with MPA−
QD624−[Sub(A647)]16 were a more modest 1.5−12-fold
better than that in bulk solution. Overall, these results show
that nanoparticle surface chemistry plays an important role in
mediating substrate turnover, providing some of the strongest
support to date for a hopping-like model of hydrolytic enzyme
activity with nanoparticle−substrate conjugates.
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