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Abstract We report a gold nanoparticle (AuNP)-based
fluorescence quenching system via metal coordination for
the simple assay of protease activity. Carboxy AuNPs (5 nm
in core diameter) functioned as both quenchers and metal
chelators without requiring further modification with
multidentate ligands; therefore, they were strongly associated
with the hexahistidine regions of dye-tethered peptides in the
presence of Ni(II) ions, leading to notable fluorescence
quenching over the varying molar ratios of dye to AuNP.
Upon the addition of matrix metalloproteinase-7 (MMP-7),
the fluorescent intensity was efficiently recovered in one-pot
mixture especially at 10:1–100:1 molar ratios of dye to AuNP.
Consequently, the dequenching degree was dependent on the
MMP-7 concentration in a hyperbolic manner, ranging from
as low as 10 to 1,000 ngmL−1. In this regard, we anticipate
that the developed system will give us a general way to
construct nanoparticle–dye conjugates and will find
applications in the analyses of many other proteases
mediating significant biological processes with low
background and high sensitivity.
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Introduction

The interactions between gold nanoparticles (AuNP) and
organic dyes have gained considerable interest in biochemical
assay because they provide many advantages regarding
quenching efficiency and photostability over the classical
dye quencher system [1–6]. The ability of AuNPs to induce
fluorescence quenching of proximal dyes is reported to be
directed by a surface energy transfer process [7–9]; the rate of
energy transfer from a dye to AuNP depends on the inverse of
fourth power of the donor–acceptor separation, which triggers
a much longer working distance (up to 22 nm) than that
observed in a traditional fluorescence resonance energy
transfer system (up to 10 nm, due to the inverse sixth
power distance dependency). To this end, AuNP–organic dye
couples have been implemented for the highly sensitive
detection of oligonucleotides [10–12], proteins [13–17],
and other small molecules [18–20].

Recently, the activities of enzymes such as proteases and
nucleases have also been analyzed using activatable
“switch-on” fluorescent nanoprobes in order to gain some
insight into enzyme kinetics or biological activity [21–23].
In particular, proteases have been recognized as important
targets due to their roles that are involved in multiple
processes during malignant progression, including tumor
angiogenesis, invasion, and metastasis [24, 25]. Protease-
detecting methods, therefore, have been accomplished by
incorporating relatively stable peptides between the AuNP
and the dye via either biotin–avidin interaction [22, 26] or
thiol-mediated coupling [27–29]. In addition to these
conjugations, nickel–nitrilotriacetic acid (Ni(II)–NTA)-
modified AuNPs were recently demonstrated by several
groups [30, 31] since Ni(II)–NTA provides high binding
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affinity (Kd010
−13M) for a hexahistidine tag at pH 8.0

[32], which has been widely used as one of the most
useful affinity methods. However, these Ni affinity
nanoconjugates have been only limited to capture or
label proteins with polyhistidine tags, and there was
little attempt for enzyme activity study. As an alterna-
tive, to enable an easy surface modification based on Ni
affinity, Rao’s group reported that NTA-free carboxy
quantum dot (QD) could be conjugated to his-tagged
luciferases in the presence of nickel ions, which devel-
oped a QD–bioluminescence resonance energy transfer
system to assay protease activity [33]. On the basis of
this observation, we envisioned that the use of his-tag-
containing peptide affinity tag would allow a site-
specific and multivalent conjugation to carboxy AuNPs
and would generate a shorter distance between the
AuNP and the organic dye, which is favorable for
higher energy transfer efficiency regime than that of
the biotin–avidin strategy.

Here, we demonstrate a simple fluorescence quench-
ing system using carboxy AuNPs and dye-conjugated
peptides and its application to protease assay. A facile
conjugation of a dye-coupled peptide to the carboxy
AuNP was made possible in the presence of Ni; the
resultant AuNP–dye conjugate via metal affinity was
used for the detection of matrix metalloproteinase
(MMP) activity. We chose MMP as a model protease
because MMPs play a crucial role in a wide variety of
processes including tumor metastasis, inflammation,
growth differentiation, and cell signaling [34–36]. To
achieve the optimal fluorescence quenching and
dequenching system by protease activity, the quenching
efficiency and protease-induced recovery yield of
AuNPs toward an organic dye (5(6)-carboxytetrame-
thylrhodamine, TAMRA) was compared in terms of
the dye-to-AuNP ratio. Details are reported herein.

Experimental section

Materials

Nickel(II) chloride hexahydrate (99.9 %, NiCl2⋅6H2O), hydro-
gen tetrachloroaurate(III) trihydrate (99.9 % HAuCl4⋅3H2O),
sodium citrate dihydrate (trisodium salt, C6H5Na3O7⋅2H2O),
and sodium borohydride (99 %, NaBH4) were purchased from
Sigma-Aldrich. Carboxy-PEG12-thiol and methyl-PEG4-thiol
were purchased from Thermo Scientific. Active matrix
metalloproteinase-7 (MMP-7) enzyme was purchased from
Merck4Biosciences. The TAMRA-labeled peptide (TAMRA-
GPLGMRGLHHHHHH) was synthesized from Peptron, Inc.
(Korea). All chemicals were of analytical grade and were used
as received.

Synthesis of AuNPs

AuNPs were synthesized by reduction and stabilization with
citrate. Briefly, 100 μL of a stock solution containing 300 mM
of HAuCl4⋅3H2O was added to 100 mL of distilled water to
give a final concentration of 300 μM followed by vigorous
stirring. To this solution, 2 mL of 30 mM sodium citrate
dihydrate was added at a final concentration of 600 μM (the
molar ratio of tetrachloroaurate to sodium citrate is 1:2) and
stirred. For the fast reduction and formation of gold colloids,
100 μL of a stock solution containing 300 mM of NaBH4 was
quickly added to the reaction solution followed by stirring.
The clustering of AuNPs was checked by UV–Visible spec-
troscopy (Cary 60 UV–Vis, Agilent Technologies), and the
average size of AuNPs was estimated to be 5.1±1.4 nm
(n0100) using a field emission transmission electron micro-
scope (FE-TEM; FEI Tecnai G2F30S-TWIN, the Nether-
lands). Surface modification of the synthesized AuNPs was
performed with the 1:1 mixture of methyl-PEG4-thiol and
carboxy-PEG12-thiol (total, 100 μM), which was added to
the citrate-stabilized AuNP solution (final, 50 nM). Since the
used 5-nm AuNP is estimated to have 3,858 Au atoms in total
and 984 Au atoms at its surface based on the reported calcu-
lation method [37, 38], the 2,000:1 ligand-to-AuNP molar
ratio was used to ensure the complete surface modification
of AuNPs. After 2 h of incubation under convection, the
carboxy-modified AuNPs were purified using an Amicon®
Ultra Centrifugal Filter Unit (50 kDa, MWCO) and centrifu-
gation (8,000×g for 10 min). The final concentration of the
AuNPs in solution was calculated using the molar extinction
coefficient (1.2×107M−1cm−1) at 520 nm.

Analysis of fluorescence quenching

For quenching experiments, the TAMRA peptide (2.5 μL at
10 μM) was mixed with varying amounts of carboxy
AuNPs (2.5–25 μL at 1 μM) at a 100:1–1:1 ratio of the
TAMRA peptide and AuNP in the absence or presence of
NiCl2 (10 μL at 1 mM). All reactions were performed at a
final volume of 100 μL in 20 mM Tris buffer (pH 7.5) at RT.
After 30 min of incubation, the fluorescence spectra were
measured at an excitation wavelength of 550 nm using a
spectrofluorometer (FS-2, Sinco, South Korea). We initially
tested the self-quenching and detection range of the
TAMRA-conjugated peptide. Self-quenching was signifi-
cant at more than 10 μM TAMRA; therefore, the final
concentration of the TAMRA-conjugated peptide in this
study was determined to be 250 nM.

Protease assay

In a one-pot method, AuNPs (2.5 or 5 μL at 1 μM),
TAMRA peptide (2.5 μL at 10 μM), NiCl2 (10 μL at
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1 mM), and MMP-7 protease (10 μL at different stock
concentrations) were mixed at a time in 20 mM Tris buffer
(pH 7.5) to give a final volume of 100 μL and incubated at
37 °C for 2 h. It was followed by monitoring the emission
spectra of the solution using a spectrofluorometer. In a two-
step method, TAMRA peptide (2.5 μL at 10 μM), MMP-7
(10 μL at different stock concentrations), and 20 mM Tris
buffer (77.5 μL) were initially mixed and incubated at 37 °C
for 2 h, followed by the addition of AuNPs (2.5 or 5 μL at
1 μM) and NiCl2 (10 μL at 1 mM). After additional incu-
bation at room temperature for 30 min, the AuNP mixture
was subjected to fluorescence scanning. Fluorescence inten-
sity was normalized to the background intensity from the
control solution without protease.

Results and discussion

To construct an efficient quenching system, peptide sub-
strates comprising red dyes (TAMRA) at their N-termini
and hexahistidines at their C-termini were mixed with car-
boxy AuNPs in the presence of Ni(II) ions (Scheme 1a). As
a consequence, a dye-to-AuNP quenching was induced by a
strong association between polyhistidine residues of the
TAMRA peptide and the carboxy groups of the AuNPs via
the coordination of Ni(II) metal ions (electron pair accept-
ors; Scheme 1b). Although common metal-chelating agents

including NTA, iminodiacetic acid (IDA), carboxymethy-
lated aspartic acid, and tris(carboxymethyl)ethylenediamine
are available and being widely used for binding polyhisti-
dine tag [39], the chelator-free metal affinity here can be
achieved by only the surface-exposed carboxyl groups on
the AuNPs. Since highly compacted carboxyl groups in the
nanostructured surface can function like multidentate chela-
tors, the binding affinity of Ni(II)-his-tagged carboxy AuNP
is likely to be comparable to that of chelator-mediated
conjugation (e.g., Ni(II)-his-tagged NTA; our unpublished
data), which allowed for the higher quenching efficiency of
the dye to AuNP due to their close proximity. In addition,
site-specific conjugation and the simplicity of Ni(II)-his-
tagged carboxy AuNP were further advantageous for prote-
ase assay. Based on this conjugation principle, fluorescence
quenching and dequenching were strongly induced in
the absence and the presence of protease, respectively
(Scheme 1c, d).

The carboxy AuNPs were synthesized from citrate-
stabilizedAuNPs by conjugating carboxy-PEG-thiol and were
characterized using a UV–Vis spectrophotometer and FE-
TEM, which represented a strong surface plasmon resonance
band near 520 nm and around 5 nm in diameter (Fig. 1). The
extinction and fluorescent emission spectra of the TAMRA
dye were also displayed in Fig. 1a. To check the quenching
efficiency of the AuNP, different concentrations of the car-
boxy AuNPs, while maintaining the concentration of the
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Scheme 1 a Schematic representation of the component of the AuNP–
dye conjugate for protease assay. b Schematic of the coordination of
the Ni(II) ion with the histidines of peptides and the carboxyl groups on

the AuNP. c Resultant fluorescence quenching. d Dequenching of the
dye-conjugated AuNPs illustrated in the absence and the presence of
protease
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TAMRA peptide constant, were added to the TAMRA peptide
(TAMRA-GPLGMRGLH6) in the absence or the presence of
Ni. As shown in Fig. 2a, the fluorescence intensity declined as
the TAMRA-to-AuNP molar ratio decreased from 100:1 to
1:1 even in the absence of Ni. Since the amount of TAMRA
was fixed at varied concentrations of AuNPs, the changes in
fluorescence intensity were attributed to a quenching effect by
the AuNPs. However, this result is probably due to a dynamic
collisional quenching effect rather than an affinity-induced

one because Ni-free TAMRA peptide can also be adsorbed
on the AuNP by a diffusion-driven electrostatic interaction. In
contrast, the addition of Ni facilitated a strong quenching
effect by the proximate conjugation between the AuNP and
dye, leading to a relatively large decrease in fluorescence
intensity over all molar ratios (Fig. 2b). It was shown in
Fig. 2c that the Ni(II) ion induced very effective quenching
between the TAMRA peptide (His6) and the carboxy AuNP
(Fig. 2c) compared to the TAMRA dye without AuNPs.
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Fig. 2 Fluorescence spectra of the TAMRA peptide at different con-
centrations of AuNPs in the absence (a) or the presence (b) of Ni. The
molar ratios of TAMRA to AuNP were varied from 100:1 to 1:1 (from
top to bottom). c Maximal fluorescence intensities at 580 nm from (b)

and (c) were compared as bar graphs in the absence or the presence of
Ni. d Fluorescent images of the TAMRA peptide with and without
AuNP or Ni
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Fluorescent images also represented the effect of Ni addition
to the AuNP-based fluorescence quenching (Fig. 2d). This
result strongly indicates that the his-tagged-dye and the car-
boxy AuNP were tightly associated via nickel coordination,
giving rise to a higher fluorescence quenching. The
quenching efficiency was calculated using the following equa-
tion: 100� 1� FNi AuNP addition= FNi AuNP�free=

�� �
, where FNi/

AuNP addition is the fluorescence intensity of the TAMRA
peptide in the presence of AuNP and Ni and FNi/AuNP-

free is the fluorescence intensity of the TAMRA peptide
in the absence of AuNP and Ni. Particularly, the most
significant difference in fluorescence intensity before
and after the addition of Ni(II) ion was observed at a
100:1 ratio of TAMRA to AuNP, where the quenching

efficiency is 82.2 %; in other cases, the corresponding
quenching efficiencies were 90.0 % for 50:1, 92.6 % for
10:1, 92.8 % for 5:1, and 96.9 % for 1:1. It is worth
noting that this quenching efficiency at a 100:1 ratio
was much higher than that observed in the direct ad-
sorption of rhodamine dye to the citrate-capped AuNPs
[40], supporting the metal affinity interactions of car-
boxyl AuNPs in the present study.

To gain some insight into the dequenching effect by
protease activity, enzyme reaction was attempted with vary-
ing ratios of the dye to AuNP in two different ways: a one-
pot reaction (all components were mixed at a time) and a
two-step reaction (the TAMRA peptide initially reacted with
the protease, followed by the addition of other components).
MMP-7 was employed as a model protease. As shown in
Fig. 3, a strong recovery of fluorescence intensity was
observed for 10:1–100:1 quenched solutions by the one-
pot enzyme reaction, where the signal intensity increased
by 2.8-fold (10:1), 2.4-fold (50:1), and 3.0 fold (100:1) to
the quenching state (black and light gray bars in Fig. 3).
Compared to that in Fig. 2c, the background intensity in
Fig. 3 slightly increased after the quenched solution was
subjected to the enzyme reaction condition (2 h at 37 °C).
Importantly, the one-pot reaction was found to be much
more efficient than the two-step reaction over the differing
TAMAR-to-AuNP ratios, indicating that freely moving
TAMRA peptide (His6) in the initial step of the two-step
method is expected to be either not much cleaved by the
protease or induce high nonspecific binding to the AuNP
after cleavage. It is postulated that the one-pot method
enabled histidines to be captured initially by the carboxy
AuNP in the presence of Ni2+, providing the optimal orien-
tation and structural stability of the peptide–AuNP complex
for protease reaction. Unlike the one-pot reaction, when the
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pre-quenched probe was subjected to the same enzyme
reaction, no significant signal recovery was observed (data
not shown). Despite the similarity in fluorescence recovery,
in the case of 100:1, a high binding number and the close
packing density of TAMRA peptides on the AuNP surface
appear to allow the recovery yield to be slightly improved.
These results suggest that the mixing type and timing be-
tween the AuNP reactant and enzyme would be very critical
for the enzyme reaction, and the all-in-one reaction would
be very suited to analyze the protease activity in terms of
saving detection time.

To check for enzyme-dependent signal intensity in this
system, the protease activity was monitored as a function of
the MMP-7 concentration (Fig. 4). When the dequenching
intensity was normalized to the control set in the absence of
MMP-7, a hyperbolic curve was similarly observed both at a
50:1 (Fig. 4a) and at a 100:1 (Fig. 4b) ratio of the dye to
AuNP, ranging from as low as 10 to 1,000 ngmL−1 in terms
of enzyme concentration. Although there was a slight de-
crease at a high concentration of MMP-7 in the case of a
50:1 ratio of dye to AuNP, the signal recovery showed a
plateau after 300 ngmL−1, which corresponds to approxi-
mately 70 % of the maximum intensity of the TAMRA
peptide displayed in Fig. 2a. This reveals that all of the
peptides were not likely to be fully cleaved by MMP-7 at
a high concentration. Additionally, there was a considerable
linearity in the 50:1 (R200.9298 for 10–300 ngmL−1) and
100:1 ratios (R200.9467 for 10–100 ngmL−1), where the
100:1 ratio condition showed a relatively improved sensi-
tivity and reproducibility over the tested range based on the
standard deviation. The detection sensitivity was compara-
ble to those of other assay systems reported previously [22,
41]. Although the dynamic range seems to cover only one
order range of the MMP-7 concentration, this result indi-
cates that our developed system is well suited to detect the
low concentration range of MMPs. While the AuNP-based
colorimetric assay has been well developed [42], such
AuNP-based fluorescence detection can offer greater sensi-
tivity in terms of targeting DNA and proteins.

The AuNP-quenched strategy presented in this study has
several advantages over the conventional dye-to-quencher
system. In addition to the superior quenching effect of
AuNPs, the simple and easy fabrication of fluorophore-
tethered peptides to the carboxy AuNPs via metal affinity
can be achieved without requiring further complicated mod-
ifications of the AuNP by multidentate ligands, such as NTA
and IDA. This strategy, therefore, enables fluorescent pro-
teins fused to peptides and polyhistidine to be simply con-
jugated to the AuNP surface. Moreover, since the AuNPs
can be generally employed as common quenchers, several
fluorophores with different colors could be applied to the
AuNPs for a multiplex assay with extremely low back-
ground signal.

Conclusion

In conclusion, we demonstrated the simple assay of protease
activity using the AuNP-based fluorescence quenching sys-
tem via metal affinity. Simple and rapid association between
the carboxy groups of AuNPs and the hexahistidine regions
of the dye-tethered peptides was observed in the presence of
Ni(II) ions, leading to notable fluorescence quenching over
varying molar ratios (100:1–1:1) of the dye to AuNP. When
MMP-7 was added to the AuNP–dye solution, significant
fluorescence dequenching was found, especially at 10:1–
100:1 dye-to-AuNP molar ratios, where the detection limit
was as low as 10 ngmL−1. By combining fluorophores with
different colors, this developed system will have great po-
tential to study the protease activity with low background
and high sensitivity.
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