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ABSTRACT: A disintegrin and metalloproteinase with
thrombospondin motif-4 (ADAMTS-4) plays a pivotal role
in degrading aggrecan, which is an early event in cartilage degrad-
ing joint diseases such as osteoarthritis (OA). Detection of
ADAMTS-4 activity could provide useful clinical information
for early diagnosis of such diseases and disease-modifying therapy.
Therefore, we developed a ADAMTS-4 detective fluorescent
turn-on AuNP probe (ADAMTS-4-D-Au probe) by conjugat-
ing gold nanoparticles with a FITC-modified ADAMTS-4-
specific peptide (DVQEFRGVTAVIR). When the ADAMTS-
4-D-Au probe was incubated with ADAMTS-4, the fluorescence
recovered and fluorescence intensity markedly increased in
proportion to concentrations of ADAMTS-4 and the probe.
A nearly 3-fold increase in fluorescent intensity in response to only 3.9 pM of ADAMTS-4 was detected, whereas almost
no fluorescence recovery was observed when the probe was incubated with matrix metalloproteinase (MMP)-1, -3, and -13.
These results indicate a relative high sensitivity and specificity of the probe. Moreover, ADAMTS-4-D-Au probe was used to
detect ADAMTS-4 activity in synovial fluid from 11 knee surgery patients. A substantial increase in fluorescent intensity was
observed in the acute joint injury group as compared to the chronic joint injury and end-stage OA groups, indicating that this
simple and low-cost sensing system might serve as a new detection method for ADAMTS-4 activity in biological samples and in
screens for inhibitors for ADAMTS-4-related joint diseases. Additionally, this probe could be a potential biomarker for early
diagnosis of cartilage-degrading joint diseases.
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■ INTRODUCTION

Gold nanoparticles (AuNPs)1 are one of the most commonly
used quenching materials in “turn-on” fluorescent sensing sys-
tems because of their distinct optical properties, such as high
extinction coefficients2 and localized surface plasmon resonance
(LSPR).3 Additionally, because of their chemical properties, the
surfaces of AuNPs can be easily modified with various molecules
(proteins, nucleic acids, silanols, and sugars) through strong
covalent bonding or physical adsorption.4,5 Therefore, AuNP-
based turn-on fluorescent probes have been developed for the
detection of ions,6 small molecules,7 and enzymes.8

A disintegrin and metalloproteinase with thrombospondin
motif-4 (ADAMTS-4), which was first purified and cloned in
1999, is identified as an aggrecanase, as it can cleave aggrecan
interglobular domain (IGD) at the Glu373-Ala374 bond.9,10

Although aggrecanase plays a role in normal turnover of human
cartilage aggrecan,11,12 it is thought that elevation of activity

in vitro is destructive to cartilage aggrecan.13−15 Loss of aggrecan is
considered to be a critical early event in the destruction
of articular cartilage,16 followed by degradation of collagen
fibrils and irreversible mechanical failure of tissue.17 Therefore,
ADAMTS-4 could be an important biomarker for early
diagnosis of cartilage destruction diseases such as OA.
ADAMTS-4 has gained much interest as a therapy target.18

It has been demonstrated that direct blockage of ADAMTS-4/5
by an ADAM-TS inhibitor suppressed the loss of glycosami-
noglycan (GAG) from OA cartilage, which could be potentially
therapeutic in OA.19 Other indirect therapies for OA, including
glucosamine and chondroitin sulfate, may also partially inhibit
the proinflammatory pathways that lead to downregulation of
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ADAMTS activity according to in vitro studies and animal
models.18 Therefore, detection of ADAMTS-4 activity might
provide some insights not only into the initiation and progression
of OA, but also into the effects of therapy.
ADAMTS-4 is synthesized as a preproprotein and activated

by removal of a propeptide domain.17 The existing methods to
detect ADAMTS-4, including ELISA and Western blotting20

rely on anti-ADAMTS-4 antibodies, are often used to deter-
mine the total amount of the enzyme, ixcluding the active and
proenzyme form. Additional methods of studying ADAMTS-4
activity use antineoepitope antibodies21,22 to the relative “large”
substrates, which are either natural or recombinant forms of
aggrecan, or peptides spanning the cleavage site of the aggrecan.
Antineoepitope antibodies lack specificity for a specific enzyme,
because some neo-peptides can also be produced by ADAMTS-5
and MMP.20 Additionally, they are not suitable for high-throughput
detection of ADAMTS enzyme activity and screening of potential
inhibitors.23 To date, there are only a few ways to directly
detect the activity of ADAMTS-4. Recently, several short peptide
substrate containing 13-mer peptides were screened using
phage display.24 These peptides were shown to be specific to
ADAMTS-4, because they could not be cleaved by ADAMTS-5,
which makes them suitable substrates for exploring the
enzymatic activity and inhibitor development of ADAMTS-4.
In this study, we designed a ADAMTS-4 detective fluorescent

turn-on AuNP probe (ADAMTS-4-D-Au probe) (Scheme 1)

to detect ADAMTS-4 activity in human synovial fluid, such that
it could serve as a new method to directly detect ADAMTS-4
activity in biological samples. An ADAMTS-4-specific 13-mer
peptide, DVQEFRGVTAVIR (Asp-Val-Gln-Glu-Phe-Arg-Gly-
Val-Thr-Ala-Val-Ile-Arg), used in this study was screened previ-
ously.24 Fluorescein isothiocyanate (FITC), which can be quenched
when it is close to AuNPs, was connected to the N-terminal of
the peptide. The FITC-peptide was conjugated to Au nanopar-
ticles 7 nm in diameter through a cysteine by gold−thiol bond,
resulting in the ADAMTS-4-D-Au probe. Next, we explored the
fluorescence generated by cleavage of the peptide by ADAMTS-4,
thereby monitoring the enzymatic activity of ADAMTS-4.
Finally, synovial fluids from patients undergoing knee surgery
(total knee replacement and cruciate ligament or/and meniscal
reconstruction surgeries) were measured for ADAMTS-4 activity.

■ EXPERIMENTAL SECTION
Preparation of 7 nm Au Nanoparticles. AuNPs were produced

by reduction of HAuCl4•3H2O (Aladdin Reagent Inc. Shanghai,
China). Briefly, 0.5 mL of 1.0% HAuCl4 was added to a reaction flask
containing 47 mL of deionized water. The solution was heated to
60 °C followed by rapid addition of a mixture of 2 mL of 1% sodium

bcitrate (Sigma-Aldrich) and 50 μL of 1.0% tannic acid (Sigma-Aldrich).
Then, the solution was heated to reflux and the reaction was allowed
to continue under uniform and vigorous stirring for 1 min. The color
of the solution changed from light yellow to a red wine color. Next, the
pH value of AuNPs solution was adjusted to 7.0 and stored at 4 °C.

Preparation of FITC-DVQEFRGVTAVIRC Conjugated AuNPs.
For conjugation of the peptide to AuNPs, a slightly modified method
established previously25 was used. FITC-conjugated DVQEFRGVTA-
VIRC peptide (FITC-Asp-Val-Gln-Glu-Phe-Arg-Gly-Val-Thr-Ala-Val-
Ile-Arg-Cys) was purchased from GL Biochem Ltd. (Shanghai, China).
Briefly, 1.0 mL of the FITC-peptide solution (1.0 mg/mL in deionized
water) was added dropwise to 10 mL of AuNP solution at room tem-
perature under vigorous stirring and the reaction was then maintained
for 24 h. Excess peptide was collected by centrifugation at 16000 rpm
for further calculation. The resulting particles were further washed
3 times with deionized water and stored at 4 °C.

Characterization of FITC-DVQEFRGVTAVIRC-Au (ADAMTS-4-
D-Au probe). Transmission electron microscopy (TEM) images were
obtained in a FEI Tecnai T20 transmission electron microscope at
200 kV with a point-to-point resolution of 0.35 nm. The samples were
prepared by pipetting one drop of the nanoparticle suspension onto
the carbon-coated copper grid (5−50 nm in thickness) and allowed to
settle for 20 s. The residual solution was wicked away using an
absorbent tissue. The nanoparticle size analysis was conducted by
using Image J 1.34s.

Atomic force microscopy (AFM) images were recorded in tapping
mode in air by using a MultiMode IV caning probe microscopy
(Veeco, USA) and silicon tips (spring constant 40 N m− 1, freq.
300 kHz, RTESP, Veeco). The acquired images were analyzed using
Nanoscope III v.5.12 r2 (Veeco).

Dynamic light scattering (DLS) analyses were performed using
ZetaPlus Potential Analyzer (Brookhaven, America). All samples were
diluted to a AuNPs concentration of 100 pM.

Fluorescence Spectroscopy. Fluorescence experiments were con-
ducted on a Hitachi F-4500 fluorescence spectrometer with a xenon
lamp and a 152 P photomultiplier tube as the detector. Good spectra
were obtained with the slits set at 2.5 nm and an integration time of
1 s. The samples were placed in quartz cuvettes (1-cm path length).
To calculate the amounts of FITC-peptide conjugated to AuNPs, a
fluorescence intensity standard curve was obtained with various
concentrations (1.5, 2.6, 5.5, 11.0, and 22.0 μM) of FITC-peptide that
served as the standard.

UV−vis absorption spectra were obtained using TU-1901 UV−vis
spectrophotometer (Persee General Instrument Inc. Beijing, China),
which scanned a range over 400−750 nm, with a collimated deuterium
lamp source having a resolution of 1 nm.

Bright-field images and UV absorbance in PBS, reaction buffer,
reaction buffer with human serum albumin (HAS, 5.0 mg HAS dissolved
in 1.0 mL reaction buffer) (SIGMA), and reaction buffer with human
synovial fluid (HSF, 100 μL HSF added into reaction buffer to a total
volume of 1.0 mL) were obtained to test the stability of the ADAMTS-
4-D-Au probe under various conditions.

Fluorescent imaging was performed using the Maestro II Imaging
System (CRI, Inc. excitation: 435−480 nm, emission: 500 long-pass)
with samples loaded in a 96-well plate. The Maestro II Optical System
consists of an optical head that includes a liquid crystal tunable filter
(LCTF, with a bandwidth of 10 nm and a scanning wavelength range
of 500−950 nm) with a custom designed, spectrally optimized lens
system that relays the image to a scientific-grade megapixel CCD. The
tunable filter automatically steps in 10-nm increments from 500−
550 nm while the camera captures images at each wavelength with a
constant 500 ms exposure (total acquisition time was about 12 s)

Detection of ADAMTS-4 Activity Using ADAMTS-4-D-Au
Probe. To determine the optimal probe concentration, various concen-
trations of ADAMTS-4 specific FITC-DVQEFRGVTAVIRC-Au
(ADAMTS-4-D-Au probe) nanoparticle probes (7.5, 15, 30, 40, 60,
80, 120, 240 μM) were incubated with 62.5 pM of human recombinant
ADAMTS-4 (Anaspec) in reaction buffer (50 mM Tris·HCl, 5 mM
CaCl2·2H2O, 150 mM NaCl, pH 7.5) in a total volume of 100 μL at
37 °C for 1 h, and both fluorescence data and images were recorded by

Scheme 1. Illustration of ADAMTS-4 Detective Fluorescent
Turn-on Peptide-Conjugated AuNP Probe (ADAMTS-4-D-
Au probe) for the Detection of ADAMTS-4
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Fluorescence Spectroscopy and the Mestro II system as soon as the
reaction was stopped. To test the specificity of our probe, 60 μM
probe was incubated with 62.5 pM ADAMTS-4 and 1.5 μM activated
MMP-13 (Anaspec), 1.5 μM activated MMP-1 (Peprotech), and
1.5 μM activated MMP-3 (Peprotech) in reaction buffer at 37 °C in a
total volume of 500 μL. Fluorescence was monitored at different time
intervals (10, 20, 30, 60, 90, 120, and 180 min). To study the
sensitivity of the probe, we incubated various concentrations of
ADAMTS-4 (3.9, 7.8, 15.6, 31.2, 62.5, 125, 250 pM) with 60 μM
probe in reaction buffer in a total volume of 100 μL for 1 h at 37 °C;
the reaction was then stopped and both fluorescent data and images
was recorded. It should be noted that each 100 μL reaction system was
diluted to 500 μL to facilitate fluorescence detection, and prior to use,
ADAMTS-4 was incubated in 37 °C water bath for 15 min, and
inactive MMP-1, -3, and -13 were activated by incubation with APMA
(Genmed, Shanghai, China) for 1 h at 37 °C.
Human Synovial Fluid Samples. Prior to collection of joint fluid,

informed consents were obtained from each patient according to
approved recommendations of the ethical review committee of Peking
University Third Hospital. Synovial fluid was aspirated from patients
undergoing knee surgery (total knee replacement and cruciate
ligament or/and meniscal reconstruction surgeries). Patients were
divided into 3 groups according to their clinical diagnosis and sample
collection time (time from first diagnosis or injury to synovial fluid
aspiration): acute joint injury (AI) with sample collecting time of
1−9 months; chronic joint injury (CI) with sample collecting time of
1−10 years; end-stage OA with total knee replacement. All synovial
fluid samples were harvested without lavage or any other diluent and
were then aliquoted in 100 μL samples. All samples were stored at
−80 °C prior to enzyme activity assays and were subject to only
one freeze−thaw event. All procedures were approved by the
ethical review committee of Peking University Third Hospital
(number IRB00006761−2010085).
Screening of ADAMTS-4 Activity from Human Synovial

Fluid. Diluted synovial fluid was incubated with 60 μM probe in a
total volume of 100 μL for 1 h at 37 °C. Then, 100 μL was diluted into
500 μL for fluorescence testing. Three synovial fluid aliquots per
patients were measured and data obtained were expressed as the
mean ± standard deviation.
Enzyme-Linked Immunosorbent Assay (ELISA) of ADAMTS-

4 in Synovial Fluid. The concentration of ADAMTS-4 in the diluted
synovial fluid was determined using an ELISA kit (USCNLIFE company,
Missouri city, USA) according to the manufacturer’s instructions.
Results were expressed as the mean ± standard deviation of triplicate
samples.
Statistical Analysis. Results were expressed as the mean ±

standard deviation of triplicate samples. Statistical analysis was
performed using SPSS. One-way analysis of variance (ANOVA) was
performed. SNK-q was used for comparing means of different groups.
A value of P < 0.05 was considered statistically significant.

■ RESULTS AND DISCUSSION
Synthesize and Characterization of ADAMTS-4-D-Au

Probe. To generate the ADAMTS-4-D-Au probe, we first syn-
thesized AuNPs by a typical wet-chemistry method involving
the chemical reduction of gold chloride using sodium citrate;26

then FITC- DVQEFRGVTAVIRC with a ADAMTS-4 cleavage
site between Glu and Phe was conjugated to AuNPs via the
thiol group of cysteine. Once the peptide was successfully
conjugated to AuNPs, almost no fluorescence signal was
detected under UV-light compared with the strong fluorescence
signal of the FITC-peptide monomer (Figure 2a). The linkage
was further confirmed by atomic force microscopy (AFM) in
tapping mode. As shown in panels a and b in Figure 1, the
synthesized nanoparticles were nearly monodispersed. No aggrega-
tion was found before and after peptide conjugation, whereas
the overall particle size was increased from 6.6 ± 0.3 nm to
9.7 ± 0.5 nm after peptide conjugation. This change could be

direct evidence of peptide linkage. More evidence was shown
by DLS analyses, which showed that the hydrodynamic dia-
meter had increased from 14.7 ± 4.3 nm to 29.6 ± 10.6 nm
after peptide conjugation (Figure 1d). Transmission electron
microscopy (TEM) analysis (Figure 1c) also showed that the
probe was monodispersed. Due to the low electron density of
the peptide layer, only the AuNPs core could be detected with
the TEM technique, and the measured particle size was 7 nm
(see Figure S3f in the Supporting Information), which was
comparable to the size of unconjugated AuNPs measured
by AFM.
To test the stability of the resulting ADAMTS-4-D-Au probe

under various conditions, the ADAMTS-4-D-Au probe was
dissolved in PBS, reaction buffer, reaction buffer with HSF, and
reaction buffer with HSA, and multiple analytical methods
(AFM, TEM, UV−vis Spectro, and DLS) were used to verify
the results. As shown in Figure 2b, compared with the UV
spectrum of bare AuNPs (LSPR peak at 520 nm), the
ADAMTS-4-D-Au probe dissolved in PBS and reaction buffer
showed only a ∼5 nm red-shift of the LSPR peak, which
suggested that no aggregation of the ADAMTS-4-D-Au probe
was formed in these solutions. The slight red-shift (<10 nm)
might be caused by peptide conjugation. These conclusions
were further supported by AFM (see Figure S2 in the
Supporting Information), TEM (see Figure S3 in the
Supporting Information), and DLS analyses (see Figure S4 in
the Supporting Information). A more obvious red-shift was
found in solutions of reaction buffer with HSF (∼10 nm), and
reaction buffer with HAS (∼20 nm). Based on our AFM, TEM,
and DLS analyses, we attributed this larger red-shift to the
formation of some nanocomplexes in the presence of proteins.
Additionally, the difference between these 2 samples might be
explained by the much lower concentration of protein in
synovial fluid than in buffer containing HAS.27,28 Aggregation
was infrequent in both samples, and most of the nanoparticles

Figure 1. Morphological characterization of AuNPs and the
ADAMTS-4-D-Au probe. (a) AFM image of the AuNPs. (b) AFM
image of the ADAMTS-4-D-Au probe. (c) TEM image of the AuNPs.
(d) Hydrodynamic diameter of AuNPs and ADAMTS-4-D-Au probe.
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remained monodispersed over the course of the next 2 weeks.
Collectively, these results suggested that the ADAMTS-4-D-Au
probe was stable under various conditions and could be used to
following catalytic reactions.
Detection of ADAMTS-4 Activity Using ADAMTS-4-D-

Au Probe. The conjugated ADAMTS-4-D-Au probe showed
almost no fluorescent signals in reaction buffer, because fo the
quenching capacity of Au on the emitting fluorophores of
FITC. When the probe was incubated with ADAMTS-4 in
reaction buffer at 37 °C, fluorescence recovery signal was found
to increase over time (Figure 3a). During the first 60 min, the
enzymatic reaction proceeded at a relative high velocity, with a
12.5-fold fluorescence intensity increase at the 60-min point.
After the first 60 min, the reaction velocity slowed down.
At 180 min, an almost 14.5 fold increase of fluorescent intensity
was observed. These results indicated that the ADAMTS-4-D-
Au Probe was catalyzed by ADAMTS-4.
Next, we sought to determine the effectiveness of the

ADAMTS-4-D-Au Probe by assessing optimal concentration,
sensitivity, and specificity. To determine the probe concen-
tration most suitable for ADAMTS-4 catalytic reactions, various
concentration of ADAMTS-4-D-Au probe (7.5, 15, 30, 40, 60,
80, 120, 240 μM) were incubated with 62.5 pM ADAMTS-4.
After a 1 h incubation, the fluorescence recovered was propor-
tional to the concentration of the ADAMTS-4-D-Au probe
(Figure 3b). Fluorescent signal was measured and a hyperbola
curve was calculated according to ADAMTS-4-D-Au probe
concentration (Figure 3b). The fluorescence signal was also

replotted against the logarithm of the concentration of the
ADAMTS-4-D-Au probe, and it showed a liner relationship (R2 =
0.96, inset image in Figure 3b). To minimize the influence of
the spectral quenching effect of AuNPs on released FITC and
maintain detection sensitivity, we optimized the probe
concentration to 60 μM and used it in subsequent experiments.
When various concentrations of ADAMTS-4 (3.9, 7.8, 15.6,

31.2, 62.5, 125, 250 pM) were added to the ADAMTS-4-D-Au
probe, we observed a proportional relationship between ADAMTS-4
concentration and fluorescence recovery (Figure 3c). A hyperbola
curve was drawn based on ADAMTS-4 concentration versus
fluorescence intensity. A strong linear correlation (R2 = 0.99)
between fluorescence intensity and the logarithm of ADAMTS-4
concentration was confirmed (Figure 3c, inset). This indicated
that we could establish a linear relation between fluorescence
intensity and ADAMTS-4 concentration, thus allowing us to

Figure 3. Detection of ADAMTS-4 activity using the ADAMTS-4-D-
Au probe. (a) Fluorescence intensity curve of the ADAMTS-4-D-Au
probe as a function of time in a 180 min time course at 37 °C after
adding ADAMTS-4; activated MMP-1, MMP-3, and MMP-13; and
reaction buffer as control. (b) Fluorescence images and intensity of
various concentrations of the ADAMTS-4-D-Au probe in the presence
of ADAMTS-4 for 1 h at 37 °C. (c) Fluorescence images and intensity
of the ADAMTS-4-D-Au probe in the presence of various
concentrations of ADAMTS-4 to test sensitivity.

Figure 2. Spectral characterization of AuNPs and the ADAMTS-4-D-
Au probe. (a) Fluorescence intensity of a FITC-peptide and the
ADAMTS-4-D-Au probe. (b) UV absorbance and bright-field images
of AuNPs and the ADAMTS-4-D-Au probe in various solutions (PBS,
reaction buffer, reaction buffer + HSF, and reaction buffer + HSA) to
test stability.
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calculate ADAMTS-4 activity directly using fluorescence signal.
The theoretical detection limit (1.1 pM) was calculated based
on a 3-fold standard deviation (SD) of the background and
slope,which is comparable to the detection limit of ELISA
(0.66pM). Importantly, in the experimental test we were able to
detect a 3-fold increase of fluorescent signal in response to only
3.9 pM of ADAMTS-4 (Figure 3c), suggesting a high sensitivity
of the probe. Because our goal was to use this probe to detect
ADAMTS-4 activity in human synovial fluid, a biological
sample containing protein, we repeated the above test in a
reaction buffer containing human serum albumin (5 mg/mL) in
order to correct the detection limit and linear range of quantifica-
tion. As shown in Figure S5 in the Supporting Information,
when the ADAMTS-4 concentration was in the range of 0 to
62.5 pM, both results were coincident: the hyperbola curves
and the inset linear curves fit very well (see Figure S5 in the
Supporting Information, dotted box). Additionally, the
detection limit based on 3-fold standard deviation (SD) of
background remained the same (1.1 pM). On the basis of our
stability test results and the fact that the protein concentration
in HSF is much lower than in human serum, we assume that
the influence of protein content might be negligible when
detecting ADAMTS-4 activity in HSF, and the linear range can
be further extrapolated.
To test the specificity of the ADAMTS-4-D-Au probe, we

used a reaction buffer as control and MMP-1, -3, and -13 with
their activator were also used. During a 180 min time-course
reaction, we observed almost no fluorescence recovery in the
MMP-1, -3, and -13 groups and reaction buffer group (Figure 3a),
while ADAMTS-4 exerted increasing fluorescence recovery
intensity. These data suggested that the ADAMTS-4-D-Au
Probe was specific for ADAMTS-4.
Relative high sensitivity and specificity of the ADAMTS-4-D-

Au probe made it a suitable candidate for detection of ADATMS-4
activity. On the basis of the activity assay, our ADAMTS-4-D-Au
probe was able to detect ADATMS-4 activity in a relatively
simple and rapid method.
Screening of ADAMTS-4 Activity in Human Synovial

Fluid. To monitor ADAMTS-4 activity in synovial fluid from
patients undergoing knee surgery, we incubated 10 μL of
synovial fluid with 60 μM ADAMTS-4-D-Au probe in reaction
buffer in a total volume of 100 μL at 37 °C for 1 h. Altogether,
11 patients undergoing knee surgery were included in this
study. The type of surgery is described in Table S1 in the
Supporting Information.
Figure 4a showed that distinct fluorescence recovery was

observed in all patients compared with blank control,
suggesting that our ADAMTS-4-D-Au probe could be used
to detect synovial fluid ADATMS-4 activity. Subsequently, all
patients were divided into 3 groups according to clinical
diagnosis and sample collecting time (see Table S1 in the
Supporting Information): acute joint injury (AI), chronic joint
injuries (CI), and total knee replacement due to end-stage
osteoarthritis (OA). As shown in Figure 4c, AI patients
presented the strongest fluorescent signals, 2.1-fold and 3.3-fold
stronger than CI patients and end-stage OA patients,
respectively. There were only small, nonsignificant difference
between CI patients and end-stage OA patients.
Additionally, synovial fluid samples were analyzed by ELISA

to detect the total amount of ADAMTS-4 (Figure 4a). As shown
in figure 4b, ELISA results correlated well with fluorescence
recovery in most samples (R2 = 0.818, P = 0.002). However,
two samples from the late-stage OA group showed a high

concentration of ADAMTS-4 by ELISA, while the fluorescence
recovery was weak. A possible explanation for this discrepancy
might be the increasing release and expression of the inactive
ADAMTS-4 proenzyme. ADAMTS-4 has been reported to be
expressed in cartilage, joint capsule, synovial, and meniscus29

and is synthesized as an inactive preproprotein intracellularly.
Regulation of ADAMTS-4 at the protein level could be
achieved by removal of the N-terminal pro-peptide domain or
C-terminal spacer domain. In a late-stage OA joint, the cartilage
is strongly damaged and synovitis is severe. These damaged

Figure 4. Application of the ADAMTS-4-D-Au probe in human
synovial fluid. (a) Fluorescence intensity and ELISA of ADAMTS-4
in synovial fluid from 11 patients undergoing knee surgery. (b)
Correlation between fluorescence intensity and ELISA in ADAMTS-4
quantification. Solid line shows the first order regression, and broken
lines show the 95% confidence intervals. (FI, measured fluorescence
intensity, F0, background fluorescence intensity). (c) Fluorescence
intensity based on classification of the 11 patients, including acute joint
injury (AI) (n = 4), chronic joint injury (CI) (n = 4), and end-stage
OA with total knee replacement (OA) (n = 3).
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chondrocytes and synoviocytes may be released into the synovial
fluid, resulting in increased release of inactive ADAMTS-4 from
cells. Moreover, some studies have reported that mRNA expre-
ssion of ADAMTS-4 increased in knee cartilage from patients
with late-stage OA30,31 and joint replacement surgeries,14,19

which indicated that expression of the inactive proenzyme of
ADAMTS-4 was increased in late-stage OA, while the activation
was not increased accordingly.
Except for conventional ELISA using anti-ADAMTS-4

antibodies, other methods used to study aggrecanase activity,
including sandwich ELISA13 and Western blot32 to quantify the
amount of aggrecanase-generated ARGS fragments, have reported
that ARGS fragments were elevated dramatically early after knee
injuries. Our results, showing elevated ADAMTS-4 activity after
acute knee injury, were consistent with these results. Additional
studies, using electrochemiluminescence immunoassays to
quantify aggrecanase-generated fragments33,34 based on large
sample sizes, have reported that increasing ARGS-fragments
on average 18 years after meniscectomyare inversely associated
with increased loss of joint space. This is likely due to a tissue
repair response involving increased synthesis of aggrecan in
combination with aggrecanase activity. One limitation of our
current study is that we only included conventional ELISA as a
comparison. We are, therefore, conducting studies with
additional methods, used to detect aggrecanase-generated
ARGS-fragments, on larger sample sizes to better explore
aggrecanase activity, as an ongoing part of our project.
In 1 of our cases, when MRI and arthroscopy were employed,

patient number 2 from the AI injury group showed arthroscopy
with second degree cartilage damage (Figure 5c); on the other
hand, the T1-weighted and T2-weighted MR images (Figure 5a, b)
did not show signals relating to cartilage damage. However,
high fluorescence intensity (Figure 4a) was observed in this
patient, indicating that high ADAMTS-4 activity corresponded
to the arthroscopy results. This indicated that the probe had the
potential to be a biomarker for cartilage damage, which may not
be detected by MRI.
Patients with acute joint injury or an anterior cruciate

ligament tear accompanied with or without meniscus injuries
are at high risk for subsequent OA,35 which affects more young
individuals.35 However, at present, cartilage degradation is
diagnosed by X-ray, MRI, and arthroscopy, which is used as the
“golden standard”. However, these methods can only detect
irreversible morphological damage, which indicates that OA
had advanced into a relatively late stage. Therefore, diagnosis of
the early stage of cartilage degradation, before any morpho-
logical change, is quite important. Because ADAMTS-4 plays a
key role in aggrecan degradation, which is an early event of
cartilage damage, our probe detecting ADAMTS-4 activity
could be a potential biomarker for early diagnosis of cartilage-
degrading diseases.
Therefore, in this study, we confirmed the utility of a newly

designed ADAMTS-4-D-Au probe to detect ADAMTS-4
activity in synovial fluid from cartilage-damaged patients.
Further studies on a large sample size are needed to explore
the relationship between ADAMTS-4 activity and cartilage-
damage diseases, which we are currently conducting as an
ongoing project.

■ CONCLUSION
In summary, we presented a new fluorescence turn-on ADAMTS-
4-D-Au probe for detecting ADAMTS-4 activity by using a simple,
inexpensive method. The ADAMTS-4-D-Au probe was stable

in physiological conditions, and the recovery of its fluorescence
intensity was proportional to the active ADAMTS-4 concen-
tration. When the ADAMTS-4-D-Au probe was used to detect
ADAMTS-4 activity in human synovial fluid, AI patients showed
the strongest fluorescence recovery compared with CI and late-
stage OA patients. This probe can be used to detect ADAMTS-4
in biological samples, and might serve as a new method for
studying the mechanisms of ADAMTS-4 and in screens for
inhibitors. Additionally, this probe could be a potential biomarker
for early diagnosis of cartilage-damage diseases. Finally, considering
the universality of this simple and cost-effective sensing system,
many other biomolecules could be used to fabricate various sensing
probes for the purpose of assisting clinical diagnosis and therapy.
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Figure 5. MR images and arthroscopic images of patient number 2.
(a) T1-weighted MR image of the external condyle of the femur shows
no damage to cartilage. (b) T2-weighted MR image of the external
condyle of the femur shows no damage to cartilage. (c) Arthroscopic
images of the external condyle of the femur shows second-degree
cartilage damage (cartilage damage area was marked by black arrow).
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