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We have developed a robust enzymatic peptide cleavage-based
assay for the ultrasensitive dual-channel detection of matrix metalloproteinase-2 (MMP-2) in human serum using gold-quantum dot
(Au-QD) core–satellite nanoprobes.

Matrix metalloproteinases (MMPs) constitute a family of zincdependent endopeptidases that degrade the extracellular matrix
proteins.1 The upregulation of MMPs has been found to be closely
associated with pathological progression of cancer, which makes the
MMPs important biomarkers for early cancer diagnosis and targets
for therapeutic drug development.2 MMP-2, also known as gelatinase
A, has been identified as one of the key MMPs that are capable of
degrading type IV collagen.3 Over-expression of MMP-2, typically
evidenced by elevated MMP-2 concentrations in blood, has been
observed in a variety of malignant tumors and the expression levels
and activities of MMP-2 are often correlated with tumor aggressiveness.4 Dysregulation of MMP-2 expression has also been observed in
hematological malignancies, such as human leukemia and myelodysplastic syndromes.5 Therefore, the quantification of MMP-2
expression levels in blood samples is of vital importance to the
clinical diagnosis and therapy at the early stage of cancer.
The low MMP-2 concentration levels and high complexity of the
clinical samples impose the imperativeness of developing sensitive,
selective, and reproducible MMP-2 assays with minimal interferences
from the complex biological sample matrices. Currently, the most
widely used methods for MMP-2 detection in clinical samples are
immunoassays, such as enzyme-linked immunosorbent assay
(ELISA)6 and surface plasmon resonance (SPR) immunosensing.7
Although these immunoassays oﬀer satisfactory sensitivity and
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selectivity, they involve tedious separation/washing processes and
require the utilization of costly antibody proteins. Gel electrophoresis-based gelatin zymography oﬀers a simple yet powerful
analytical tool for assessing the expression levels and activation status
of MMP-2 in biological samples;8 however, it is suited for qualitative
rather than quantitative analysis. A series of protease assays, which
relied on MMP-2’s capability to selectively hydrolyze peptide
substrates containing a PLGVR sequence, have been developed for
MMP-2 detection with the detection limit typically on the scale of
1–200 ng mL 1.9 Since the peptide cleavage is accompanied by the
end-to-end distance change of the substrate peptide, fluorescence
resonance energy transfer (FRET)10 and bioluminescence resonance
energy transfer (BRET)11 have been employed to develop MMP-2
assays with detection limits of sub-100 ng mL 1. Although the FRET
and BRET assays can be performed homogeneously without separating coexisting substances, an inherent drawback of these fluorescence-based approaches is the interference by background signals in
complex clinical samples. Using upconversion fluorophores as the
energy donors for FRET-based MMP-2 assays, the background interference can be effectively suppressed, pushing the detection limit
down to B10 pg mL 1 range.12
Here we report an ultrasensitive enzymatic peptide cleavage-based
assay for the detection of MMP-2 in human serum with a detection
limit as low as sub-pg mL 1. The utilization of a Au-QD core–satellite
nanoprobe allowed for dual-channel detection of MMP-2 based on
both anodic stripping voltammetry (ASV) and fluorescence measurements. As illustrated in Fig. 1A, the hybrid nanoprobes were fabricated
through assembly of multiple CdSe0.5Te0.5 QDs surrounding each Au
nanoparticle core using single-stranded DNA oligonucleotides as the
linkers. Monodisperse CdSe0.5Te0.5 QDs (2.0  0.2 nm in diameter)
and Au nanoparticles (10.2  0.5 nm) were both fabricated following
previously published protocols.13 The core–satellite structures were
characterized using high-resolution transmission electron microscopy
(HRTEM) (Fig. S1 in ESI†). The QD satellites exhibit clear lattice fringes
corresponding to the (111) and (220) planes of a cubic phase
CdSe0.5Te0.5 alloy. The Au nanoparticle core has multitwined structures, exhibiting clear (111) lattice fringes of cubic phase Au with
various orientations. As shown in Fig. S2 in ESI,† the core–satellite
nanoprobes exhibit combined extinction spectroscopic features of the
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Fig. 1 Schemes of (A) nanoprobe fabrication and (B) sensor construction.
(C) AFM images of PDMS-Au (i) and the biotin-PLGVR/PDMS-Au before (ii) and
after (iii) the peptide cleavage.

Au core, the DNA linkers, and the QDs. Upon the formation of the core–
satellite structures, the fluorescence of the QDs was significantly
quenched due to the close proximity between the QDs and the Au
core, as shown in Fig. S3 in ESI.† The QD satellites were further
functionalized with streptavidin for subsequent conjugation to the
substrate peptide.
Fig. 1B schematically illustrates the major steps involved in the
construction of the MMP-2 sensor. The sensor was assembled on an
easy-to-make sensor substrate composed of a Au thin film over a
polydimethylsiloxane (PDMS) elastomer.14 As shown in Fig. S4 in ESI,†
this PDMS-Au sensor substrate is highly flexible, miniaturizable, and
can be made into arrays for high-throughput point-of-care diagnostics
using, for example, the commercial 96-well plate as the template. A
specifically designed biotinylated substrate peptide (biotin-Gly-ProLeu-Gly-Val-Arg-Gly-Cys) was immobilized on the Au film through the
thiol group of the C-terminal cysteine residue. MMP-2 is capable of
specifically cleaving the peptide bond between Gly and Val,12 resulting
in the loss of the biotin label at the N-termini, which diﬀused away
from the sensor substrate. Streptavidin-functionalized Au-QD core–
satellite nanoprobes were then conjugated to the uncleaved peptide
molecules through the streptavidin–biotin interaction. The cadmic
component of the QDs exhibited sharp and well-resolved stripping
voltammetric signals.15 By dissolving the conjugated QDs with HNO3,
the number of uncleaved peptide molecules, which was related to the
MMP-2 concentration, could be quantified using ASV analysis. Meanwhile, the quantum yields of some weakly fluorescent metal-sensitive
dyes, such as Fluo-4 and Rhod-5N, significantly increased upon
specific binding of Cd2+, giving rise to dramatically enhanced fluorescence signals.16 Such fluorescence enhancements can be used to
quantify the Cd2+ concentration. Recruitment of multiple QD satellites
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surrounding each Au core allowed for signal amplification in both the
electrochemical and fluorescence measurements as a direct consequence of the multiple-QD labeling strategy.
Atomic force microscopy (AFM) provided a straightforward way to
characterize the peptide cleavage process. As shown in Fig. 1C and
Fig. S5 in ESI,† the Au film formed over PDMS was relatively compact
and smooth. After immobilizing the peptide on the film surface,
protrusions with a height of B15 nm became visible. After incubation with MMP-2, a significant decrease in the height of the protrusions was clearly observed, indicating the cleavage of peptide
molecules. The peptide cleavage process was also monitored using
ASV. A distinct stripping voltammetric peak for the cadmium oxidation was observed at around 0.78 V (vs. SCE) and the peak intensity
was determined by the total number of QDs in the nanoprobes
attached to the uncleaved peptide molecules. The electrochemical
signal intensity decreased gradually as the MMP-2 incubation time
increased until it reached a plateau at 2 h (Fig. S6 in ESI†), suggesting
completion of the peptide cleavage. The peptide cleavage activity of
MMP-2 could be eﬀectively inhibited by 1,10-phenanthroline (Fig. S7
in ESI†), which was reported as a common inhibitor of MMPs.17
As shown in Fig. 2A, the electrochemical signals measured after
the completion of peptide cleavage decreased in intensity as the
concentration of MMP-2 increased. A linear relationship was found
between the relative change in the peak current, A%, and the
concentration of MMP-2, CMMP-2, within the concentration range
from 1 to 500 pg mL 1. A% was calculated by A% = (I0 I)/I0  100%,
where I and I0 represent the peak currents obtained in the presence

Fig. 2 Results of (A) ASV and (C) fluorescence measurements at diﬀerent
concentrations of MMP-2 (from a to i: 0, 1, 10, 50, 100, 200, 300, 400 and
500 pg mL 1). Insets: the plots of A% and AF% versus the concentration of
MMP-2. (B) A% and (D) AF% of the biosensor toward various inspected species.
The concentrations of MMP-2 and MMP-3 were 0.5 and 5.0 ng mL 1, respectively.
The concentration of all the other interfering species was 0.1 mM.
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and in the absence of MMP-2, respectively. The linear regression
equation was A% = 4.47 + 0.13CMMP-2, with a linear regression
coeﬃcient of 0.998 (n = 8). The limit of detection was calculated to
be 0.63 pg mL 1 at 3s. The ASV detection displayed very good
selectivity for MMP-2 as shown in Fig. 2B.
The fluorescence enhancement of Rhod-5N dye induced by
Cd2+ allowed us to quantify the MMP-2 concentrations based
on fluorescence measurements. The fluorescence intensity of
Rhod-5N decreased upon increasing the concentration of MMP-2
(Fig. 2C). A linear relationship was found between the relative change
in fluorescence intensity, AF%, and CMMP-2 within the concentration
range of 1–500 pg mL 1. Here, AF% = (F0 F)/F0  100%, where
F and F0 represent the fluorescence intensities of the system in
the presence and the absence of MMP-2, respectively. The linear
regression equation was AF = 0.14CMMP-2 + 1.3, with a linear
regression coefficient of 0.998 (n = 8). The limit of detection was
determined to be as low as 0.72 pg mL 1, and the sensor had
excellent specificity toward MMP-2 (Fig. 2D).
The as-constructed sensors were directly used to quantify MMP-2
in clinical samples. We examined six human serum samples, among
which three were obtained from healthy human beings and the other
three were obtained from leukemia patients. Taking into consideration the normal MMP-2 levels in human blood samples and the linear
response range of our method, the samples were diluted 10-fold
before analysis. In Fig. 3, we directly compare the results obtained
from ASV and fluorescence measurements using the current approach
to the results obtained using a commercial ELISA kit. The standard
deviations were obtained from parallel measurements performed on
three sensors. It was apparent that the MMP-2 concentration levels in
the serum samples of leukemia patients were higher than those of the
healthy people. This dual-channel MMP-2 assay gave reliable results
that were very consistent with ELISA. As shown in Table S1 in ESI,† the
relative deviations between ASV and ELISA were in the range of 4.5 to
2.5%, and the relative deviations between the fluorescence assay and
ELISA were in the range of 4.4 to 3.2%.
In summary, we have developed a dual-channel MMP-2 assay
based on both electrochemical and fluorescence measurements by
combining the action of enzymatic peptide cleavage with a rationally
designed Au-QD core–satellite nanoprobe. Using this dual-channel
sensing strategy, we have been able to detect MMP-2 in the concentration range of 1–500 pg mL 1 with a detection limit down to

Fig. 3 MMP-2 concentration levels in human serum samples quantified using
ASV, fluorescence, and ELISA measurements.
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sub-pg mL 1 (B10 fM), which is the lowest detection limit for
MMP-2 quantification ever reported so far (see Table S2 in ESI†). The
ultrahigh sensitivity allows one to remarkably reduce the consumption of clinical samples (B1 mL of serum samples required for each
measurement in the current case). This MMP-2 assay is of low cost and
is easy to use, holding great promise as a new point-of-care diagnostic
tool for early detection of cancer and other diseases. By selecting the
substrate peptide sequences, this approach can be readily developed
into a general method with high sensitivity, selectivity, and accuracy
for the detection of MMPs and other proteases in clinical samples.
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