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a b s t r a c t

Rapid, sensitive and quantitative assays for peptide hydrolysis enzymes are of paramount importance

for drug development and in the diagnosis of disease. Here, we proposed a novel biosensor for sensitive

and selective active screening of peptidases. This strategy relies on the proteolysis-mediated protection

of gold nanoparticles (AuNPs) that were decorated with biotin-labeled substrate peptides and can be

aggregated by streptavidin. Enzyme-mediated protection of AuNPs offers this strategy high specificity,

and the use of AuNPs additionally allows a visual and homogeneous assay format, thus permitting

improved simplicity and throughput of the assays. As a model case, desirable selectivity and sensitivity

in peptidase assay were achieved in the active assays of pancreatic elastase with a wide linear response

range from 0.005 to 0.10 U/mL and a detection limit of 0.003 U/mL. The results indicated that this

strategy can offer a simple, robust and convenient platform for visualized peptidase activity analysis

and related biochemical studies with high sensitivity and selectivity.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Peptidases are known to be abundant in almost all species [1].
Their behaviors may vary from the very broad and indiscriminate
to the exceptionally specific, cleaving single peptide bonds in a
single target protein [2]. This kind of enzymes is implicated in
regulating a wide range of fundamental biological processes such
as cell-cycle progression [3], development [4], wound healing [5]
and apoptosis [6]. They have also been involved in various
pathological states such as cancer, diseases of the central nervous
system, cardiac diseases and numerous viral and infectious
diseases [7–9].

To investigate the pathological and physiological functions of
peptidases, the characterization and quantification of the activ-
ities of these peptidases are essential steps. Mass spectrometry
usually plays a central role in peptidase assay, especially for the
identification of proteins [10]. However, it often involves labor-
ious and time-consuming steps for sample preparation [10].
Assays based on other sophisticated analytical instruments such
as NMR or IR spectrometers have been developed as well [11]. The
technique of fluorescence resonance energy transfer is also a
common choice for peptidase detection [12,13]. Other methods
ll rights reserved.
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for protease activity screening include assays based on calori-
metric [14], amperometric [15], radioactive [16], and chemilumi-
nescent [17] detection. Despite the successes of these methods,
the use of costly label reagents, sophisticated instrumentation, or
multistep washing and separation may limit their application. In
the context, the development of rapid, easy and sensitive techni-
ques for peptidase activity monitoring is still a topic of intensive
interest in bioanalytical chemistry.

In the present study, we develop a novel homogeneous biosensing
strategy for visual screening of the activities of peptidases on the
basis of proteolysis-mediated protection of gold nanoparticles
(AuNPs) decorated with biotin-labeled substrate peptides that can
be aggregated by streptavidin. For its high sensitivity comparable
with the fluorescence assay and exquisite capability in visual detec-
tion using ‘‘naked’’ eyes, AuNPs has been demonstrated to be a useful
tool in analytical biochemistry [18,19], and employed for the detec-
tion of a variety of targets such as DNA [20,21], small molecules
[22,23], proteins [24,25], and cancer cells [26]. Herein, with the
combination of enzymatic reaction, we propose a novel biosensing
strategy for visual and homogeneous screening of the activities of
peptidases. Enzyme-mediated protection of AuNPs offers this strategy
high specificity, while visual and homogeneous assay format affords
improved simplicity and throughput. To demonstrate the perfor-
mance of this strategy in the activity screening of peptidases,
pancreatic elastase [27,28] was used as a model case. This new
strategy may create a robust, convenient and visualized platform for
screening the peptidase activities with high sensitivity and selectivity.
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2. Experimental

2.1. Materials and reagents

Porcine pancreatic elastase type IV (50–90% protein, lyophilized
powder, Z4.0 U/mg protein), Hydrogen tetrachloroaurate trihydrate
(HAuCl4 �3H2O) and trisodium citrate dihydrate (C6H5Na3O7 �2H2O)
were purchased from Sigma-Aldrich Co. Streptavidin was purchased
from New England Biolabs (Ipswich, MA, USA). Other reagents that
were of analytical grade and were used without further purification
were all purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All solutions were prepared and diluted using
ultra-pure water (with an electric resistance 418.3 mO) produced
by a Millipore Milli Q system. The substrate peptide sequence used in
the experiments was biotin-EEEEEAAEEC, and the sequence of the
peptide used in the control experiment was biotin-EEEEEEEEEC.
Both peptides were synthesized and purified by A’Peptide Co., Ltd.
(Shanghai, China).
2.2. Preparation of peptide-decorated AuNPs

AuNPs were synthesized by citrate reduction of HAuCl4 according
to documented protocols [29,30], briefly described as follows: triso-
dium citrate (10 mL, 38.8 mM) was rapidly added to a stirred boiling
solution of HAuCl4 (100 mL, 1 mM). After several minutes the color of
the solution changed from pale yellow to deep red. The solution was
then heated under reflux for another 30 min to ensure complete
reduction followed by slow cooling to room temperature. The average
size of AuNPs was 1372 nm as calculated from the transmission
electron microscopy (TEM) image. The concentration of these AuNPs
was determined to be �13 nM based on an extinction coefficient
of 2.7�108 L mol�1 cm�1 at 520 nm for 13 nm AuNPs using a
UV-2450 UV–vis absorption spectrophotometer (Shimadzu, Japan).
The AuNPs solution was stored at 4 1C for future use.

The peptide-decorated AuNPs, which serve as artificial substrates
for pancreatic elastase, were prepared according to the reported
method [31] with some modifications. Briefly, the peptide-decorated
AuNPs were prepared by adding 100 mL biotin-labeled peptide
(250 mM) into 500 mL AuNPs solution under vigorous stirring and
then incubating at room temperate for 12 h. The excessive peptides
were removed via centrifugation at 15,000 rpm for 15 min followed
by resuspension of the sediment in 1 mL 10 mM phosphate buffer
Scheme 1. Illustration of the biosensing strategy for peptidase activity assa
(PB, pH 8.0). This step was repeated three times to sufficiently
remove all excess peptides. Subsequently, the peptide-modified
AuNPs were redispersed in 600 mL of PB (10 mM, pH 8.0) and stored
at 4 1C for downstream assays. The final concentration of peptide-
modified AuNPs was �10.8 nM, assuming that there was no
significant loss of AuNPs during the preparation process.

2.3. Activity assay of pancreatic elastase

The proteolysis reaction was started by adding a 30 mL aliquot
of the peptide-modified AuNPs (�3.6 nM in AuNP concentration)
in 27 mL phosphate buffer (10 mM, pH 8.0) containing a given
concentration of pancreatic elastase. After 1 h incubation at 25 1C
in a water bath, 3 mL streptavidin (15.8 mM) was added to the
reaction mixture and incubated at 37 1C for 15 min on a shaker
(Eppendorf, Hamburg, Germany).

2.4. Absorption spectrum, dynamic light scattering and transmission

electron microscopy measurements

The surface plasmon absorption spectra of AuNPs were mea-
sured in the wavelength range from 400 nm to 800 nm at room
temperature in a 60 mL quartz cuvette on a UV-2450 UV–vis
absorption spectrophotometer (Shimadzu, Japan). To ensure
homogeneity of the AuNP suspension, all solutions were agitated
vigorously before the absorption measurement.

The hydrodynamic sizes of the AuNPs were determined by
dynamic light scattering analysis using a Zetasizer 3000 HS particle
size analyzer (Malvern Instruments, UK). The transmission electron
microscope (TEM) images were obtained with a field-emission
high-resolution 2100F TEM (JEOL, Japan) opened at an accelerating
voltage of 200 kV. The sample films for TEM analysis were formed
by dropping the solution of AuNPs on a carbon-coated copper
mesh grid and left to dry in air condition at room temperature.

3. Results and discussion

3.1. Analytical principle of the biosensing strategy for visual

screening of peptidase activity

This developed biosensing strategy relies on the proteolysis-
mediated protection of substrate peptide-decorated AuNPs, as
y on the basis of proteolysis-mediated protection of gold nanoparticles.
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illustrated in Scheme 1. The AuNPs are decorated with an artificial
substrate peptide via self-assembly. For the substrate peptide, at
its N0 terminal it is designed to have a biotinylated substrate
sequence with a specific reacting site for peptide hydrolysis
enzyme. At the C0 terminal of the substrate peptide, there is a
thiolated, negatively charged spacer sequence which can mini-
mize the steric hindrance in enzymatic reactions and enhance the
stability of the peptide-decorated AuNPs.

In the absence of target peptidase, because the free terminal of
the intact substrate peptide decorated on AuNPs is biotinylated, it
can bind with streptavidin through the biotin–streptavidin inter-
action. Each streptavidin has more than two binding sites for
biotin, thus, it can trigger a network-like assembly of the peptide-
decorated AuNPs, subsequently inducing a significant variation in
the plasmon resonance absorption peak with a visualized color
change. In contrast, in the presence of target peptidase, the
peptidase catalyzes the hydrolysis of the specific reacting site in
the substrate peptide. The enzyme-catalyzed hydrolysis, thus,
releases a biotinylated peptide fragment from the substrate
peptide-decorated AuNP. As the added streptavidin can only bind
with the released biotinylated fragment, AuNPs are well protected
from the streptavidin-triggered network-like assembly. Note that
the proteolysis-mediated protection of AuNPs is achieved only in
the presence of the active target peptidase. Therefore, the result-
ing absorption spectral response of AuNPs can be immediately
used for quantifying the activity of the target peptidase.
104
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Fig. 2. Hydrodynamic sizes of AuNPs determined by DLS analysis: (A) substrate

peptide-decorated AuNPs; (B) substrate peptide-decorated AuNPs reacting with

0.8 mM streptavidin; (C) substrate peptide-decorated AuNPs treated with 0.1 U/mL

pancreatic elastase plus 0.8 mM streptavidin; and (D) peptide-decorated AuNPs

without any reacting site for pancreatic elastase treated with 0.1 U/mL pancreatic

elastase plus 0.8 mM streptavidin.
3.2. Typical characteristics of peptidase activity assay

For a biosensor developed using the substrate peptide of
pancreatic elastase based on the strategy described in the present
study, Fig. 1 depicts its typical absorption spectral response curves
observed in the assay of pancreatic elastase. By dispersing the
substrate peptide-decorated AuNPs (�1.8 nM) in aqueous solution,
a homogeneous solution with a red color and a single surface
plasmon absorption peak centered at 520 nm with the maximum
intensity of 0.44 as obtained (curve a). With the addition of
streptavidin (0.8 mM) and incubation for 15 min, the solution
showed a rapid color change from red to purple and the absorption
peak decreased by �72% (�0.32, curve b) centered at 550 nm,
exhibiting an obvious assembly of substrate peptide-decorated
AuNPs. By contrast, incubating the substrate peptide-decorated
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Fig. 1. Typical absorption spectra obtained in assays of pancreatic elastase:

(a) substrate peptide-decorated AuNPs (�1.8 nM), (b) substrate peptide-deco-

rated AuNPs reacting with 0.8 mM streptavidin, (c) substrate peptide-decorated

AuNPs treated with 0.1 U/mL pancreatic elastase plus 0.8 mM streptavidin, and

(d) peptide-decorated AuNPs without any reacting site for pancreatic elastase

treated with 0.1 U/mL pancreatic elastase plus 0.8 mM streptavidin. The inset is

the photograph for the corresponding systems.
AuNPs with 0.1 U/mL pancreatic elastase followed by the addition
of streptavidin, compared with the substrate peptide-decorated
AuNP solution, no significant color change appeared in the reaction
solution and a surface plasmon absorption peak centered at
520 nm with the peak intensity slightly decreased to 0.43 was
observed (curve c). It gave a direct evidence for no observable
network-like assembly of substrate peptide-decorated AuNPs.
Another control experiment using a peptide without any reacting
site for pancreatic elastase instead of the substrate peptide was
also performed. As anticipated, a rapid color change and peak
intensity decreasing were observed (curve d) after treating such
peptide decorated AuNPs (�1.8 nM) with pancreatic elastase
(0.1 U/mL) followed by the addition of streptavidin (0.8 mM). The
behavior of the solution was very similar to that of the solution of
the substrate peptide-decorated AuNPs. It was suggested that
pancreatic elastase was only active at the specific reacting site of
peptide, and the protection of the AuNPs was highly selective for
the pancreatic elastase-catalyzed hydrolysis. Taken together, the
network-like assembly of the substrate peptide-decorated AuNPs in
the assays was highly specific to the hydrolysis catalyzed by active
pancreatic elastase, implying that the developed colorimetric
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biosensing strategy may provide a selective and visualized platform
for activity screening of peptide hydrolysis enzymes.
3.3. Dynamic light scattering and transmission electron

microscopy characterization of the biosensing strategy for peptidase

activity assay

Because the AuNP aggregate usually displayed a large hydro-
dynamic diameter, dynamic light scattering and transmission
electron microscopy analysis could provide straightforward evi-
dences for the assembly of AuNPs. Hence, DLS and TEM were
performed to inspect the assembly of AuNPs in the assays in order
to further verify the mechanism of the developed biosensing
strategy. As shown in Figs. 2A and 3A for the peptide-decorated
AuNPs, an average hydrodynamic diameter of �32.7 nm was
observed. This diameter value was much larger than the core
size (�13 nm) of AuNPs because of the additional peptide and
hydration layers. After treating the substrate peptide-decorated
AuNPs with streptavidin, a substantial increase in the average
hydrodynamic diameter (�346.5 nm) was observed for the
AuNPs, giving an immediate evidence for the assembly of the
peptide-decorated AuNPs into large aggregates (Figs. 2B and 3B).
For the reaction system that consecutively treats the peptide-
decorated AuNPs with pancreatic elastase and streptavidin, an
average hydrodynamic diameter of �65.8 nm was obtained for
the AuNPs (Figs. 2C and 3C). The value of the diameter was little
larger than that observed in the system only containing the
Fig. 3. TEM images of AuNPs in different situation: (A) substrate peptide-decorated A

(C) substrate peptide-decorated AuNPs treated with 0.1 U/mL pancreatic elastase plus 0

pancreatic elastase treated with 0.1 U/mL pancreatic elastase plus 0.8 mM streptavidin
peptide-decorated AuNPs, but much smaller than that observed
in the system containing the peptide-decorated AuNPs and
streptavidin. On the other hand, in the control experiment where
the peptide had no active site for pancreatic elastase, we obtained
a hydrodynamic diameter of an average of �342 nm for AuNPs
after treating with pancreatic elastase and streptavidin (Figs. 2D
and 3D). These results were very consistent with those obtained
with the absorption spectral measurements, which further con-
firmed that the pancreatic elastase catalyzed hydrolysis allowed
well protection of the substrate peptide-decorated AuNPs from
network-like assembly by streptavidin, and such protection was
highly specific for the active pancreatic elastase.
3.4. Optimization of peptidase activity assay conditions

The developed strategy relied on the proteolysis-mediated
protection of AuNPs from streptavidin-triggered network-like
assembly, so the performance of the biosensor highly depended
on the concentration of streptavidin as well as the reaction time
of the peptidase-catalyzed hydrolysis. Fig. 4 depicts the depen-
dency of absorbance responses at 520 nm for the biosensing
strategy on the concentrations of streptavidin. It was observed
that with the increasing concentration of streptavidin, absorption
intensities were decreased substantially at first, and then
increased when the concentration was larger than 0.8 mM. There-
fore, this concentration of streptavidin was taken throughout the
subsequent experiments. Fig. 5 depicts the dependency of the
uNPs; (B) substrate peptide-decorated AuNPs reacting with 0.8 mM streptavidin;

.8 mM streptavidin; and (D) peptide-decorated AuNPs without any reacting site for

.
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Fig. 5. Dependency of the absorbance responses at 520 nm for the biosensing

strategy on the hydrolysis reaction time. Concentrations of substrate peptide-

decorated AuNPs and pancreatic elastase are �1.8 nM and 0.1 U/mL, respectively.
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Fig. 4. Dependency of the absorbance responses at 520 nm for the biosensing

strategy on concentrations of streptavidin. Concentration of substrate peptide-

decorated AuNPs is �1.8 nM.
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absorption spectral signal of the peptidase activity assay on
hydrolysis reaction time. With prolonged reaction time, the
observed absorption intensity at 520 nm gradually increased
and became almost leveled off at 1 h. Thus, the time for
peptidase-catalyzed hydrolysis reaction was set to 1 h throughout
the subsequent experiments.

3.5. Quantitative assay of peptidase activity using

the biosensing strategy

We also investigated the ability of the developed biosensor for
quantitative assay of the peptidase activity. In the assays, a series of
samples containing pancreatic elastase of different concentrations
were incubated with the substrate peptide-decorated AuNPs fol-
lowed by the addition of streptavidin, and then the absorption
spectra were recorded. Fig. 6A shows the typical absorption spectral
signals of the developed biosensing strategy obtained in response to
varying concentrations of pancreatic elastase. With the increasing
of pancreatic elastase concentration, the absorption peaks were also
found to display gradual increase. A plot of the absorbance readings
at 520 nm versus concentrations of pancreatic elastase revealed a
dynamic correlation between the peak absorbance and pancreatic
elastase concentrations in the range from 0.005 U/mL to 0.12 U/mL
(Fig. 6B). A linear correlation was obtained for concentration range
of 0.005–0.10 U/mL with a detection limit of 0.003 U/mL, a con-
centration readily available in pancreatic elastase analysis. It was
also observed that the strategy exhibited excellent reproducibility
due to its homogeneous assay format with simple operations.
Relative standard deviations (RSDs) of luminescence peak intensi-
ties were 1.9%, 1.3%, 1.8% and 2.1% in four repetitive assays of 0.01,
0.03, 0.05, and 0.1 U/mL peptidase target respectively. Therefore,
we might conclude that the developed colorimetric biosensor holds
great potential for quantitative activity assay of pancreatic elastase
with desirable sensitivity and reproducibility.
4. Conclusion

A novel homogeneous biosensing strategy for visual activity
screening of peptidases was proposed based on the proteolysis-
mediated protection of substrate peptide-decorated AuNPs
against the network-like assembly which can be triggered by
the biotin–streptavidin binding event. This strategy allowed a
homogeneous assay of the peptidase activity in a very simple
format as well as simplified instrumentation owing to the
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visualized detection, which made the assays robust, easily auto-
mated, scalable for parallel assays of hundreds of samples. Using
pancreatic elastase as a model case, the developed strategy was
demonstrated to display desirable selectivity and sensitivity in
peptidase assay. A wide linear response range from 0.005 to
0.10 U/mL with a detection limit of 0.003 U/mL was achieved. By
designing proper substrate peptides and decorating them on
AuNPs, this strategy also can be used for sensitive and specific
activity screening of other peptidases. In view of these advan-
tages, the developed peptidase biosensing strategy was expected
to provide an intrinsically robust, convenient, and sensitive plat-
form for visualized peptidase activity analysis and related bio-
chemical studies.
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