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Anoptical gold nanoparticles (AuNPs)-based method was fabricated for the rapid detection of matrix met-
alloproteinase (MMP) activity and screening potential MMP inhibitors without sophisticated instruments.
The diagnosis platform was composed of AuNPs, particular MMP substrates and 6-mercapto-1-hexanol
(MCH). The functionalized AuNPs were subjected to specific MMP digestion, and the MMP found the
substrate on AuNPs, such that the AuNPs lost shelter and MCH increased the attraction force between
AuNPs. Consequently, AuNPs aggregation and a color change from red to purple with increasing MMP
concentration were observed. The surface plasmon resonance (SPR) of the formed AuNPs allowed for the
quantitative detection of MMP activity. A sensitive linear correlation existed between the absorbance and
the activity of the MMPs, which ranged from 10 ng/mL to 700 ng/mL in NTTC buffer and plasma samples.
The proposed colorimetric method could be accomplished in a homogeneous solution with one-step
operation in 30 min and has been successfully applied to the determination of particular MMP activity
in plasma samples, in which the results are consistent with substrate zymography. This technology may
become a simple platform for parallel screening a number of inhibitors and offer an alternative method
to studying the efficiency of inhibitors for suppressing MMP activity. The absorbance ratio at 625 nm and
525 nm (As25/As25) confirmed the efficiency of the inhibitors as observed in substrate zymography. The
ICs0 of ONO-4817 and galardin for MMP-1, MMP-2 and MMP-7 determined by the proposed colorimetric
method was similar to the results of substrate zymography.
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1. Introduction

Enzymes analytical detection is a key tool in enzymology,
extremely important for the quality and quantity of enzyme
activity. Among enzymes, matrix metalloproteinases (MMPs), a
family of zinc-dependent endoproteinases secreted by both nor-
mal and transformed cells. Most MMPs are synthesized as inactive
zymogens and must be enzymatically activated to become active.
Furthermore, the in vivo activity of MMPs is regulated by their
endogenous inhibitors, tissue inhibitors of matrix metallopro-
teinases (TIMPs). MMPs play an important role in both normal and
pathological processes, and a deregulation of the balance between
MMPs and TIMPs is a characteristic of diverse pathological condi-
tions, such as cardiac disease and cancer (Schulz, 2007; Lin et al.,
2009; Kupai et al., 2010). Therefore, analyzing MMPs and TIMPs
in pathological conditions can serve as a benchmark for reliable
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outcomes in clinical trials. In recent years, the standard assays
that are generally used for detecting MMP activity include sub-
strate zymography (Gerlach et al., 2007; Chen et al., 2008), enzyme
immunoassay (Takahashi et al., 2004; Kanesaka et al., 2006), and
fluorogenic substrates (Faust et al., 2008; Zhang et al., 2008; Yi
et al., 2010). One of the widely used techniques for the detection
of MMP activity is substrate zymography. In zymography, proteins
are separated by electrophoresis under denaturing, non-reducing
conditions. This process may also be used to separate MMPs from
TIMPs. The activity of the MMPs is revealed by an absence of pro-
tein staining in the region where the substrate has been digested.
However, there are still many problems in using zymography for
clinical diagnosis: (1) the two-step staining/destaining method
is not reliable and is difficult to reproduce, and (2) a majority
of MMPs are secreted as latent proenzymes interacting with the
TIMPs. In addition, proteases rarely act alone but function in a “pro-
teinase web”; pathologic conditions are always associated with
the abnormal expression of more than one MMP. As previously
mentioned, applying substrate zymography to analyze MMPs in
clinical samples is not sufficient; therefore, the development of a
parallel, rapid, cost-effective method for MMP analysis is extremely
urgent.
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Recently, gold nanoparticles (AuNPs) have received great atten-
tion in the development of a visual sensing method for clinical
diagnosis (Chen et al.,2009a,b; Griffin et al.,2009). The use of AuNPs
as a colorimetric reporter relies on their unique surface plasmon
resonance (SPR), with the colors red and blue corresponding to
their dispersion or aggregation state, respectively. Based on this
principle, several colorimetric assays have been developed for the
detection of DNA (Chen et al., 2009a,b; Mao et al., 2009; Vlachou
et al., 2010), proteins (Gupta et al., 2010; Bonomi et al., 2011), ions
(Jiang et al., 2010; Li et al., 2010) and cancerous cells (Kang et al.,
2010; Lu et al., 2010).

In our previous study, an optical AuNPs method was established
and applied to gelatinase activity analysis. Accordingly, we estab-
lished the AuNPs platform as aqueous zymography and utilized
substitute engrafted substrates onto AuNPs, rather than polyacry-
lamide gel, to assay blood MMPs. As mentioned in our previous
research (Chuang et al., 2010), proteins can be grafted onto the
surfaces of colloidal AuNPs and retain their native structure; there-
fore, MMPs could recognize specific structure and unwind protein
conformation, and then degrade their substrates, which provides a
more correct way to analyze proteinase activity. MMP that digest
grafted substrate would disrupt the stability of the AuNPs and result
in a change in the SPR properties of the AuNPs; therefore, the MMP
activity could be determined by examining the SPR properties. On
the basis of these advantages, an optical AuNPs platform could
allow for performing rapid and numerous assays to detect MMP
activities and MMP inhibitors within quite a short time and with a
high-throughput.

2. Materials and methods
2.1. Chemicals

Sodium citrate was obtained from Merck (Darmstadt, Germany).
Tris-HCl was purchased from Chemicon (Invitrogen, San Diego,
LA, USA). Agarose and 10x Tris-Borate-EDTA buffer were pur-
chased from Amresco (Cleveland, OH, USA). Recombinant MMP-1,
-2 and -7, sodium chloride (NaCl), calcium chloride (CaCly), 6-
mercaptohexan-1-ol (MCH), trisodium citrate (Na3CgHs07), Triton
X-100, Tris-HCI, type A gelatin, casein, hydrogen tetrachloroaurate
(1) (HAuCl4-3H,0), and p-aminophenylmercuric acetate (APMA)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Type
I collagen was purchased from Advanced BioMatrix (San Diego,
CA, USA), and twice-distilled water was obtained through a Milli-
Q system (18 MS2cm; Millipore, Bedford, MA, USA). ONO-4817
(C22H28N,06) was purchased from Tocris (Ellisville, MO, USA), and
Galardin (Ilomastat, GM6001; C,oHgN404) was purchased from
USBiological (Swampscott, MA, USA).

2.2. Synthesis and modification of AuNPs

Approximately 13 nm diameter AuNPs were prepared by citrate
reduction of HAuCl,-3H,0 according to the reported procedure.
An aqueous solution of HAuCl4-3H,0 (50 mL, 1 mM) was brought
to a vigorous boil with stirring in a conical flask, and then 5mL
of 38.8 mM Na3CgHs07 solution was added rapidly. The solution
was boiled for another 15 min, during which time its color changed
from pale yellow to deep red. The solution was cooled to room
temperature with continuous stirring. The sizes of the AuNPs were
verified by dynamic light scattering (DLS) (BI-200SM; Brookhaven
Instruments, Holtsville, NY, USA) and zeta potential (Delsa Nano C;
Beckman Coulter, LA, USA). Citrate-stabilized AuNPs appeared to be
nearly monodisperse, with an average size of 13 + 1.2 nm. A UV-vis
absorption spectrophotometer (Apices Scientific, Boston, MA, USA)

was used to measure the absorbance of the AuNPs in citrate solution
(Chen et al., 2009a,b).

2.3. Modification of AuNPs/MCH-substrate

Before the modified processes, the synthesized AuNPs were
analyzed by a UV-vis absorption spectrophotometer; the particle
concentrations were according to Beer’s law using an extinction
coefficient (&spheres, 520nm=0.344/nmolcm), and the particles
were modulated to a concentration to 5nM. The substrate and
MCH were modified onto the AuNP surfaces according to the fol-
lowing procedures. For the preparation of AuNPs/MCH-gelatin
and AuNPs/MCH-casein, an aliquot of the aqueous AuNPs solu-
tion (950 L) was mixed with an aqueous native substrate (0.1%,
50 uL) and incubated at 37°C for 2h. Then 1 mM MCH (10 n.L for
AuNPs/MCH-gelatin and 5 p.L for AuNPs/MCH-casein) was added
to the solution to block the surface space to avoid peptide absorp-
tion on the AuNPs and increase the attraction among the AuNPs,
the mixture was incubated at 37°C for another 2h. The mix-
ture was then centrifuged for 6 min at 12,000 x g to remove the
excess substrate and MCH. After removal of the supernatants,
the AuNPs/MCH-substrate colloids were resuspended in 200 pL
MMPs reaction buffer, NTTC buffer (50 mM NaCl, 50 mM Tris-HCl,
5mM CaCl, and 0.05% triton X-100, pH 7.5). The concentration of
the modified AuNPs was adjusted to 5nM for further use in the
proteinase activity assay. In contrast to gelatin and casein, type I col-
lagen fibroses at pH < 7 such that the AuNPs would be encapsulated
by collagen. To keep the structure of type I collagen, the environ-
ment of bare AuNPs should be trimmed to weak acid. To prepare the
AuNPs/MCH-collagen, first, the aqueous AuNPs solution (950 L)
was mixed with 0.1 N HCI to adjust the pH to a weak acid. After-
ward, an aqueous native of type I collagen (2.5 mg/mL, 50 wL) was
added and incubated at 37 °C for 2 h. Then 5 p.L of 1 mM MCH was
added to the solution, and it incubated at 37 °C for another 2 h. The
mixture was then centrifuged for 6 min at 11,000 x g to remove
the excess substrate and MCH. After the centrifuge/wash cycle, the
AuNPs/MCH-collagen colloids were resuspended in 200 WL NTTC
buffer.

2.4. Electrophoresis analysis of substrate-modified AuNPs

Gel electrophoresis analysis modified from Hanauer’s protocol
(Hanauer et al., 2007) was used to check the change in diame-
ter and charge of substrate-modified AuNPs. Agarose gels were
prepared and immersed in 0.5x TBE buffer (Tris—-Borate-EDTA
buffer, prepared by diluting 10x stock solutions). The gels were
run in a horizontal electrophoresis system (Mini-Sub Cell GT; Bio-
rad, Corston, UK) for 30min at 110V in 0.5x TBE buffer. After
electrophoresis, gel images were taken by a digital camera and pro-
cessed with only small linear contrast adjustments to obtain a true
representation of the visual gel appearance.

2.5. MMP activity assay by substrate-modified AuNPs

The AuNPs/MCH-substrate were used to evaluate the enzymatic
activity of MMPs. In a typical experiment, 50 nL of known con-
centration MMP were added to a solution containing 200 L of
AuNPs/MCH-substrate, and the mixture was incubated at 37°C.
All of the analysis of the MMP activities were carried out by mea-
suring the absorbance of the solution with a UV-vis absorption
spectrophotometer and shown in Fig. S1. While MMP-2 digested
the substrate of AuNPs/MCH-gelatin, the absorption band around
525nm decreased gradually, and concomitantly, a new broad
absorption above 625 nm emerged and its intensity increased by
prolonging the reaction time, and at 60 min reached the a max-
imum. However, while MMP digested AuNPs/MCH-gelatin over
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60 min, dramatic particles aggregation would interfere colorimet-
ric detection. Therefore, we controlled the reaction time within
60 min and recorded spectral profiles and calculated the ratios of
absorbance at 625 nm and 525 nm (Ag5/As525) after a 60 min reac-
tion time.

2.6. MMP activity assay by zymography

The MMPs activity assay was also performed according to our
previously described zymography method. Briefly, MMPs were
activated by APMA and mixed with 2x zymography sample buffer
(0.125M Tris-HCl, pH 6.8, 20% (v/v) glycerol, 4% (w/v) SDS, and
0.005% bromophenol blue), incubated for 10 min at room temper-
ature, and then loaded into each lane of a SDS-PAGE (10%) gel
containing 0.1 mg/mL gelatin. After electrophoresis, the gel was
washed twice for 30 min in zymogram renaturing buffer (2.5% Tri-
ton X-100) with gentle agitation at room temperature to remove
SDS and incubated at 37°C for 8h in reaction buffer (50 mM
Tris—=HCl pH 7.4, 200mM NaCl, and 5mM CaCl,). After staining
with Coomassie brilliant blue, MMP activity was identified as clear
zones against blue background. In this study, zymography was used
as the standard method to confirm the reliability of the optical
AuNPs-based platform for the determination of the MMP samples.

2.7. Detection of MMPs in plasma samples

In order to evaluate the potential application of our optical
AuNPs-based method, known concentrations of MMPs (includ-
ing MMP-1, MMP-2, and MMP-7) were added to plasma to test
the performance of the optical AuNPs-based assay in plasma.
Blood samples from three healthy male volunteers were simulta-
neously collected into heparin coated plastic tubes for preparation
of plasma samples. The tubes were centrifuged within 10 min after
centrifuged at 1600 x g for 15 min at 4°C. The supernatants were
stored at —80°C until analysis. To imitate the diagnosis of a blood
sample, a well-known dose of MMP were mixed into a plasma sam-
ple, and each sample contained 0, 10, 50, 100, 200, 300, 400, 500,
600, or 700 ng/mL of additive MMPs. The mean levels of MMP-1,
MMP-2 and MMP-7 in normal/cancer patient plasma range from
10ng/mL to 500 ng/mL (order of appearance reflects their relative
concentration) (Jung et al., 1996; Kai et al., 1998; Kim et al., 2008).

2.8. Assay for the efficiency of MMP inhibitors by an optical
AuNPs-based method

For a drug screening assay of MMPs, the procedure was similar
to the proteinase activity assay. Two well-known MMP inhibitors
were choose in this study, the K; values of ONO-4817 for each MMP
were obtained as follows: MMP-2 (0.73 nM), MMP-7 (2500 nM) and
MMP-1 (1600 nM); the K; values of Galardin for each MMP were
obtained as follows: MMP-1 (0.4 nM), MMP-2 (0.5 nM) and MMP-7
(41 nM).

To study the inhibition effect of MMP inhibitors, a total vol-
ume of 50 pL of the reaction mixture containing MMP (50 ng/mL)
and AuNPs/MCH-substrate (5nM) in the absence and presence of
different concentrations of inhibitor was incubated at 37°C for
30min. Finally, the mixture solution was transferred into a 96-
well plate, the color changed, and the UV-vis absorption spectra
were collected by a SpectraMax 190 UV-vis spectrophotometer.
The Agas5/As25 ratio of the AuNPs/MCH-substrate was used to quan-
titatively estimate the inhibitor activity.

2.9. Assay for the efficiency of MMP inhibitors by zymography

The conditions of zymography electrophoresis for inhibitor
screening were the same as previously narrated, except for the

Fig. 1. Electrophoresis mobility of modified AuNPs-substrate conjugates. The coat-
ing consists of type I collagen, gelatin or casein with different modified processes.
Type I collagen functionalized particles are retarded in the well. The gelatin function-
alized particles are retarded, which moves slightly toward the negative electrode,
while the casein functionalized ones move faster toward the negative electrode. All
of SDS treatment particles move dexterous compare with references.

composition of the developing buffer. After washing twice in rena-
turing buffer and replacing the solution with developing buffer for
30 min, the gel rinsed in fresh developing buffer, to which different
concentrations of inhibitor were added, and the gel was incubated
at 37°C for 48 h. Finally, the gel was stained with Coomassie bril-
liant blue staining solution and destained with the destain buffer.

3. Results and discussion

3.1. Establishment of a colorimetric biosensing platform using
AuNPs

In our previous report, AuNPs had been applied as a col-
orimetric biosensing method for the detection of proteinases
such as trypsin and MMP-2. As with zymography, all types
of AuNPs/MCH-substrates originate from AuNPs/MCH-gelatin
(Supporting Scheme S1). The techniques are the same, except
that the substrate is selected based on the type of MMPs to be
detected. The foundation of our design, as shown in Scheme 1,
all of the functionalized-AuNPs displayed the wine-red color and
were suspended in NTTC buffer. Upon enzymatic degradation of
the functionalized-AuNPs, a significant color change from red to
purple occurred and was followed by a red-shift in the UV-vis
spectrum (see schematic illustration in Scheme 1). Moreover, the
AuNPs/MCH-substrate system was tested for the interaction of pH
and temperature to study the stability of the colorimetric platform.
(Fig. S2). These results proved that the AuNPs/MCH-substrate was
relatively stable before proteinase digestion.

3.2. Characterization of modified AuNPs

We next subjected the functionalized-AuNPs to electrophore-
sis, DLS and zeta potential assays to characterize the properties of
modification.

Gel electrophoresis was applied to confirm the different
AuNPs-substrates in accordance with their modified processes. We
found that the grafted substrate affected the sizes and charges of
the AuNPs and decreased their mobility. Fig. 1 emphasizes the dif-
ference in the mobility of the AuNPs—substrates (lanes 1, 3, 5). We
noted that AuNPs modified with casein had the fastest mobility and
the mobility of the AuNPs were always retarded by the addition
of gelatin and collagen. The size and surface charge (zeta poten-
tial) of the AuNPs were also measured to confirm the properties of
the AuNPs-substrates (Table 1). In the DLS measurements, colloid
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Scheme 1. Schematic illustration of the AuNPs-based optical biosensing platform used to assay particular MMPs activity. Schematic illustration for the interaction between
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AuNPs revealed hydrodynamic diameters of 13.60, 28.37, 149.30
and 19.69 nm for bare AuNPs, AuNPs-gelatin, AuNPs-collagen and
AuNPs-casein, respectively. Although the length of both gelatin and
collagen is about 260 nm, the gelatin is more flexible than trihelix
collagen; therefore, the hydrodynamic diameter of AuNPs-gelatin
is much smaller than AuNPs-collagen.

We also examined the zeta potentials of AuNPs-substrate to
confirm the mobility of AuNPs. With these substrates immobi-
lized on AuNPs in NTTC buffer (pH 7.4), the surface charges of
the AuNPs would change. Upon gelatin incubation with the gold
particles, the mean surface charge increased from —29.09 mV
to 1.77mV, and the same measurement for the AuNPs-collagen
and AuNPs-casein increased to 4.44mV and —22.58 mV, respec-
tively. This experiment also provided indirect evidence of substrate
denaturizing in zymography; 0.1% SDS was incorporated into the
AuNPs-substrates to denature the grafted substrates for 2h and
then centrifuged/washed to remove residual SDS. Compared with
the AuNPs-substrates pretreated with SDS (lanes 2, 4, 6 in Fig. 1),
the AuNPs-substrates without SDS treatment had lower mobility
(lanes 1, 3, 5 in Fig. 1). This result clearly indicates that residual
SDS appends a negative charge to the AuNPs-substrates. Therefore,
the protein structures are different from the original ones, and we
suggest that the structures of MMP substrates inlaid in the SDS-
PAGE are not native structures, especially for type I collagen (Lantz
and Ciborowski, 1994). In addition, SDS also can activate some pro-
teinase, such as cysteine proteinase and MMPs, both of them they

Table 1
Summary of size and surface charge measurements on gold colloids.

Sample DLS-average hydrodynamic Zeta potential
diameter (nm) (mV)

AuNPs 13.16 —29.09

AuNPs-gelatin 28.37 1.77

AuNPs-collagen 149.30 4.44

AuNPs-casein 19.69 —22.58

are responsible for extracellular matrix remodeling and would lead
to degradation gelatin and other substrate which was dispersed in
solution. To optimize the diagnostic validity of plasmatic MMPs,
the denaturing agent SDS should be avoided.

When the AuNPs/MCH-substrate was challenged with specific
MMP, the AuNPs/MCH-substrate aggregation was followed by a red
shift of their maximal absorption band, and the ratio of dispersed
to aggregated AuNPs/MCH-substrate was be indicated by the ratio
of the absorption value at 525 nm to that at 625 nm (Ag25/As25)
(Guoetal, 2011; Kim and Chung, 2011; Li et al.,2011). Meanwhile,
control experiments were performed under the same conditions
using other MMPs. Fig. 2 shows that the Agy5/As;5 ratio increased
from 0.2 to 0.4 after MMP-1 digested AuNPs/MCH-collagen and
AuNPs/MCH-gelatin; the Ag,s/Ass5 ratio increased from 0.2 to 0.8
after MMP-2 digested AuNPs/MCH-gelatin and MMP-7 digested
AuNPs/MCH-casein. For comparing the AuNPs platform with
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Fig. 2. Specificity of AuNPs/MCH-substrate used in the detection of MMPs activ-
ity. MMPs, including MMP-1, MMP-2 and MMP-7 were used to test the specificity
of the AuNPs/MCH-gelatin, AuNPs/MCH-collagen and AuNPs/MCH-casein. The
AuNP/MCH-gelatin, AuNPs/MCH-collagen and AuNPs/MCH-casein were used to
determine the MMPs activity, and the ratios of Ag25/As25 were calculated before and
after MMP-1, MMP-2 and MMP-7 treatment. Each reaction included 10(L MMPs
(50ng) and 240(L of AuNPs/MCH-substrate. The experiment condition was con-
trolled at 37 °C for 30 min.
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substrate zymography assay (Supporting Fig. S3), for the most part,
the results were identical, except that the MMP-2 exhibited pro-
teinase activity in the collagen zymographic gel. To summarize
the results of Fig. 1 and Fig. 2, the substrates in zymographic gel
did not maintain their native structure; in addition, collagen and
gelatin possess similar primary structures. For these reasons, ana-
lyzing MMPs by substrate zymography may partly measure the
MMP peptidase activity rather than the proteinase activity.

3.3. Analytical applications

To evaluate the reliability and applicability of the optical
AuNPs platform to assay MMPs, a series of dilutions were ana-
lyzed simultaneously with substrate zymography and the optical
AuNPs platform (Du et al., 2008). As shown in Fig. S4, a good
correlation was obtained between the results of MMP-1, MMP-
2 and MMP-7 using our method and substrate zymography.
The correlation equations were Ygelatin =1.011x+15.732 (where
y and x are the determination results of zymography and the

optical AuNPs platform, respectively), Ycasein = 0.9463x +17.422 and
Yeollagen =0.9394x — 11.772. The correlation coefficients, R2, were
0.994, 0.987 and 0.967, respectively. Usually, 0.5-1 mg/mL of sub-
strate is used in conventional zymography, while 50 pg/mL of
substrate is used in our optical AuNPs-based method. The reason
for this difference in substrate concentration is that AuNPs have
a larger surface to volume ratio than SDS-PAGE, and thus, detec-
tion is much more sensitive than protein staining with Coomassie
brilliant blue. This difference between substrate zymography and
the optical AuNPs-based method may also contribute to the ability
to detect lower amounts of MMP activity by optical AuNPs-based
methods in a few minutes.

3.4. Detection of MMPs in plasma samples

Because MMP activity in pathological tissue may be reflected in
body fluids, the measurement of MMPs in blood has been recom-
mended as a useful diagnostic tool (Zucker et al., 1999). However,
unlike zymography, the separation of the MMP-TIMP complex by
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SDS polyacrylamide gel electrophoresis enables MMP activities to
be determined, which is not possible in solution assays (Crabbe
et al.,, 1993). In addition, a;-macroglobulin, one of the major pro-
teinase inhibitors in plasma, plays an important secondary role in
backing up the primary function of the other inhibitors, including
TIMPs (Travis and Salvesen, 1983; Ando et al., 1993; Jung et al.,

2001). To overcome this predicament, the analytical steps of blood
sampling should separate MMPs from the MMP-TIMP complex
and avoid free MMPs binding with a;-macroglobulin. In previous
reports (Alby et al., 2002; Mannello, 2003; Loffek et al., 2011), hep-
arin was recommended as the anticoagulant of choice to study
circulating MMPs; an additional advantage of heparin is it might
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interact with the hemopexin domain of MMPs and interfere with
the proMMP-TIMP complex (Supporting Fig. S5), therefore the
stronger digested zones can be observed in pro and activated MMP,
the result was also found in studies on interaction between heparin
and collagenase or metrilysin (Mannello et al., 2008), and result
in activating MMP activity. To summarize what was mentioned
before, we mixed heparin with additional MMPs and incubated the
solution at 37 °C for 30 min to activate additional MMPs and avoid
them being inhibited by a;-macroglobulin.

Upon pretreatment, the UV-vis absorption spectra of
AuNPs/MCH-substrate became broader and shifted to much
longer wavelength (Supporting Fig. S6); furthermore the value
of Aga5/As25 and the concentrations of MMPs from 10 ng/mL to
700 ng/mL had a positive linear correlation, as shown in Fig. 3. In
the present study, MMPs mixed with plasma obtained a higher
Ag25/Asz5 value than pure ones. There are two possible explana-
tions for this phenomenon. First, the activated MMPs in plasma
use their functionality and digest the AuNPs/MCH-substrate.
Secondly, the additional MMPs cleave the propeptide form of
pro-form MMPs and switch pro-form MMPs to activated-form
MMPs (Itoh et al., 1995).

3.5. Assay the efficiency of MMP inhibitors

To validate a potential application of the colorimetric method
of AuNPs, we also applied this method to evaluating the efficacy
of different chemical compounds on inhibiting MMP activity (Lee
etal.,,2008; Dorman et al., 2010). We examined potential MMP fam-
ily inhibitors ONO-4817, a kind of Zn%* chelator (Yamamoto et al.,
2003; Fisher and Mobashery, 2006) and galardin, a kind of pep-
tidomimetics synthetic drug (Augé et al.,2004; Almholtetal.,2008),
and chose hirudin as a negative control (Chang, 1983) and EDTA as
abroad-spectrum inhibitor of metalloproteinase (Haas et al., 1998).

The AuNPs/MCH-substrate differed depending on the type
of MMPs (250ng/mL), and the presence of different concen-
trations of inhibitors was measured after the solutions were
incubated at 37°C for 1h. With the presence of an efficient
inhibitor in the AuNPs/MCH-substrate, no detectable color change
occurred, and the solutions were indefinitely stable without show-
ing signs of aggregation. These results can be explained because
galardin and ONO-4817 can inhibit the activity of MMPs; thus,
the aggregation of the AuNPs/MCH-substrate will become slow
and result in less absorption variation (and less color change).
Fig. 4A displays the inhibitor concentration-dependent color
changes that were observed in ONO-4817 and galardin. However,
these chemicals showed no effect on the stability of dispersive
AuNPs/MCH-substrate (data not shown). For the quantitative anal-
ysis of the inhibitory effects on each MMP, the Agys/As25 ratio
was plotted against the inhibitor concentration. The half max-
imal inhibitory concentration (ICsp; concentration of inhibitor
that reduces enzyme activity to 50% of the activity of the native
enzyme) was estimated by calculating the Agy5/Asz5 ratio of the
AuNPs/MCH-substrate. The IC5q values were 17.76 nM and 1.87 nM
for MMP-2 and 40.45 M and 16.07 nM for MMP-7 (Fig. 4B and
C). Compared with MMP-2 and MMP-7, ONO-4817 cannot inhibit
MMP-1, and ICs5q of galardin toward MMP-was established to be
1.61 nM. Moreover, the efficiencies of ONO-4817 and galardin were
also analyzed by zymography (Supporting Fig. S7). Each result
obtained from zymography was consistent with the AuNPs-based
optical biosensing method. The ICsy values for ONO-4817 and
galardin were estimated to be 14.33 nM and 3.48 nM for MMP-2
and 60.67 wM and 5.27 nM for MMP-7. ONO-4817, as usual, cannot
inhibit MMP-1, and the ICs of galardin toward MMP-1 was estab-
lished to be 2.37 nM. This ICsg value is different from each assay
method. But, it is understandable because the reported ICsq values
are affected by several parameters including the concentrations

of enzyme and the substrate. In zymography, the MMP-inhibitor
is separated by electrophoresis under denaturing conditions and
cannot inhibit MMPs anymore (Ando et al., 1993; Kleiner and
Stetler-Stevenson, 1994). To avoid interference by electrophoresis,
the inhibitor was always included in the development buffer during
proteinase reactions. Therefore, to reveal potent enzyme inhibi-
tion by zymography, the dose of inhibitor should be higher than
when analyzing the inhibitor by the optical AuNPs-based method.
Additionally, the two-step staining/destaining method of zymogra-
phy is not reliable and is difficult to reproduce (Leber and Balkwill,
1997), which would increase inaccuracy for inhibitive efficiency.
From these results, we suggest that our colorimetric system can be
applied to the quantitative screening of MMP inhibitors.

4. Conclusions

We presented an optical AuNPs-based method of aqueous
zymography for analyzing the activity of MMPs. The established
method can be customized to specific experimental demands by
adjusting the grafted substrate. Furthermore, it escapes the pro-
cesses of protein denaturation and renaturation and provides
more accurate information on proteinase activity. The AuNPs-based
method can be characterized with obvious advantages in aspects
of: (1) one-step operation and short assay time (60 min), (2) high
sensitivity and specificity for MMP activity, (3) use of a common
spectrophotometer or the naked eye, and (4) a high correlation
with the traditional zymography method. In addition, the optical
AuNPs-based method has a potential for further application in the
efficient screening of class MMP inhibitors in vitro and the abil-
ity to obtain significantly faster diagnostic times and lower doses
than with substrate zymography. Thus, the optical AuNPs-based
method may serve as a useful tool for evaluating activities of various
proteases and for protease inhibitor screening.
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