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ABSTRACT: Interactions of plasmonic nanocolloids such as gold
nanoparticles and nanorods with proximal dye emitters result in
efficient quenching of the dye photoluminescence (PL). This has
become a popular strategy for developing analytical biosensors
relying on this quenching process for signal transduction. Here, we
report on the use of stable PEGylated gold nanoparticles, covalently
coupled to dye-labeled peptides, as sensitive optically addressable
sensors for determining the catalytic efficiency of the human matrix
metalloproteinase-14 (MMP-14), a cancer biomarker. We exploit
real-time dye PL recovery triggered by MMP-14 hydrolysis of the
AuNP−peptide-dye to extract quantitative analysis of the
proteolysis kinetics. Sub-nanomolar limit of detections for MMP-
14 has been achieved using our hybrid bioconjugates. In addition,
we have used theoretical considerations within a diffusion-collision framework to derive enzyme substrate hydrolysis and inhibition
kinetics equations, which allowed us to describe the complexity and irregularity of enzymatic proteolysis of nanosurface-immobilized
peptide substrates. Our findings offer a great strategy for the development of highly sensitive and stable biosensors for cancer
detection and imaging.

■ INTRODUCTION
Proteases are known to be implicated in many human diseases
and disorders, such as cancer and stroke.1,2 They have
significant value in diagnostics and are important pharmaceut-
ical targets. For example, the matrix metalloproteinase-14
(MMP-14), also known as membrane-type 1 matrix metal-
loproteinase (MT1-MMP), is involved in regulating breast
cancer progression and allowing tumor cells to escape and
metastasize.3 Established tools for probing MMP-14 include
enzymatic, immunochemical, electrochemical, and optical
biosensors.4−8 A popular sensing platform relies on assembling
two fluorophores (a donor and an acceptor) flanking a spatial
linkage that acts as a substrate for the target analyte(s).6,9−11

Such sandwich configuration takes advantage of the exquisite
sensitivity of fluorescence resonance energy transfer (FRET)
interactions to nanometer-scale changes in the donor−
acceptor distance.9,10,12,13 Recently, fluorescent semiconductor
nanocrystals (quantum dots, QDs) have been exploited as
unique FRET-based energy donors to sense a few key
enzymes.14−16 Though effective, QD-sensors suffer from the
stigma associated with potential cytotoxicity ascribed to the
presence of heavy metals in their cores (e.g., Cd or Te).17−19

Gold nanoparticles (AuNPs), in comparison, exhibit
remarkable stability, biocompatibility, tunable surface proper-

ties, and high translational values, which make them attractive
candidates for developing biosensors.5,20−25 The strong near−
field interactions of AuNPs with proximal fluorophores result
in efficient PL quenching.26−29 The quenching efficiency
exhibits a 1/R4 dependence on the separation distance (R) via
nanometal surface energy transfer (NSET).26,27,30 Experimen-
tally, a few studies have exploited the reported coordination
affinity of imidazole to assemble AuNP-bioconjugates via
direct binding of biomolecules onto the AuNP surfaces.20,31−35

Though easy, this conjugation strategy is difficult to implement
when starting with ligand-protected surfaces, as this could lead
to undesirable inactive low-quality conjugates due to a stable
and thick ligand shell.35,36

Here, we have designed three sets of AuNP−peptide
conjugates and applied them as optically addressed sensors
to evaluate the enzyme activity of MMP-14. Two of the
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peptides contain a specific sequence each recognized by the
enzyme, while the third provides a control. These bioconju-
gates have been assembled by chemically coupling tetrame-
thylrhodamine (TAMRA)-labeled peptides to the surface
passivating/coating PEG ligands (see Figure 1). The
TAMRA dye choice is motivated by the sizable spectral
overlap with the AuNP absorption, making this NSET-pair a
desirable tool for protease detection via PL modulation. We
have found that all AuNP-dye conjugates exhibit pronounced
and valence-independent PL quenching efficiencies (up to
∼85%). Our results also indicate that a near complete (∼90%)
hydrolysis of the surface-docked peptides and a fourfold PL
enhancement in the presence of MMP-14 can be realized. The
determined detection limit ranges from 0.05 to 1.60 nM.
Additionally, we have found that the addition of an MMP
inhibitor to the sample prevents any PL recovery. The two
conjugates assembled using specific peptide substrates show
slow enzymatic kinetics, with measured catalytic efficiency,
kcat/KM, ∼50−200-fold smaller than values reported using free
peptides in solution. We combine our findings with literature
data to gain new insights into how decoration of an AuNP
scaffold with several peptides to form hybrid conjugates,
combined with peptide crowding on the colloid, could change
the substrate diffusion and reduce the rate of enzyme
proteolysis.

■ RESULTS AND DISCUSSION
Conjugate Design and Assembly. The Au nanocrystals

used in this study were grown using high temperature
reduction of Au precursor under hydrophobic conditions,
yielding homogenous oleylamine-capped AuNPs (d = 9.7 ±
2.1 nm); details about the growth along with TEM data (see
Figure S1) are provided in the Supporting Information.37

Ligand substitution, phase transfer, and surface functionaliza-

tion of the nanoparticles were implemented via a rapid
photoligation strategy using a mixture of methoxy- and
carboxyl-appended lipoic acid (LA)-PEG ligands (i.e., the
molar ratio of LA-PEG750-OCH3:LA-PEG600-COOH =
4:1).36,38,39 This yielded a PEG coating with 20% of the
total number of ligands presenting active carboxyl groups
(referred to as AuNP−COOH). The as-prepared PEGylated
AuNPs showed excellent long-term colloidal stability over a
wide range of biological conditions.23,40−42 Subsequently,
AuNP-peptide-dye conjugates with a strong and controlled
PL quenching were obtained by coupling the lateral −COOH
groups to the peptide-dye via the EDC [1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide] condensation reaction.43

We custom-designed two modular peptides (FS-6 and A-42)
that contain substrate sequences for MMP-14, and which can
be readily integrated into the AuNP-conjugate assemblies.44−46

Precisely, the modular peptides contain four functional
domains (Table 1): (i) a N-terminal amine for covalent
coupling to the AuNP−COOH; (ii) a spacer consisting of
alternating glycine (G) and alanine (A) residues; (iii) a MMP-
14 cleavage site; and (iv) a cysteine (C) near the C-terminus
for dye labeling via sulfhydryl-maleimide chemistry.47,48

Peptide amidation and substitution of lysine residues (K)
with arginine (R) in FS-6 and A-42 peptides were employed to
avoid secondary reactions during the EDC condensation step.
In addition to the above peptides, a D-amino acid peptide (FS-
6*) was also designed and synthesized as an internal non-
cleavable control. The structure of these synthetic peptides
along with the cleavage sites were confirmed using MALDI-
TOF mass spectrometry (MS), with a representative example
(FS-6) shown in Figure 2.
The red-emitting TAMRA dye has a sizable spectral overlap

with the AuNP absorption, which promotes strong NSET
interactions and thus efficient PL quenching (Figure 3a).27,29

Figure 1. Schematic representation of the AuNP-peptide-dye conjugate used for sensing MMP-14 activity. (a) In the absence of enzymes, the dye
PL is highly quenched due to its close proximity to the AuNP surfaces. (b) Upon incubation with the enzyme, proteolytic cleavage of the peptides
releases the dyes, reducing nanometal surface energy transfer (NSET) interactions and promoting recovery of the PL signal.

Table 1. Peptide Information
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Prior to AuNP−peptide-TAMRA formation, TAMRA was first
linked to the peptide via cysteine-maleimide chemistry. Figure
2 shows the successful dye-labeling of the peptide as verified
using MALDI-TOF MS. The AuNP−peptide-TAMRA con-
jugates were then prepared by attaching the peptide terminal
amine to AuNP−COOH through an EDC/NHS coupling
reaction.43 The optimal molar ratio of EDC/NHS was 4:1;
further details on the conjugation are provided in the
Supporting Information. The AuNP-conjugates were purified
by size-exclusion chromatography (using a PD-10 column),
and collecting the first elution band. Figure 2e confirms that
the MS data from the purified assemblies shows no signal from
the free peptide-dye. Images of the dispersions of AuNP-dye
conjugates under white-light and UV-illumination show
enhanced TAMRA emission at high valence (Figure S3).
Characterization of the Conjugates. The polyvalent

AuNP−(peptide-TAMRA)n conjugates were characterized by
UV−vis absorption spectroscopy, mass spectrometry, fluo-
rescence spectroscopy, and gel electrophoresis. Figure 3b
shows the composite absorbance profile of AuNP−(FS-6-
TAMRA)n and the deconvoluted contribution from AuNP and
dye components. The valence, n, is defined as the average
molar ratio of dye-to-NP in the conjugates. This is extracted by
comparing the deconvoluted absorbance to their molar
absorption coefficients, that is, ε520-nm = 6.58 × 107 M−1

cm−1 for AuNPs and ε554-nm = 8.0 × 104 M−1 cm−1 for
TAMRA.49 Overall, the absorption data show a progressive
increase in the dye contribution to the composite spectrum
that is commensurate with the equivalent concentration of
peptide-TAMRA used, indicating a good control over the
conjugate valence. Indeed, attaching a controllable number of
peptide substrates to each AuNP increases the local substrate

concentration, which may have important implications for
sensor performance.14,47

The above results were further complemented by quantify-
ing the fluorescence properties before and after coupling the
dye-peptide to AuNPs. Figure 3c shows a substantial loss in the
dye fluorescence after AuNP conjugation, ascribed to NSET
interactions. These interactions are stronger than those
attributed to Förster dipole−dipole interactions.27,29,30 Using
the PL spectra, we quantified the NSET quenching efficiencies,
ENSET, using

E 1
PL
PLNSET

DA

D
=

(1)

where PLD and PLDA designate the PL of dye alone (donor, D)
and AuNP-dye conjugates (donor−acceptor, DA), respec-
tively. We also acquired fluorescence data from the dispersions
made of mixtures of PEGylated AuNPs and free peptide-
TAMRA (as control), which were used to account for the
effects of collisional interactions. These interactions are always
present but are much weaker than those measured for coupled
AuNP-dye pairs.33 Figure 3d shows the estimated ENSET for
several conjugates with a valence increasing from 0 to 70.
Pronounced and valence-independent quenching efficiencies
(∼85%) were measured. As expected, a modest quenching
efficiency was measured for the control experiments (Ecollision
∼50%).29,33 The combined observations validate the successful
AuNP-peptide-dye conjugation, which brings TAMRA in close
proximity to the plasmonic surfaces and thus results in a strong
PL quenching. Notably, the NSET interactions between
TAMRA dyes and the central AuNP in the assembled
conjugates are simultaneous but not cumulative, as each
fluorophore interacts individually with the metallic surfaces.26

Figure 2.MS characterization of peptide-dye labeling. MALDI-TOF MS spectra acquired from: (a) the matrix only, as a control; (b) FS-6 peptide;
(c) TAMRA-labeled FS-6 peptide (or FS-6-TAMRA); (d) solution of the FS-6-TAMRA after incubation with MMP-14 for 2 h. The conditions
used were 37 °C, sodium phosphate buffer pH 7.5, and [S]0/[E]0 = 400:1. We should note that the peak at 837.482 represents the fragment
emanating from digestion of the small fraction of TAMRA-free peptide in the sample, as shown in (c). The disappearance of the parent FS-6, along
with the emergence of the new fragments imply a complete peptide digestion. They also indicate that TAMRA labeling did not alter the biological
activity of the FS-6 peptide. (e) MS spectrum acquired from AuNP−(FS-6-TAMRA)n after size exclusion chromatography, showing no detectable
signal from the free peptide-dye. (f) Data acquired from the AuNP conjugates after enzyme assay, showing a peak ascribed to the free dye-peptide
fragment.
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This explains both the strong and valence-independent
quenching in our system.
The above optical data can be further exploited to convert

changes in the PL signals to amounts of cleaved peptide during
an enzyme assay, which in turn allows us to quantify the kinetic
parameters of the proteolysis reaction. Digestion of the AuNP-
peptide-dye conjugates displaces the cleaved dye-peptide
fragments away from the AuNPs and produces a PL response
that combines contributions from both freed dye-peptide-
fragments (via collision interactions) and still surface-attached
peptide dyes. To extract an accurate estimate for the molar
amounts of cleaved peptides during proteolysis, we developed
a calibration curve that correlates the concentration of cleaved
dye-peptide fragments to the measured PL signal by
monitoring the TAMRA emission for a series of mixtures
containing free peptide-dye and AuNP−(peptide-dye)m
conjugates with varying valences, while keeping a constant
total molar ratio of dye-to-AuNP; the conjugate in the mixture
m varies between 0 and 14. Figure 4 shows a standard curve
(linear profile) corresponding to a fixed dye-to-AuNP molar
ratio of 14. This linear fit was used to back-calculate the
amount of cleaved product, [P], at different reaction times and
build time-dependent enzymatic curves, which we have
exploited for developing kinetic analysis.14

Enzyme Assays Using AuNP-Peptide Conjugates. The
active site of an enzyme may contain a mixture of several states
that can be affected by activation, purification, and long-term
storage. It is thus important to accurately determine what the
catalytically active fraction in the sample is. To implement this,
we used tight-binding titration in the presence of a broad-
spectrum MMP inhibitor, GM6001, where AuNP−(FS-6-

TAMRA)14 conjugates served as the titrants. Experimental
details along with the analysis can be found in the Supporting
Information (Figure S4). The data indicate that approximately
38% of the MMP-14 in the enzyme stock solution preserved
their catalytic activity. The reported enzyme concentration will
refer to the amount of active enzyme in the sample, unless
otherwise indicated.
The enzyme assays were performed using three sets of

conjugates, namely AuNP−(FS-6-TAMRA)14, AuNP−(A-42-

Figure 3. (a) Normalized TAMRA emission and absorption profiles (solid and dashed red lines), along with the AuNP absorption (cyan). The
spectral overlap is shown in yellow. (b) Deconvolution of the composite absorbance spectrum of the AuNP−(peptide-TAMRA)n yields the AuNP
and TAMRA dye contributions to the total absorbance. Inset shows a close view of the dye contribution. The conjugate valence, n, is extracted
from the deconvoluted absorbance using the known molar absorption coefficients. (c) PL spectra collected from a solution of free peptide-TAMRA
(PLD, left) compared to a conjugate sample (PLDA, right) at equivalent concentrations. Regardless of the valence numbers, the extracted quenching
efficiencies are ∼85%. (d) Quenching efficiency measured for the conjugates (attributed to NSET, cyan-filled circles), side-by-side with the
quenching measured for a mixture of AuNPs and free peptide-TAMRA to account for collision quenching (control, green-filled squares). The
AuNP concentration was 10 nM, while the peptide-dye concentration was varied. Error bar = standard deviation (n = 3).

Figure 4. Standard curve correlating the PL intensity with the
concentration of freed peptide-TAMRA. The PL is measured over
mixtures of free peptide-dye and AuNP−(peptide-TAMRA)n
assemblies, with the valence (n) varied from 0−14; [AuNP] = 10
nM. Error bar = standard deviation (n = 3). The data were best fitted
using a linear function: IPL = 1.7 × 103 + 25.5 × [P]; R2 = 0.988.
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TAMRA)14, and AuNP−(FS-6*-TAMRA)14; all conjugates
have a valence n = 14. A “varying enzyme assay” was applied,
that is, a range of equivalent enzyme concentrations ([E]0,
from 0−19.8 nM) were incubated with a fixed substrate
concentration in excess ([S]0 = 140 nM). More precisely,
aliquots of the conjugates were first mixed with kinetic buffer
and left to pre-equilibrate for 50 min, followed by mixing with
various amounts of enzyme solutions to reach the desired
enzyme concentration in each sample. The dispersions were
excited at 515 nm and emission spectra were collected using a
fluorescence microtiter plate reader. Figure 5a−c shows a clear
enhancement in the TAMRA PL with time that is
commensurate with the enzyme concentration used, with up
to fourfold signal recovery measured for the highest
concentration (19.8 nM). This is triggered by interfacial
hydrolysis of the surface-docked peptides, releasing dye-
peptide segments and resulting in the loss of NSET
interactions. The PL intensity centered at 580 nm, collected
at each time interval, was converted to time-dependent

proteolysis curves (i.e., [P] vs. t, see Figure 5d−f), using the
linear calibration curve shown in Figure 4. The proteolysis
curves suggest that the AuNP−(FS-6-TAMRA)14 conjugates
exhibit a more sensitive response to MMP-14 than that
exhibited by AuNP−(A-42-TAMRA)14 conjugates. The limit
of detection (LoD) reached for MMP-14 using the AuNP−
(FS-6-TAMRA)14 and AuNP−(A-42-TAMRA)14 substrates
are ≅ 0.05 and 1.60 nM, respectively (see Figure 5g). These
values are clinically relevant, as nanomolar scale MMP levels
have been measured in patient serum.3,50,51 Indeed, higher
local concentrations of active MMP-14 were measured at the
membrane of metastatic cancer cells.3 In comparison, data
acquired using the control substrates, by incubating AuNP−
(FS-6*-TAMRA)14 bioconjugates with MMP-14 under the
same conditions, show negligible PL enhancement over the
time course; this proves the absence of any enzyme−substrate
interactions for this peptide sequence (Figure 5f).
We next tested the capacity of the present AuNP−(FS−6-

TAMRA)14 construct to detect the activity of MMP-14 in a

Figure 5. Enzyme assays using AuNP-peptide-dye. (a−c) Progression of the emission spectra was recorded every 10 min, where 10 nM of AuNP−
(FS-6-TAMRA)14 conjugates were incubated with various concentrations of MMP-14 (0−19.8 nM) and tracked with time. Shown are time-
dependent digestion curves of: (d) AuNP−(FS-6-TAMRA)14 over a period of 250 min, (e) AuNP−(A-42-TAMRA)14 over a period of 300 min
and (f) AuNP−(FS-6*-TAMRA)14 over a period of 240 min, upon incubation with various concentrations of MMP-14. Data were plotted by
converting the PL intensity at 580 nm into product concentration based on the calibration curve shown in Figure 4. Error bars = standard
deviations (n = 2). The dashed arrow designates the MMP-14 addition. A fit of [P] versus t at [E] = 19.8 nM using Eq 3 is provided, see solid line.
(g) Molar amount of product (at 3 h) as a function of MMP-14 concentration. The deduced LoD for MMP-14 is: 0.05 nM using AuNP−(FS-6-
TAMRA)14, and 1.60 nM using AuNP−(A-42-TAMRA)14. (h−i) Plots of vi vs [E] for conjugates using FS-6 (h) and A-42 (i). The data are fitted
using v k S K E( / )cat Mi 0[ ] ·[ ]. Error bars = standard deviations (n = 2).
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more biologically relevant medium, namely serum, under
similar excess peptide conditions ([S]0 = 140 nM). Figure 6
shows side-by-side the progression of PL recovery data
acquired from solutions of the conjugates mixed with an
enzyme concentration [E] = 20 nM under several conditions.
Included were solutions of: 50 mM kinetic buffer alone, buffer
with 2% BSA, buffer with 10% Horse serum and buffer with
25% Horse serum. Additional recovery spectra acquired in 10%
serum using [E] = 0, 10, and 15 nM are shown in the
Supporting Information (see Figure S5). Note that the
recovery was tracked for 12 h, compared to those shown in
Figure 5 (tracked for 4 or 5 h). Plots of the product versus
time along with the maximum product measured under each
condition are shown in panels 6e,f. Data show that the amount
of digested peptide steadily decreased following the trend:
kinetic buffer > 2% BSA solution > 10% serum > 25% serum.
Data also show that though a drop in the enzyme activity was
measured for all conditions compared to that measured in pure
buffer, a sizable activity persisted under all those conditions. In
particular, the profiles in panel 6f show that the products
measured in 10 and 25% serum, at [E] = 20 nM, are ∼35 and
∼50%, respectively, compared to that measured in pure buffer
(see Figure 6f). The detection limit is comparable to that
achieved in buffer. Cumulatively, these results prove that the
present conjugates can be applied to biologically relevant
samples. We would like to note that the lower MMP-14
activity measured in the serum solutions should be expected. It
can be attributed to the presence of α-2-macroglobulin
proteins (a known broad-spectrum protease inhibitor).52 The
α-2-macroglobulin inhibition relies on luring active proteases
into its molecular cages and then flagging these complex for
elimination.52 With additional optimization of the conditions,

better data could be easily acquired. These include the use of
LA-zwitterion ligands to provide enhanced affinity of the
conjugates to water while reducing the overall lateral size of the
coating layer. This in turn provides better exposure of the
tethered peptides and easier access of the catalytic domain to
the cleavage site on the conjugates. Similarly, one can try to
identify proteins that block the inhibitory effects of α-2-
macroglobulin. One additional concern is the potential
interference by nonspecific adsorption of proteins (corona
formation). Though studies from our group and others have
shown that PEGylated coating prevent corona buildup, the use
of zwitterion ligands could further alleviate the effects of
nonspecific adsorption on NP-conjugates, if present.53,54

A few key findings can be deduced from the above
experiments: (i) The AuNP−(peptide-TAMRA)n hybrids are
stable and stay active over the tested conditions, prior to the
addition of MMP-14 (Figure 5d−f). Importantly, the
assembled conjugates preserve their sensing functions for up
to 1 month of storage at 4 °C. (ii) Our data show high
sensitivity of the AuNP−(FS-6-TAMRA)14 assemblies to
MMP-14 at sub-nanomolar concentrations, with over 90% of
the docked peptides catalyzed at higher enzyme concen-
trations. This can be ascribed to the easy access of the enzyme
catalytic domain to the surface-bound substrates in the
assembly. (iii) There is a clear specificity in the interactions
exhibited by different substrates embedded in the conjugates
toward MMP-14, as anticipated from previous data.44−46 For
example, assays employing AuNP−FS-6 conjugates yield a
hydrolysis rate (or amounts of catalytic products) that are at
least twofold larger than those measured for A-42 peptide
(compare 5d and 5e). These features highlight the modular
peptide design, the spatial separation between the AuNP

Figure 6. (a−d) Effects of the matrix used. Progression of the emission spectra recorded every 10 min, using 10 nM AuNP−(FS-6-TAMRA)14
conjugates incubated with 20 nM MMP-14 in (a) HEPES buffer 50 mM, (b) HEPES buffer supplemented with 2% BSA, (c) 10% serum, and (d)
25% serum. Data for 0 nM MMP-14 in 10% serum, used as the control, are shown in Figure S5. (e) Digestion profiles extracted from the above
spectra by converting the PL intensity at 580 nm into product concentration based on the calibration curve shown in Figure 4. Error bars =
standard deviations (n = 2). The dashed arrow designates the MMP-14 addition. (f) Bar graphs for the product extracted from the PL intensity at
580 nm after incubating the AuNP−(FS-6-TAMRA)14 conjugates with MMP-14 in different media for 12 h.
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surface and the substrate sequence, and the benefits of
inserting a PEGylated linker between the NP and the peptide,
all combined with the effectiveness of NSET as a transduction
mechanism to report on the proteolysis process. The
importance of a PEG600 bridge/linker is twofold. It eliminates
potential screening of attached peptides if no or a much
shorter PEG bridge is used to couple the substrate. It also
provides a better-exposed reactive domain on the tethered
peptide, which in turn facilitates easy enzyme access to the NP-
conjugates and a higher rate of digestion. Our group has shown
that using short reactive ligands (e.g., LA-TEG-COOH or LA-
TEG-amine) mixed with LA-PEG750-OMe, reduces the
coupling efficiency of targeted dyes and metal complexes and
ultimately results in reduced energy transfer or charge transfer
interactions for NP-dye/metal complex conjugates.55 Addi-
tionally, a recent study by Jokerst’s group has looked into using
peptides as substrates and a hydrophilic coating on AuNPs.56

In particular, the authors explored two configurations: In one
configuration, the peptides were directly coordinated onto the
NP surface, while in the other peptides containing a linker/
bridge between the binding domain and the active substrate
sequence were attached onto the AuNPs. They indeed
measured a drastically reduced enzyme proteolysis when
using AuNP-peptide conjugates devout of a linker. This clearly
proves our point that the insertion of the PEG linker between
the LA anchors on the NP and the substrate is critically
important for sensor functions. Finally, we should note that
because solution samples are used our present design has the
potential to be readily applied to cellular and other in vivo
studies.
To better understand and exploit the data acquired for

MMP-14, we consider the effects of sample configuration,
namely the presence of several tethered peptides and how that
would impact the enzyme−substrate interactions and the
ensuing proteolysis and its kinetics.
Interfacial Enzyme Kinetics. In the simplest scheme,

enzyme digestion of a substrate involves two steps, enzyme−
substrate complex formation followed by digestion of the
substrate, yielding the product and free enzyme, where the
overall reaction is in general expressed as:

F FE S ES E P
K

K

K

K

off

on

cat

cat+ +
(2)

In our case, the peptide substrates have been immobilized on
AuNP surfaces. To maintain some of the key assumptions used
in the Michaelis−Menten (MM) model, we have applied the
“varying enzyme assay” format and used the standard quasi-
steady-state assumption (sQSSA) in our analysis, where the
concentration of enzyme-complexed substrate, [ES] stays
constant (see Supporting Information, Section 8.3). The
time-integrated MM equation under these conditions yields a
simple expression for the product buildup with time

P S e(1 )K t
0

obs[ ] = [ ] · · (3)

where the first-order rate constant Kobs is expressed as
46
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The MM constant KM appearing in Eq 4 is defined as
K k k k( )/M cat off on= + . Equation 3 can easily fit the
experimental profiles for [P] vs t at each enzyme concen-
tration, [E]; two representative fits for [E] = 19.8 nM are

shown in Figure 5d,e. A close examination of Eq 3 indicates
that the term Kobs is directly related to the initial velocity, via
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An additional simplification of Eq. 5 can further be applied
using the condition (KM ≫ [E]) to yield a relationship for the
initial velocity versus enzyme concentration that involves the
catalytic efficiency of the enzyme, kcat/KM, and expressed as

46
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Experimentally, vi was extracted from the experimental
digestion data limited to 15% substrate depletion. Figure 5h,i
shows graphs of vi vs [E] for the two sets of AuNP-peptide
conjugates. A linear profile is generated, which can be used to
extract an average estimate for the catalytic efficiency using Eq
6 and the value for [S]0, with k K/cat M 25,100 and 4,300 M−1

s−1 for AuNP−(FS-6-TAMRA)14 and AuNP−(A-42-
TAMRA)14 conjugates, respectively. Our assay format does
not allow the individual values for kcat and KM to be
determined independently because the substrate concentration
is lower than KM, namely, [S]0 < 3 KM; (we used the literature
value of KM).

14,57 For reference, the reported catalytic
efficiencies reported for free FS-6 and A-42 peptides in
solution were 1,253,000 and 777,200 M−1.s−1, respectively.45,46

The data shown above indicate that the catalytic efficiency
measured using the peptides tethered onto AuNP surfaces
exhibited approx. 50- to 180-fold reduction compared to free
substrates in solution. We would like to note that the reduction
in the enzyme catalytic efficiency (namely for MMP-14) was
also measured using peptides that have been covalently
coupled to luminescent PEG-stabilized QDs combined with
changes in the fluorescence resonance energy transfer (FRET)
interactions.58

We ascribe the reduction in the catalytic efficiency measured
for the enzyme using our conjugates to the sample
configuration. A more appropriate interpretation should
consider a rigorous evaluation of the biomolecular activities
for free versus NP-tethered peptides. We consider the effects of
surface crowdedness combined with substantially reduced
substrate mobility (in AuNP-conjugates) and argue that the
configuration in question does not permit multiple enzymes to
simultaneously or sequentially catalyze several peptides in a
conjugate, which ultimately reduces the frequency of enzyme-
to-substrate encounters. In such conjugates, the close
proximity of substrates is smaller than the cross-section of
the enzyme dimensions.59 Below, we briefly discuss the effects
of steric crowding and reduced substrate mobility when AuNP-
tethered peptides are used. Additional details on a modified
MM model that considers the effects of surface jamming are
provided in the Supporting Information (Figure S6 and
Section 8.4).
Collision-Diffusion Framework. The difference in the

catalytic efficiency (kcat/KM) measured for MMP-14 using
nanoparticle-peptide substrates, compared to the case where
the substrates are freely diffusing in solution, may be attributed
to differences in the encounter frequency between the enzyme
molecules and peptide substrates in the two configurations.
These differences can be conceptually formalized by
considering the effects of the conjugate size and Brownian
motion on the encounter frequency. Our group and others
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have shown that the diffusion coefficient of the NP-bound
ligands can be 2- to 10-fold smaller compared to free
ligands.60,61 This is important for enzymatic proteolysis
involving NP-tethered substrates, as schematically shown in
Figure 7. We focus on two aspects: encounter f requency and
reactant orientation.

Aspect 1: Reduced Encounter Frequency. In this
model, we make the following assumptions: (i) the NP,
enzyme, and peptide substrates are abstracted as spherical
objects; and (ii) the same activation energy, Ea, controls the
reaction of soluble MMP-14 with either free or NP-bound
peptide. Therefore, the encounter frequency for NP-tethered
substrates, Zon′ , for the forward reaction can be expressed
as62−64

Z V
E
2

( NP 4 r )on
2= · [ ] · [ ]· ·

(7)

where V is the relative mean speed of the colliding spheres of
enzymes and AuNP conjugates (see Supporting Information,
Section 8.5) and [E]/2 accounts for the fact that only half of
the total enzymes are diffusing toward the conjugate for a given
orientation and contribute to the total number of encounters.
The second part in Eq 7 accounts for the total reactive surface
area on a NP (Figure 7b), where α is the fraction of the AuNP
surface decorated with the peptides and γ being the fraction of
substrates available for enzyme complexation. r’ designates the
collision radius involving enzymes interacting with AuNP−-
peptide conjugates. Conversely, the encounter frequency for
the freely diffusing peptide and enzyme is given by

Z V
E

S
2

4 ron 0
2= · [ ] · [ ] ·

(8)

where V̅ is the relative mean speed of the colliding spheres of
enzyme and substrate and r is the collision radius (see Figure
7a). Note that the expression of the relative mean speed of the
colliding enzyme with either free or AuNP-tethered peptide is
developed using the Maxwell distribution function of speeds
and depends only on the lowest mass of the colliding pair. For

example, ( )V kT
m

8
1/2

E
= and ( )V kT

m
8

1/2

S
= .64 Additionally,

the dependence of the forward rate constants, kon′ on Zon′ and
kon on Zon, are assumed to follows an Arrhenius law

64

k Z P e( ) ( )E
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and

k Z P e( ) ( )E RT
on on

/a= · · (9b)

where P and P′ represent the steric requirements for each
configuration (see Aspect 2: Restrictions Due to Orientational
Effects section below) and Ea is the activation energy.
Therefore, the rate of ES formation (or kon′ ) involving
interactions with tethered substrate is much smaller than the
one anticipated for freely diffusing substrate and enzyme (kon),
see Figure 7a vs. 7b.
Aspect 2: Restrictions Due to Orientational Effects.

The AuNP−peptide-dye conjugate configuration imposes
stringent steric requirements for promoting E−S complex
formation and subsequent proteolysis (see Figure 7c). To
account for this, a shielding factor, η, is introduced
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where the various radii are defined in Figure 7 caption.
Combining these steric requirements with differences in the
diffusion coefficients, the model indicates that the estimated
new forward rate, kon′ , between free enzyme and a NP-attached
substrate is substantially smaller than kon. For instance, at the
early stage where γ ≈ 1, the ratio kon′ /kon is approx. 1/300.65,66
These simple considerations provide a valuable insight into the
decrease in the measured catalytic efficiency using our present
conjugates compared to the freely diffusing peptide and
enzyme. We therefore attribute the lower catalytic efficiency of
the enzyme measured in our case to surface crowdedness,
reduced collision frequency, and restricted reaction orienta-
tion. In particular, the substrate sandwich configuration (i.e.,
AuNP−peptide-dye) along with the reduced surface curvature
of the AuNPs play a crucial role in reducing the catalytic
efficiency by about 2 orders of magnitude compared to free
diffusing enzyme and substrate.48,65,66 The data shown in
Figures 5 and 6 provide a first proof for the effects of reducing
the collisional frequencies due to the slower diffusion of the
conjugates compared to free peptides. In order to test the
effects of crowding, we carried out one additional experiment
where we increased the number of peptides tethered onto the
AuNP while maintaining the same PEG-OMe and PEG-
COOH mixture for surface stabilization and functionalization.
More precisely, we carried out a digestion experiment using the
conditions ([AuNP−peptide] = 10 nM and [E] = 20 nM).
Note that the larger valence, extracted from the absorption
data measured for the new sample as shown in Figure 2 and

Figure 7. Interfacial enzyme kinetic model. The parameters used in
estimating encounter frequency and steric requirement within a
diffusion-collision framework. The collision radius for (a) a free
substrate and enzyme in solution is rS + rE; (b) surface-docked
substrates and a free enzyme is estimated to be rNP + rE+2rS.
The fraction of reactive surface area on a conjugate is

n r r r/ 4 ( )s NP s
2 2[ + ]. (c) The steric requirement of a free-

substrate versus a bound-substrate decreases from 2π to 2π−2θ. The
shielding factor, η, is defined as P’/P [or (π−θ)/π]. Note that rNP ≈
4.5 nm, dPEG ≈ 1.5 nm,55 dS ∼ 1.0 nm,47 and dE ≈ 3.6 nm.
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discussed above, increases the PL signal acquired before and
during the digestion experiment. Extracting a curve for the
product versus time cannot be accurately measured because
that would require a new calibration curve (similar to Figure 4)
for the new valence. Nonetheless, providing a direct side-by-
side comparison on the relative increase in the PL recovery
versus time for samples having 10 nM of AuNP−(FS-6-
TAMRA)14 and AuNP−(FS-6-TAMRA)27 mixed with MMP-
14 (at 20 nM) would directly account for differences in the
catalytic efficiency for conjugates with different crowding
parameters; the valence 27 is approx. 2 × 14 (see Figure 8).
The condition [E] ≪ [S]0 is satisfied for both sample
configurations. The relative PL recovery versus time clearly
shows a markedly slower PL recovery and thus smaller
digestion product with time for the higher valence (see Figure
8c). This result can be primarily attributed to the increased
crowdedness expected for the sample of conjugates having a
valence 27, with remnant effects of slightly modified diffusion
due to the larger valence.
Finally, we would like to compare our findings to previous

data. Overall, there are two configurations for testing the
effects of integrating nanoparticles into an enzyme−substrate
system. (i) In the first, a few enzyme proteins are immobilized
onto nanoparticle surfaces and then tested for changes in the
catalytic activity of the NP-enzyme assembly as it interacts with
soluble peptide substrates. Studies have focused on testing the
effects of NP size or/and curvature on the enzyme activity,
when using this configuration.66−70 (ii) In the second one,
several peptide substrates are self-assembled around a
nanoparticle (e.g., polyhistidine-appended peptides attached
via meal-histidine coordination onto ZnS-overcoated quantum
dots), and the nanoconjugates are allowed to interact with
soluble freely diffusing enzymes. Here, authors have reported
that overall, such configuration yields enhanced enzyme
activity. In particular, ∼ threefold enhancement in the catalytic
efficiency of trypsin was reported.14 Our findings, namely, the
decrease in the catalytic efficiency seem to agree with results
measured for nanoparticle-tethered enzymes; our configuration
involves NP-conjugated peptide substrates and free en-
zymes.66−70 However, a comparison with an assay config-
uration involving QD-tethered peptides and freely diffusing
enzyme, discussed in refs 14, 71−74 is conceptually more
relevant. The strong reduction in the measured catalytic

efficiency of MMP-14 using our assay format and nanosurface-
immobilized peptides reported seems to disagree with
literature data for Trypsin for example.14,71−74 The assay
format used in those studies varied the substrate molar amount
via changes in the QD-conjugate concentration in order to
satisfy the conditions of excess substrate. Possible explanations
can be experimental factors, such as difference in the assay
format, difference in the enzyme used and/or enzyme−peptide
interactions, and conjugation strategy. We believe that our
approach of relying on the varying enzyme assay format (under
excess substrate conditions) provides data that are easier to
analyze and yield a measure for the catalytic efficiency, Kcat/
KM, instead of individual parameters.
A few additional design modifications are under way in order

to ultimately provide a more complete picture of the system.
These include among others: (1) The use of different size
AuNP platforms, which allow one to vary the Brownian
diffusion and thus the encounter frequency between substrate
and enzyme. (2) Substituting the solubilizing PEG750-OMe
with zwitterion motifs, which will provide a more compact
coating and thus better exposure of the substrate on LA-PEG-
peptide and more efficient interactions with the enzyme. (3)
Varying the crowding properties of the peptide conjugates by
using different ligand mixture combinations. We hope to report
on those ideas in future reports.

■ CONCLUSIONS
We detailed the use of PEG-functionalized AuNPs, covalently
coupled with three sets of dye-labeled peptides, as nanoprobes
for solution-phase detection of the activity of MMP-14−a
biomarker for human cancer. UV−vis absorption, steady-state
PL, gel electrophoresis, and mass spectrometry measurements
proved that several peptide-dye motifs were successfully
coupled to an AuNP. The AuNP−peptide-dye assemblies
exhibited significantly quenched dye PL, triggered by strong
NSET interactions, which in turn allowed us to utilize them as
probes for real-time monitoring the MMP-14 activity by
tracking changes in the dye PL intensity during proteolysis.
Indeed, systematic concentration- and time-dependent PL
recovery of the conjugates upon incubation with varying
concentrations of MMP-14 have been measured. Excellent
sensitivity to proteolysis has been demonstrated, achieving
detection of enzyme activity at sub-nanomolar range (i.e.,

Figure 8. (a,b) Progression of the photoluminescence spectra was recorded every 10 min for a total period of 11 h. A conjugate concentration = 10
nM was used. Shown are data acquired using (a) AuNP−(FS-6-TAMRA)14 and (b) AuNP−(FS-6-TAMRA)27. Conjugates were incubated with 20
nM MMP-14 in 50 mM HEPES buffer. (c) Time-dependent progression of the relative PL change ( vs timePL

PL0
) for the dispersions of AuNP−(FS-

6-TAMRA)14 and AuNP−(FS-6-TAMRA)27 conjugates upon incubation with MMP-14. The PL intensity at 580 nm is used for the two data sets in
(a) and (b). The slow recovery of the relative PL changes measured for the AuNP−(FS-6-TAMRA)27 conjugates indicates a lower rate of
proteolysis, which we attribute to increased substrate crowding on the NP surfaces.
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0.05−1.60 nM). The PL recovery data were then quantitatively
analyzed using a modified Michaelis−Menten model, yielding
estimates for the catalytic efficiency for MMP-14. Notably,
rather slow proteolysis was deduced for the configuration
involving free enzymes interacting with several NP-tethered
peptide substrates. Consideration of a diffusion-collision
framework provided a few insights into the differences between
our current system and those assays implemented without
using nanoparticle scaffolds for immobilizing several copies of
a substrate. This work sheds light on the subtleties of changing
the local concentration of the peptide when employing free
versus nanoparticle-conjugated substrates. Our findings can
potentially lead to the development of protease detection and
imaging sensors capable of evaluating the proteolytic activities
of enzymes produced by cancer cells, bacteria, and other cells
and organisms.

■ EXPERIMENTAL SECTION
PEGylation of AuNPs. Phase transfer and surface functionaliza-

tion of the gold nanoparticles were carried out using a rapid UV-
mediated ligand substitution strategy.39,75 Typically, 200 μL of
oleylamine-AuNP dispersion in hexane (0.67 μM) was precipitated
with 2 mL of ethanol and centrifuged at 3,500 RPM for 5 min. The
resulting NP pellet was then redispersed in 750 μL hexane using a
scintillation vial. Next, a mixture of LA-PEG-OCH3 (32 mg) and LA-
PEG-COOH (7.3 mg) ligands was dissolved in 500 μL of MeOH and
slowly added to the above vial. This corresponds to a molar ratio of
LA-PEG-OCH3:LA-PEG-COOH = 4:1, and a molar excess of ligands
with respect to AuNPs of ∼300,000. A stir bar was introduced, and
the content was placed inside the UV reactor and irradiated with a UV
flux (with a peak centered at 350 nm) for 30 min. Following this, the
reaction mixture was retrieved and stirred for 1 h. The gold colloids
were precipitated by adding a mixture of hexane (3 mL) and CHCl3
(500 μL), then centrifuged at 3,500 RPM for 5 min. The supernatant
was discarded, and the reddish pellet was re-dispersed in 500 μL
MeOH. Another round of precipitation was applied using a mixture of
hexane and CHCl3 and the pellet was slightly dried then dispersed in
4 mL of DI water. The dispersion was passed through a 0.45 μm
syringe filter and further purified from excess ligands by applying 3
rounds of dilution/concentration using a membrane filtration device
(Millipore, Mw cutoff = 100 kDa). The resulting dispersion was
stored at 4 °C for future use. The molar extinction coefficient is
ε520-nm = 6.58 × 107 M−1 cm−1 for AuNPs.49

Assembly of AuNP−(peptide-TAMRA)n. The protocol for
covalently attaching the N-terminus (−NH2) of dye-labeled peptides
to the AuNP−COOH via carbodiimide chemistry was optimized with
regard to the EDC/NHS molar ratio and carboxyl activation time,
based on literature protocols.43 Here, we only describe the assembly
of AuNP−FS-6-TAMRA, as the same procedure could be applied to
prepare the other AuNP-bioconjugates. In a typical reaction, the
AuNP−COOH dispersion (0.26 μM, 100 μL), DI water (50 μL),
EDC·HCl (0.59 mg/20 μL DI water, assuming 120 −COOH per
AuNP75,76), and NHS (0.09 mg/20 μL DI water, molar ratio of
NHS:−COOH = 250) were mixed in a vial (final pH ∼6), yielding a
molar ratio of EDC/NHS = 4:1. The mixture was stirred at room
temperature for 10 min to activate the −COOH groups. Next, 100 μL
of 20 mM PB (pH 10) was added to adjust the reaction to pH ∼8.
Finally, 28 μL of the TAMRA-labelled FS-6 peptide (92 μM in PB,
pH 7.5) was loaded, and the mixture was left stirring at room
temperature overnight while protected from light exposure. The molar
extinction coefficient of peptide-dye is ε554-nm = 8.0 × 104 M−1 cm−1.
These conditions yield a peptide/AuNP molar ratio of ∼100:1 in the
reaction mixture. The final dispersion was purified using a PD-10
desalting column (GE Healthcare) to remove uncoupled peptide-dye
and excess reagents, using 50 mM kinetic buffer as an eluent. The first
eluted band (500 μL) exhibiting a deep red color was collected and
stored at 4 °C for further use.

Enzyme Assays. Prior to performing the assay, Aliquots of the
AuNP−(FS-6-TAMRA)n conjugates (e.g., 40 μL, 22 nM) were pre-
equilibrated with the desirable volumes of 50 mM kinetic buffer in a
96-well microtiter plate for ∼50 min at 27 °C, with intermittent 2 s
mechanical shaking every 10 min until the PL signal was stabilized.
Next, aliquots of the enzyme stock solution (335 nM) at desired
volumes were pipetted into each well. Buffer was added to bring the
total volume to 80 μL, and then the content was thoroughly mixed
and homogenized. Fluorescence spectra were recorded over the range
540−720 nm every 10 min for a period exceeding 4 h, with excitation
at 515 nm, using the Tecan Infinite M1000 microplate reader.
Duplicate PL intensities were averaged and plotted against enzyme
concentrations, and the standard error of the means was represented
as error bars. The AuNP−(FS-6*-TAMRA)n was used as the control.
The LoD calculation follows a reported statistical method77

LoD mean 1.645 (SD ) 1.645

(SD )
blank blank

low concentration sample

= + × +
× (11)

where SD is the standard deviation.
Enzyme Assays in Spiked Serum. We tested four different

solution matrices, namely: 50 mM HEPES kinetic buffer, 50 mM
buffer with 2% BSA, 10% Horse serum, or 25% Horse serum. First,
the AuNP−(FS-6-TAMRA)14 conjugates (e.g., 40 μL, 22 nM) were
pre-equilibrated with the desirable volumes of the media in a 96-well
microplate for ∼50 min at 27 °C, with intermittent 2 s mechanical
shaking every 10 min, as done above. Next, 4 μL aliquots of the
enzyme stock solution (400 nM) were pipetted into each well to a
total assay volume of 80 μL, and then the content was thoroughly
mixed and homogenized. The fluorescence spectra were recorded
over the range 540−720 nm every 10 min for a period of 12 h using
the microplate reader; sample excitation was at 515 nm. Duplicate PL
intensities were averaged and plotted against enzyme concentrations,
and the standard error of means was represented as error bars. The 0
nM MMP-14 was used as a control.
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