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A B S T R A C T   

Characterization of the protein-peptide interactions are a critical for understanding the functions and signal 
pathways of proteins. Herein, a new finding of universal terminal protection that protein bind specifically with 
peptide and provide a protective coating to prevent peptide hydrolysis in the presence of peptidase. On the basis 
of this mechanism, we first reported a novel label-free fluorescence biosensor strategy that utilizes the protection 
of specific terminal protein on peptide-templated gold nanocluster (AuNCs) beacon for the detection of proteins. 
The fluorescence quenching of peptide-templated AuNCs can be effectively inhibited with increasing concen
tration of the specific protein, exhibiting a satisfactory sensitivity and selectivity toward protein with the 
detection limit of MDM2 and gp120 are 0.0019 U/mL and 0.0012 U/mL, respectively. The developed label-free 
fluorescence biosensor strategy provides new ideas to detect and screen protein for analyzing protein-peptide 
interaction in biomedical applications.   

1. Introduction 

Protein− peptides interactions form the basis of various cellular 
processes. More than 40% of the protein interaction pathways are esti
mated to be mediated by the interactions between proteins and peptides 
[1,2]. Characterization of the proteins− peptides interactions are a 
critical for understanding the functions and signal pathways of proteins 
[3,4]. Identification of protein-binding peptides also creates the possi
bility for designing new peptide-based probes or drugs that can facilitate 
the interrogation of target protein–peptides interactions [5,6]. 

In order to screen proteins that interact with specific peptides for the 
further analysis of proteins− peptide interactions, routine detecting 
techniques include electrophoresis [7], mass spectrometry [8], surface 
plasmon resonance [9] and resonance rayleigh scattering method [10]. 
However, these methods usually require sophisticated instrumentation 
and involve tedious assay optimization, or complicated separation and 
treatment for target protein. Hence, it is highly desirable to develop a 
novel strategy for sensitive, rapid and convenient detection and 
screening of target protein in biology and clinical theranostics [11,12]. 

Peptide-based fluorescence biosensors provide an attractive option 
for the detection of protein because of its high sensitivity, excellent 
temporal resolution and flexible functionality. However, the design of 
peptide sensors for protein recognition is challenging because of the lack 
of generic biochemical property discriminating between protein-binding 
peptides and non-binding ones. An important and useful mechanism for 
the peptide-based sensor development is conformational switching [13]. 
On interacting with its cognate target, the peptide probe undergoes a 
conformational change, altering the distance between a pair of fluo
rescence donor and acceptor labels and thus inducing a detectable 
resonance energy transfer signal [14–16]. A significant progress in this 
direction is peptide beacons [17,18], and recently developed peptide 
nucleic acid beacons [19,20]. 

In the previous study, we reported peptide-templated AuNCs beacon 
as biosensor for the detection of protein post-translational modification 
enzymes [21]. Herein, we first reported a label-free fluorescence 
biosensor strategy for the detection and screening of protein based on 
peptide-templated AuNCs beacon to the best of our knowledge. The gold 
clusters were oxidized as the substrate peptide was hydrolyzed by 
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peptidase, the fluorescence of peptide-templated AuNCs was gradually 
quenched. When template peptide interacts specifically with protein 
that can bind on the terminal of peptide and prevent peptide hydrolysis 
in the presence of peptidase, inhibiting the fluorescence quenching of 
AuNCs. This protein-responsive fluorescent AuNCs can be as a simple 
and useful biosensor to detect and screen proteins which interact with a 
specific peptide for the deeper investigation of proteins− peptides in
teractions. In this work, we choose MDM2 and gp120 as protein model 
to verify the feasibility of the biosensors. Both MDM2 and gp120 are 
known to be tightly implicated in tumor metastasis, virus invasion and 
are most potential diagnostic biomarkers therapeutic targets. 

2. Experimental sections 

2.1. Materials and reagents 

MDM2, gp120, Carboxypeptidase Y, BSA and HAuCl4⋅3H2O were 
purchased from Sigma-Aldrich (Missouri, USA) and 3-mercaptopro
pionic acid (MPA) was from ACROS (New Jersey, USA). All other 
chemicals were of analytical grade and obtained from Sinopharm 
Chemical Reagent Co. Ltd (Shanghai, China). The peptides were syn
thesized by a solid phase method from GL Biochem Co. Ltd. (Shanghai, 
China). All solutions were prepared using ultrapure water, which was 
obtained through a Millipore Milli-Q water purification system (Bill
erica, MA, USA) and had an electric resistance >18.3 MΩ. The glassware 
was washed with aqua regia (HCl: HNO3 in a volume ratio of 3:1), and 
then rinsed with ultrapure water for three times. 

2.2. Synthesis and characterization of peptide-templated AuNCs 

In a mixture of 200 μL of 62 μM peptide aqueous solution, 1.5 mL of 
50 mM HAuCl4 aqueous solution and 1.5 mL methanol, 300 μL of 30 μM 
MPA aqueous solution was added under stirring on a magnetic stirrer. 
The pH value of the mixture was adjusted with 150 M NaOH (~60 μL) to 
pH 8. Then, the mixture was stirred for 10 min followed by the addition 
of 300 μL of 1 M NaBH4 that was freshly prepared in ice-cooled water. 
The reaction mixture was stirred for another 10 min to allow the for
mation of the peptide-templated AuNCs. The resulting AuNCs (~3.6 mL) 
were concentrated and washed with ultrapure water for three times by 
ultrafiltration using a centrifugal filter unit (Amicon Ultra-0.5 mL with 
MWCO of 3000, Millipore) so as to remove excessive peptide and MPA. 
The concentrated AuNCs were diluted with ultrapure water to 1.8 mL. 

The fluorescence spectra were measured at room temperature in a 
100 μL quartz cuvette on a Fluorolog-Tau-3 spectrofluorometer (Jobin 
Yvon Inc., NJ) with the slit set to be 5 nm for both the excitation and the 

emission. The ultraviolet–visible (UV–vis) absorption spectra were 
measured using a UV-2550 spectrometer (Shimadzu, Japan) with a 
wavelength interval of 2 nm. The morphologies of the AuNCs were ob
tained using a JEOL JEM-2100 transmission electron microscope (TEM). 
The capillary electrophoresis experiment was recorded using a capillary 
electrophoresis system equipped with UV absorption detection (P/AGE 
MDQ, Beckman, Germany) in 50 mM borate running buffer (pH 9.2) 
under an applied potential of 15 kV and detected at 254 nm for 30 min at 
25 ◦C (the quartz capillary diameter: 75 μm, effective length: 30 cm). 

2.3. Peptide-templated AuNCs probe for the detection of MDM2 

In a typical assay, in a 100 μL reaction buffer containing 50 nM 
peptide 1-templated AuNCs, 16.5 mM Tris-HCl (pH 8.0), 50 mM sodium 
chloride, 1 mM EDTA and 20% DMSO, 5 μL of MDM2 of a given con
centration was added. The mixture was incubated at 37 ◦C for 30 min to 
allow a complete binding reaction. After the reaction, the pH value of 
the mixture was adjusted with 15 M HCl (~2 μL) to pH 6.75. Then, the 2 
μL of 1U/ml carboxypeptidase Y was added to the mixture at 25 ◦C for 
25 min. The resulting solution was immediately subjected to fluores
cence spectral measurements. Time-dependent fluorescence responses 
of the reaction were taken at a time interval of 30 s. The fluorescence 
spectra were recorded in the emission wavelength range from 390 to 
600 nm with an excitation wavelength at 350 nm. 

The control experiments were performed under the same conditions 
except the replacement of a given reagent by a control reagent, such as 
replacing peptide 1-templated AuNCs by an equal volume of AuNCs 
templated by another peptide, or replacing MDM2 by an equal volume 
of another protein. 

2.4. Peptide-templated AuNCs probe for the detection of gp120 

In a typical assay, in a 100 μL reaction buffer containing 50 nM 
peptide 2-templated AuNCs, 50 mM PBS (pH 7.4), 5 μL gp120 of a given 
concentration was added. The mixture was incubated at 37 ◦C for 45 min 
to allow a complete deacetylation reaction. After the reaction, the pH 
value of the mixture was adjusted with 15 M HCl (~1 μL) to pH 6.75. 
Then, 2 μL of 1 U/ml carboxypeptidase Y was added to the mixture at 
25 ◦C for 25 min. The resulting solution the resulting solution was 
immediately subjected to fluorescence spectral measurements. Time- 
dependent fluorescence responses of the reaction were taken at a time 
interval of 30 s. The fluorescence spectra were recorded in the emission 
wavelength range from 390 to 600 nm with an excitation wavelength at 
340 nm. 

The control experiments were performed under the same conditions 

Fig. 1. (a) High resolution TEM image of peptide 1-templated AuNCs. (b) UV–Visible absorption spectra of AuNCs with peptide 1 template (green) and non-template 
(pink). (c) Fluorescence excitation and emission spectra of AuNCs with peptide 1 template (red and blue) and non-template (black and brown). (d) Fluorescence 
spectral responses of peptide 1-templated AuNCs in different system. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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except the replacement of a given reagent by a control reagent, such as 
replacing peptide 2-templated AuNCs by an equal volume of peptide 1- 
templated AuNCs, replacing gp120 by an equal volume of other 
antibody. 

3. Results and discussion 

3.1. Synthesis and characterization 

Peptide templated AuNCs can be easily prepared according to pre
vious report, because peptide has two cysteine amino acids at N-termi
nal and exhibits high affinity to gold, providing a structure-defined 
template for the growth of AuNCs [22,23]. The sequences of the syn
thesized peptides are given in Table S1. The high-resolution trans
mission electron microscopy image shows that lattice fringes (~2.3 A) of 
AuNCs are coincide with the interplanar spacing of the (111) crystal 
plane of face-centered cubic Au, implying the synthesized 
peptide-templated AuNCs are Au8 clusters with surface peptide (Fig. 1a) 
[24,25]. 

3.2. Spectral characteristics of peptide-templated AuNCs 

The spectral characteristics of peptide 1-templated AuNCs were 
recorded and are shown in Fig. 1b–c. Peptide 1-templated AuNCs shows 
a broad absorption band with an onset near 400 nm and an intensive 
blue fluorescence. The emission maximum appears at 450 nm and the 
excitation wavelength at 360 nm. However, the non-templated AuNCs 
were synthesized in the absence of peptide 1 exhibited a weak blue 
emission with a maximum at 450 nm, which is significantly lower than 
that of peptide 1-templated AuNCs, implying the essential role of the 
peptide template for highly emission AuNCs. The enhanced emission 
indicated that the peptide template actually provided a protective 
coating for AuNCs, inhibiting oxidation of Au and O2-mediated fluo
rescence quenching. 

An interesting finding was that the peptides tethering on the pre
pared AuNCs could continue to serve as effective substrate for specific 
protein, and the fluorescence of peptide-template AuNCs would be 
quenched with the hydrolysis of the peptide. Take peptide 1-templated 
AuNCs as an example, the fluorescence spectral responses of peptide 1- 
templated AuNCs in different system are shown in Fig. 1d. It can be 
clearly found that peptide 1-templated AuNCs shows a higher emission 
intensity, but the emission intensity obviously decreased after the pep
tide 1-templated AuNCs reacted with 2 μL of 1 U/ml carboxypeptidase 

Y. Notably, we incubated the peptide 1-templated AuNCs with MDM2, 
the fluorescence signal of peptide 1-templated AuNCs have no signifi
cant decrease in the presence of carboxypeptidase Y. This result illus
trates that the fluorescence quenching of peptide 1-templated AuNCs 
was specifically originated from the hydrolyzation of the peptide 1 by 
carboxypeptidase Y. The presence of MDM2 provided a protective 
coating. 

For peptide 1 and inhibited the hydrolysis of peptide 1. To further 
validated whether the terminal protection was selective to protein, we 
incubated BSA with peptide 1-templated AuNCs, the emission intensity 
of peptide 1-templated AuNCs significantly reduced. On the other hand, 
we used peptide 2 as peptide template for control experiments, the 
synthesized peptide 2-templated AuNCs also exhibited strong fluores
cence emission under the excitation of 360 nm light. However, a 
remarkable fluorescence quenching was observed both peptide 2-tem
plated AuNCs linking MDM 2 and BSA after being treated with 
carboxypeptidase Y. These observations implied that peptide-templated 
AuNCs biosensor exhibited excellent selectivity, it can be used as fluo
rescence biosensor for the specific detection of protein. 

3.3. Mechanism of sensing studies 

In order to unveil the fluorescence response mechanism of peptide 
templated-AuNCs and verify the specific terminal protective effect of 
protein for peptide. First, electrophoresis was used for the investigation 
of protein terminal protection for peptide hydrolysis. The peaks 
appearing in the electrophoretograms were exclusively arising from the 
peptide and its bind products due to absorption coefficients of the pro
teins at 254 nm and limited working concentrations involved in the 
experiments [26]. This feature give us permission to directly visualize 
the hydrolyzation status of the peptides. Electrophoretograms for the 
peptide under the carboxypeptidase Y treatment were shown in Fig. 2a. 
A sharp peak for the peptide 1 and peptide 1 linked MDM2 were 
observed, but two individual peaks are observed for the carboxypepti
dase Y treated peptide 1, meaning a complete hydrolyzation of the 
peptide 1 sequence by carboxypeptidase Y. The migration time of the 
MDM2 linked peptide 1 obviously extended after interacted with 
carboxypeptidase Y. These results indicate that MDM2 would interact 
with exposed surface silanol groups on the capillary wall of peptide 1 
and prolonged migration time. Even if MDM2 linked peptide 1 complex 
undergo extensive hydrolyzation by carboxypeptidase Y over 1 h, the 
electrophoresis peaks of the complex have no obvious change, clearly 
confirming that hydrolysis of the peptide 1 by carboxypeptidase Y was 

Fig. 2. (a) Electrophoretograms of 2 μM peptide-1, 2 μM peptide-1 binding MDM2, 2 μM peptide-1 plus 2 μL of 1 U/ml carboxypeptidase Y, 2 μM peptide-1 binding 
MDM 2 with 2 μL of 1 U/ml carboxypeptidase Y and 2 μM peptide-1 with BSA plus 2 μL of 1 U/ml carboxypeptidase Y. (b) Electrophoretograms of 2 μM peptide-2, 2 
μM peptide-2 binding gd120, 2 μM peptide-2 plus 2 μL of 1 U/ml carboxypeptidase Y, 2 μM peptide-2 binding gd120 with 2 μL of 1 U/ml carboxypeptidase Y and 2 
μM peptide-2 with BSA plus 2 μL of 1 U/ml carboxypeptidase Y. Internal standard is 4 μM peptide-3. 
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prevented by the MDM2 binding event. The electrophoretogram also 
exhibits two peaks for these two mononucleotides in the presence of 
BSA, which indicate that BSA did not play a protective role in the hy
drolysis of peptide 1, because the specific sequence of amino acids is the 
prerequisite for the binding of peptides with proteins [27]. The same 
phenomenon that we can see from peptide 2 linked gp120, illustrating 
that the method of protein terminal protection for peptide has signifi
cant specificity (Fig. 2b). 

Next, we further used ESI-MS to investigate protein terminal pro
tection for peptide through peptidase mediated hydrolysis reaction 
(Fig. 3). The ESI-MS mass spectra for the peptide 1-templated AuNCs 
show intense peak at 1936.842 Da and 3734.49 Da, respectively, before 
and after the peptide 1-templated AuNCs linked with MDM2. With the 
carboxypeptidase Y added into the liquid of peptide 1-templated AuNCs 
without linked with MDM2, many small peaks around the 132.28 Da 
were observed. Notably, it still only a peak at 3734.492 Da after the 
carboxypeptidase Y added into the liquid of peptide 1-templated AuNCs 
linked with MDM2. 

The above results demonstrate that the presence of MDM2 provides 
protection to the peptide 1 from carboxypeptidase Y hydrolysis. The 
same phenomenon can be found in carboxypeptidase Y mediated hy
drolysis reaction between the peptide 2-templated AuNCs and gp120 
(Fig. S1). In addition, fluorescence anisotropy measurement results 
show that only peptide 1-templated AuNCs with carboxypeptidase Y 
exhibited decreased values of fluorescence anisotropy (Fig. S2). This 
result, presumably attributed to the hydrolysis reaction changed vis
cosity microenvironment for the AuNCs. Thus, we could presume a 

Fig. 3. ESI MS spectra for peptide 1 templated AuNCs (50 nM) obtained after decomposing the AuNCs cores. (a) before linked with MDM2, (b) after linked with 
MDM2, (c) linked with MDM2 and plus 2 μL of 1 U/ml carboxypeptidase Y, (d) reaction with 2 μL of 1 U/ml carboxypeptidase Y and without MDM2. MDM2 
concentration was 60 nM. 

Scheme 1. Illustration of the mechanism for the peptide-templated AuNCs as a 
label-free sensor for protein. 
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mechanism of the peptide-templated AuNCs fluorescence biosensor 
strategy for the specific detection of protein combined above results, as 
shown in Scheme 1. 

3.4. The application of peptide-templated AuNCs for detecting protein 

Since these two peptide-templated AuNCs biosensors show high 
selectivity toward protein, they were next applied for the detection of 
protein. First, fluorescence spectral responses were studied during the 
reaction between the peptide 1-AuNCs (50 nM) and 2 μL of 1 U/ml 
carboxypeptidase Y with two different concentrations of MDM2 
(Fig. S3). The fluorescence of the peptide 1-templated AuNCs is gradu
ally quenched over time and reached plateau within 25 min at room 
temperature. As expected, the lower concentration MDM2 have shown 
higher fluorescence quenching efficiency. The main reason is that higher 
concentration of MDM2 could provide terminal protection for peptide 1 
to a large extent, thereby reducing the hydrolysis of peptide 1 by 
carboxypeptidase Y. 

Next, the fluorescence spectral responses of the peptide-templated 
AuNCs to protein (MDM2 and gd120) of varying concentrations are 
depicted in Fig. 4. Peptide 1-templated AuNCs exhibits weak emission in 
the presence of carboxypeptidase Y, whereas a dynamically increased 
fluorescence intensity with increasing the concentration of MDM2 was 
observed, the fluorescence responses displayed a linear correlation to 
the logarithm values of MDM2 concentration in a range from 1 pM to 60 
nM. According to the 3σ/k (where σ is the standard deviation of the zero 
standards, k is the slope for the range of the linearity used [28], the limit 
of detection (LOD) was calculated to be 0.0019 U/mL. Peptide 2-tem
plated AuNCs was used for the detection of gp120 (Fig. 4c–d). The 
result was similar to the peptide 1-templated AuNCs, the fluorescence 

quenching degree of peptide 2-templated AuNCs gradually decreased 
with the increased of the gp120 concentration, the LOD is 0.0023 U/mL 
in a range from 1 pM to 50 nM. Such a low detection limit and wide 
dynamic range implied that this label-free biosensor have a high 
response sensitivity to proteins. In addition, the emission of peptide 
1-templated AuNCs after storage 30 days at room temperature also 
demonstrates high stability of our method (Fig. 4S). Therefore, this 
strategy is expected to have potential in the detection and screening of 
proteins for deep investigation of protein-peptide interaction in 
biomedical applications. 

4. Conclusion 

In summary, we report a label-free fluorescence biosensor strategy 
for the specific detection of protein based on peptide-templated AuNCs 
beacon. The protein-responsive property of peptide-templated AuNCs 
were successfully demonstrated using MDM2 and gp120, exhibiting a 
satisfactory sensitivity and selectivity with the detection limit of MDM2 
and gp120 are 0.0019 U/mL and 0.0012 U/mL, respectively. We believe 
that it will provide new ideas to detect and screen protein for analyzing 
protein-peptide interaction in biomedical applications. 
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Fig. 4. (a) Fluorescence spectral responses of peptide 1-templated AuNCs to MDM2 of varying concentrations with plus 2 μL of 1 U/ml carboxypeptidase Y. (b) 
Fluorescence peak intensities versus MDM2 concentrations in logarithmic scale. (c) Fluorescence spectral responses of peptide 2 templated AuNCs to gp120 of 
varying concentrations with plus 2 μL of 1 U/ml carboxypeptidase Y. (d) Fluorescence peak intensities versus gp120 concentrations in logarithmic scale Error bars 
indicated SDs across four repetitive assays. 
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