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Abstract 

   Since Human Immunodeficiency Virus (HIV) have been one of the most terrible virus 

in recent decades, the early diagnoses of HIV gene is of great importance for all the 

scientist around the world. In our work, we developed a novel electrochemical biosensor 

based on one step ultrasonic synthesized graphene stabilized gold nanoclusters 

(GR/AuNCs) modified glassy carbon electrode (GCE) with exonuclease III (Exo III)-

assisted target recycling amplification strategy for the detection of HIV DNA. It’s the first 

time that GR/AuNCs was used as biosensor platform and aptamer with Cytosine-rich 

base was set as capture probe to construct biosensor. With the combination of Cytosine-

rich capture probe, GR/AuNCs ’s good conductivity and high surfaces with Exo III-

assisted target recycling amplification, we realized high sensitivity and good selectivity 

detection of target HIV DNA with a detection limit of 30 aM (S/N=3). Furthermore, the 

proposed biosensor has a promising potential application for target detection in human 

serum analysis. 

  

Keywords: graphene stabilized gold nanoclusters, Cytosine-rich capture probe, 

exonuclease III-assisted target recycling, HIV gene, electrochemistry detection.  
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Introduction 

Since 1983, the human immunodeficiency virus (HIV) was first discovered in 

America, it have caused great horror all over the world for the emergence of one the 

most deadly disease-AIDS (Acquired Immune Deficiency Syndrome). The gene of HIV 

group are two same strands RNA, which can transcribed into DNA for further 

gene expression in host cell with reverse transcription process. It attacks the host's 

immune system and causes the destruction of T4 lymphocytes, which results in the 

breakdown of human’s immune system, makes human body irresistible to many diseases 

and lead to miserable death in the end. Thus the detection of HIV biomarker or gene is of 

great importance for the early diagnosis and clinical therapy of AIDS and the prevention 

of virus’s propagation. At present, the most commonly used approach for the early 

diagnosis of AIDS is the detection of HIV antibody of host.1-6 However, it takes a few 

weeks to several months from HIV’s infection to HIV antibodies’ production, which is 

called the HIV’s window period. The AIDS cannot be detected for not enough antibodies 

produced during this time. In order to realize the early and quick diagnosis of AIDS in 

human body, some of the scientists detected the DNA of HIV in host cell with immediate 

detection after human’s infection without considering about the window period.  

For decades, a lot of methods have been developed for target HIV gene detection, 

including SERS (surface enhanced raman scattering),
7,8

 fluorescence method,
9,10

 

colorimetric approach,
11

 light scattering,
12 

and electrochemical techniques.
13-15

 Among 

them, electrochemical techniques have caused wide public concern over decades for 

good sensitivity and lower cost. In order to improve the sensitivity and selectivity for 

target detection, a large amount of biological amplification methods can be employed in 

this area.
16-23 

Exonuclease III is a kind of exonuclease that degrades dsDNA from blunt 

ends, 5'-overhangs or nicks, releasing 5'- mononucleotides from the 3'-end of DNA and 

producing stretches of single strand DNA. It exhibits good catalytic activities for the 

digestion of duplex DNA even with 3'-end modified with signal molecule.
24,25

 Thus it can 

be used for the digestion of capture probe and the recycling of target and Exo III in 
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electrical biosensor.
26-28 

 Metal nanoclusters, which composed of several to dozens of metal atoms, have 

attracted great interest in recent years. Because of the continuous density of states 

breaks up into discrete energy levels and comparable size to the Fermi wavelength of 

electrons, metal nanoclusters exhibit excellent optical, electrical properties and good 

biocompatibility comparing with bigger size metal nanoparticles. Bovine serum albumin 

(BSA),
29 

glutathione (GSH),
30

polyamidoamine dendrimers (PAMAM)
31 

or DNA
32

 are the 

most commonly used template for the synthesis of noble metal nanoclusters and their 

application in electrochemistry biosensor have been reported before.
33-36

 However, most 

of those materials are non-conducting and will hinder the electron transfer of electrical 

biosensor while binding to electrode surfaces. Tang and his coworkers synthesized Au 

cluster/graphene hybrids with green ultrasonic method for fuel cell.
37

 The Au 

cluster/graphene hybrids have much higher electrocatalytic activity and great enhanced 

electrocatalytic stability for oxidation reduction reaction (ORR) for the increased charge 

transfer from the clusters to the graphene. Thus we predict that taking advantage of 

those hybrids as an electrochemical biosensor platform can promote electrochemistry 

response in biosensor system. Zhu made use of Au cluster/graphene hybrids for H2O2 

electrogenerated chemiluminescence detection with direct electrochemistry method in his 

work.
38

 However, at present, rarely of electrochemical biosensor has taken advantage of 

this hybrid as platform for the construction of electrical biosensor. 

To realize the quick and sensitive detection of HIV DNA in host with lower cost and 

simple strategy, we developed an electrochemistry biosensor based on GR/AuNCs 

platform with Exo III-assisted DNA recycling amplification based on C-rich capture probe. 

GR/AuNCs set a good conductive platform with super high specific area, which provides 

more fixed sites for C-rich capture probe and good electrochemistry results was obtained. 

Signal decreased for the C-rich probe being digested in the presence of target DNA, an 

ultrasensitive signal-off electrical biosensor was proposed with high sensitivity and good 

selectivity towards HIV DNA detection with low detection limit (30 aM). It can also be 

applied in human blood sample for recovery detection with good application prospect. 
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Experimental Section 

Reagents and Materials. Graphene powder (G250) was purchased from 

Sinocarbon Materials Technology Co., Ltd. (Taiyuan Shanxi). HAuCl4 �3H2O was 

purchased from Sigma Chemical Co. (St. Louis, MO, USA). NH3�H2O (W%:25-28) and 

N,N-Dimethylformamide (DMF) were purchased from Sinopharm Chemical Reagent Co. 

Ltd. (China). Exo III and 10 × NEBuffer1 (1 × NEBuffer 1: 10 mM Bis Tris Propane-HCl, 

10 mM MgCl2, 1 mM DL-Dithiothreitol, pH 7.0 at 25 ℃) were purchased from New 

England Biolabs (Beijing, China). 20 mM Tris-HCl (pH 7.4) containing 100 mM NaCl, 5 

mM MgCl2 was used to prepare DNA. All solutions were prepared with ultrapure water 

(18.25 MΩ﹒cm) produced by Aquapro water purification system. 

The HPLC-purified DNA was synthesized by Shanghai Sangon Biotechnology Co. 

Ltd. (China). The sequences of oligonucleotides employed in this work were as follows: 

Capture DNA: 5'-CCCCCTAGAAAAATCTCTAG-MB-3' 

Target HIV DNA: 3'- TACACCTTTTAGAGATCGTCA-5' 

Single-base mismatched DNA: 5'-ACAGCTAGAGATTTTCCACAT-3' 

Four-base mismatched DNA: 5'-ACAGCCACAGGTTTTCCACAT-3' 

unmatched DNA: 5'-CAGTAGCTGTCGGGGATAAGC-3' 

Apparatus. Electrochemical determination was carried out using a CHI660C 

electrochemical workstation (Shanghai Chenhua Instruments Co. Ltd., China). A three-

electrode electrochemical system which consists of saturated calomel electrode (SCE) as 

reference electrode, platinum electrode as the auxiliary electrode and GR-AuNCs 

modified glass carbon electrode (GCE) as working electrode was used in this experiment. 

Cyclic voltammetry (CV) was carried out in the 1 mM K3[Fe(CN)6] containing 0.1M KCl, 

while differential pulse voltammetric (DPV) in 20 mM Tris-HCl (pH 7.4) scanned from 0 V 

to -0.5V, electrochemical impedance spectroscopic (EIS) in 0.5 mM [Fe(CN)6]
3-/4-

 

containing 0.5 M KNO3. Transmission electron microscopic (TEM) images were obtained 

on FEI Tecnai G20 (America) with an accelerating voltage of 200 kV. Dynamic light 

scattering (DLS) measurement was performed by Malvern ZS90 (British), X-ray 

photoelectron spectroscopy (XPS) on Thermo Scientific Escalab 250Xi (British). 
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Preparation of GR/AuNCs. The GR/AuNCs was prepared according to the one step 

ultrasonic method with minor revision.
37,38 

In a typical experiment, 100 µL 50mM HAuCl4 

was add to 0.17 mg/mL graphene solution which had been dispersed in 5ml NH3�H2O 

and 5mL DMF with continuous ultrasonic procedure at 25℃ for 10 min, the resulting 

products were collected by centrifugation and washed twice to neutral with pure water to 

remove excess NH3�H2O and finally dispersed in 10 ml DMF. The product obtained was 

stored in dark at 4℃ and with intermittent ultrasonic for 30 min before first use.  

Fabrication of the proposed biosensor. The bare GCE was thoroughly polished 

with 0.05 µm of Gamma-alumina powder and successfully ultrasonicated in ultrapure 

water and ethanol for 5 min, respectively. After drying under N2, the pretreated bare GCE 

electrode was further dropped with 5 µL GR/AuNCs dispersion and dried in thermostat at 

37℃ to construct GR/AuNCs based biosensor. After that, 10 µL 100 nM capture probe 

was dropped onto GR/AuNCs modified electrode surfaces covered by plastic cap at room 

temperature for 12 hours. Finally, the electrode was immersed in different concentration 

of 50 µL target solution which contains 3 µL 10 U/µL Exo III and incubated at 37 ℃ for 1 

hour. After each step, the electrode was rinsed with Tris-HCl (pH 7.4) to remove the 

nonspecific adsorption. The whole preparation process is outlined in Scheme 1. 

 

Scheme 1. The Schematic Illustration of the proposed biosensor fabrication process. (a) 

The initial signal obtained from capture probe (b) the final signal after incubation with 
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target DNA and Exo III. 

Results and Discussion 

The design of the proposed biosensor. We designed GR/AuNCs as biosensor 

platform and aptamers with MB labeled on 3'-end and C-rich base on 5'-end as capture 

probe to construct biosensor for the detection of target DNA. Instead of taking advantage 

of aptamers modified by –SH or –NH2 as capture probe,
39,40

 or stem-loop conformation to 

bind to gold electrode or gold nanoparticles covered GCE,
41,42 

we make use of C-rich 

base capture probe binding to GR/AuNCs platform for Cytosine(C)-rich aptamer can 

strictly bind to gold atom through Au-N bond 
32,43 

and intertwined with gold nanoclusters 

which is time-saving for no need of preparation time comparing with stem-loop design 

and makes MB near the electrode.
 
Besides, stem-loop conformation capture probe fixed 

to GR/AuNCs modified GCE have stereo-hindrance effect in our case for the reason that 

double strand DNA have approximately 2 nm size which is bigger than the size of 

nanoclusters and it can prevent more capture probe from being captured. With the 

binding of capture probe on GR/AuNCs platform, an obvious methylene blue (MB) signal 

was obtained. In the presence of target DNA, capture probe bound to the target can fold 

into duplex DNA structure, which directly led to the digestion of capture probe by Exo III 

from its 3'-end with MB molecule being released from electrode surface and target DNA 

recycling, In this way, an ultrasensitive signal-off electrical biosensor was realized.  

Characterization of GR/AuNCs. Direct images of the assembled products by TEM 

further confirmed the obtained GR/AuNCs composite synthesized successfully. According 

to Figure 1A, the cluster is formed well in composite solution on the surface of graphene 

and around the template edge. The inset shows the surface of graphene sheet loaded a 

lot of gold nanoclusters. AuNCs are tightly attached to the graphene, which gives good 

evidence that GR/AuNCs composite is synthesized successfully. In order to have a closer 

observation for the black dots existed on the edge of graphene sheet, TEM image with 

higher magnification in Figure 1B and the inset graph was characterized. AuNCs are 

found separately with a uniform distribution approximately below 2 nm comparing with the 

scaleplate at the left bottom. According to Fig 1 below and Fig S1 in supporting 
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information, we predict gold nanocrystal is well-formed and can be a good sensing 

platform for electrical biosensor’s construction.  

 

Fig 1. Typical TEM image of as-prepared graphene stabilized gold nanoclusters from (A) 

lower magnification of GR/AuNCs to (B) higher magnification of gold nanoclusters in 

solution. 

The dynamic light scattering (DLS)-based analysis of the synthesized gold 

nanoclusters is shown in Fig 2A. The size distribution of gold nanoclusters is between 1.1 

nm to 1.7 nm, the average size is 1.4±0.3 nm obtained from three times average of size 

distribution multiplied by intensity percentage which is in good accordance with the TEM 

images. As for the X-ray photoelectron spectra (XPS) of gold nanoclusters (Fig 2B), An 

Au (0) 4f 7/2 peak could be seen at 84.68 eV (peak A) compared with bulk Au at 83.8 eV, 

which is typical for small gold nanocluster.
36,37 

peak C represent Au (0) 4f 5/2, while B and 

D refer to the oxidation state of Au
 
4f 7/2, Au

 
4f 5/2 respectively, which are accounting for 

the oxidability of Au (0) to Au
+1 

and the excess
 
Au

3+
 of ingredients. As for the whole XPS 

spectroscopy of graphene stabilized gold nanoclusters (Fig S2 in supporting information), 

the C 1s, N 1s and O 1s peak is abvious which proved the participation of those elements 

during the synthesize process of graphene stabilized gold nanoclusters. 
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Fig 2. (A) The hydrodynamic sizes distribution of AuNCs measured by DLS and (B) XPS 

spectrum of Au element in GR/AuNCs composite: A) Au (0) 4f 7/2 peak; B) oxidation state 

of Au
 
4f 7/2 peak; C) Au (0) 4f 5/2 peak ; D) oxidation state of Au

 
4f 5/2 peak. 

The amplification effect of the proposed biosensor. DPV responses were 

investigated to evaluate the design principle of the proposed biosensor. As shown in Fig 

3, when there were no AuNCs, the MB signal on capture DNA binding with graphene 

(curve a) is relatively low, but with the AuNCs formed on the graphene sheet, the initial 

signal is twice larger (curve b) for the high specific area of AuNCs and more capture 

probe being fixed on electrode. Besides, in the absence of Exo III, the capture DNA 

cannot be digested and the target do not recycling with target DNA, a small signal 

decrease was collected (curve c) for some double strand DNA being released by 

graphene for non-covalent absorbtion. But after Exo III digestion and target DNA 

recycling, the signal decrease is amplified significantly (curve d), which is indicated in the 

figure for the signal of curve c is lower than curve d, thus the signal decrease value (Ia-Ic/d) 

in the presence of Exo III is bigger than in the absence of Exo III, which proved that Exo 

III-assisted target recycling amplification is successful realized. These results proved that 

the combined employment of AuNCs and Exo III enhanced the signal change apparently 

and an ultrasensitive electrochemical biosensor is constructed successfully.  
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Fig 3. The DPV of (a) 100 nM capture probe/ GR /GCE; (b) 100 nM capture 

probe/GR/AuNCs/GCE; (c) 100 nM capture probe/GR/AuNCs modified GCE after 

incubation with 10 nM target DNA with 30 U Exo III and (d) without Exo III in 20 mM Tris-

HCl (pH 7.4). 

Electrochemical characterization of the proposed biosensor. In order to 

characterize the modification process of the biosensor, CV and EIS were performed. The 

CV of different electrode construction process has been normalized in Figure 4A, current 

density is obtained from the I/A (A refers to electrode surface areas which is obtained 

through the Randles-Sevcik equation Ipa = 2.69 × 10
5
 n

3/2
 c0 ADR

1/2
v

1/2 
with CVs of 

different electrode modified GCE in 1.0 mM K3Fe(CN)6 at different scan rates from 10 to 

250 mV s
−1

). In 1mM K3[Fe(CN)6] solution, the bare GCE electrode have relatively low 

peak current density value scaned from -0.2V to 0.6V with a scan rate of 100 mV s
-1

. 

Upon decorating with GR/AuNCs, the peak current density of probe was significantly 

increased attributing to the increased specific surface area and good conductivity of the 

GR/AuNCs. After binding with the capture DNA, the peak current density decreased 

significantly for the repulsion of negatively charged redox probes ([Fe(CN)6]
3-/4-

) from the 

DNA phosphate backbone on electrode. After incubation with target DNA and Exo III, the 

peak current density increased for capture probe being digested and target DNA 

recycling.  

In the terms of EIS, the results were in line with the CV measurements (Fig 4B). 

Taking advantage of [Fe(CN)6]
3-

/[Fe(CN)6]
4-

 as the redox probe, the semicircle diameter 
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was equal to electron-transfer resistance (Ret). According to the impedance simulation of 

the inset figure in Fig 4B, the Ret of bare GE was 501 Ω, Ret decreased to nearly 0 Ω with 

the dropping of GR-AuNCs onto bare GCE electrode, and a straight line was obtained for 

GR/AuNCs can significantly promote electron transfer. With the immobilization of 100 µM 

capture probe on the electrode, the Ret increased to 1834 Ω. After incubation with 100 µM 

target DNA and 30 U Exo III, the Ret decreased again for capture probe being digested. 

 

Fig 4. (A) Typical cyclic voltammograms and (B) Nyquist diagrams of electrochemical 

impedance spectra recorded for the electrode construction process: (a) bare GCE; (b) 

GR/AuNCs/GCE; (c) 100 nM capture DNA bound GR/AuNCs/GCE before and (d) after 

incubation with 50uL 100nM target DNA and 30 U Exo III in 0.5 mM [Fe(CN)6]
3-/4-

 

containing 0.5 M KNO3 with the frequency range from 0.1 Hz-10000 Hz, signal amplitude 

at 0.005 V, formal potential at 0.2 V. 

Optimization of experimental condition. To verify the optimal condition of 

biosensor, two experiment details have been optimized. Since the concentration of 

capture DNA is of great importance for choosing the biggest signal change percentage 

(∆I/I0), four different concentrations, from 50 nM to 1 µM were employed to test the 

optimal condition (Fig 5A). When the capture probe’s concentration increased from 50 

nM to 100 nM, the signal change percentage is increased for more capture probe have 

been absorbed on electrode and to be digested. But after the continuous increasing of 

capture probe from 100 nM to 1 µM, the signal change percentage decreased for 100 nM 

has reached the saturate digest concentration of the Exo III with quantitative target DNA. 

Page 11 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 12

Thus we choose 100 nM as the optimal concentration to construct this biosensor. 

The incubation time of Exo III with HIV target DNA complex had great effect on Exo 

III-assisted target recycling process. To investigate the optimal incubation time, 30 U Exo 

III was added into the solution (100 nM capture DNA and 10 nM HIV target DNA) and 

incubated at 37 ℃ for different duration. As shown in Fig 5B, with the increasing of 

incubation time, the DPV current change was enhancive, and it reached maximum at 60 

min, then kept a plateau after due to the decreased activity of Exo III after 60 min. In this 

case, 60 min was selected as the optimal incubation time.  

 

Fig 5. (A) Effect of concentration of capture probe and (B) incubation time of target 

recycling and Exo III digestion to the signal change percentage of the proposed 

biosensor. 

The proposed biosensor’s ability for the detection of target DNA. In the case of 

sensitivity of the proposed biosensor, under the optimal experimental conditions, different 

DNA concentrations were investigated in this method. The initial current I0 was recorded 

for capture probe binding to GR/AuNCs modified electrode. After incubation with target 

DNA and Exo III, the current decreased to I1 and current reduction value (∆I = I0 - I1) was 

calculated. With the increasing of target DNA, the current reduction value is increased. 

As shown in Fig 6, The current reduction value (∆I) exhibited a good linear relationship 

with the logarithm value of target DNA concentration within the range from 0.1 fM to 100 

nM, the linear regression equation was ∆I (µA) = 0.0994 lgc +1.7042 (nM) (R=0.9992) 

with a limit of detection (LOD) of 30 aM (S/N = 3), which is lower than other methods 
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reported previously for the detection of target DNA with GR/Au NPs or GR/Au NRs as 

sensing interface (Table 1).
44-46

 

 

Fig 6. (A) Current change response of capture probe/AuNCs/GR/GCE after incubation 

with different concentration of target HIV gene and 10 U Exo III in 50 µL 20 mM Tris-HCl 

(pH 7.4), target concentration: 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10 

fM, 1 fM, 0.1 fM. (B) The linear relationship of the current change versus logarithm value 

of target DNA concentration. (S/N=3). 

 

Table 1. Comparison of the different DNA biosensors with GR, GR/Au NPs or GR/Au 

NRs as sensing interface without exonuclease amplification. 

Methods Techniques Dynamic range Detection limit Reference 

rGO/GCE EIS 10 fM - 1 µM 10 fM 44 

AuNPs/rGO/GCE DPV 0.1 pM - 10 nM 35 fM 45 

AuNRs/rGO/GCE DPV 10 fM - 1 nM 3.5 fM 46 

Exo III/AuNCs/GR/GCE DPV 0.1 fM - 100 nM 30 aM This work 

 

In order to monitor whether the fabricated biosensor could detect target in actual 

sample, recovery experiments in real sample was performed. With standard addition 

method, three different concentrations of HIV target DNA (10 nM, 10 pM, 10 fM) were 

added into 100-fold-diluted human serum samples and detected for 8 times. As shown in 

Table 2, the proposed electrochemistry biosensor exhibited good sensitivity and 
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high percentage recovery in real blood samples, the recoveries and relative standard 

deviation values were in the range of 93.4 – 99.8% and 5.04 – 8.67%, which proved the 

proposed sensor has good potential for target DNA detection in real blood samples. 

 

Table 2. Detection of target HIV DNA added in human serum with the proposed 

biosensor (n = 8). 

Sample Added Found Recovery (%) RSD (%) 

1 10 nM 9.34 nM 93.4 5.04 

2 10 pM 9.71
 
pM 97.1 8.67 

3 10
 
fM 9.98

 
fM 99.8 4.10 

 

The selectivity, reproducibility and stability of the proposed biosensor. The 

selectivity and reproducibility of this biosensor for HIV target DNA detection were 

investigated through interference experiments and repeated trials. Four types of DNA 

sequences, Full matched target HIV DNA, single-base mismatched DNA, four-base 

mismatched DNA and unmatched DNA, were detected under the same condition 

respectively for specificity detection with the interference DNA’s concentration 10 times 

larger than full matched target DNA. As shown in Fig 7A, neglectable DPV responses 

were observed with the addition of interfering DNA comparing with the obvious decrease 

of electrochemical signal caused by target sequence, which manifested the developed 

biosensor had high specificity to target DNA detection for the reason that amplification of 

GR/AuNCs and Exo III cleavage activity ensured the excellent selectivity of proposed 

sensor.  

Five different electrodes was employed to detect HIV target DNA (10 nM) for three 

times under the same condition (Fig 7B) to test the reproducibility of the proposed sensor. 

Similar electrochemical signal decrease, 0.894 µA, 0.949 µA, 0.847 µA, 0.888 µA, 0.886 

µA, was collected and relative standard deviation (RSD) was below 3.89%. These 

experimental results indicated that the proposed sensor has good reproducibility.  
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Fig 7. (A) Selectivity investigation of the proposed biosensor for (a) HIV target DNA (10 

nM), (b) single-base mismatched DNA (100 nM), (c) four-base mismatched DNA (100 

nM), (d) unmatched DNA (100 nM) detection; (B) Reproducibility of the biosensor for 

target detection with five different electrode under the optimal experiment condition with 

10 nM target.  

 

Conclusion  

In summary, a simple and sensitive electrochemical biosensor was developed for 

HIV target DNA detection based on GR/AuNCs modified GCE with C-rich capture DNA 

and Exo III-assisted target recycling amplification strategy. The synthesized GR/AuNCs 

with uniform distribution were characterized by transmission electron microscopy (TEM), 

dynamic light scattering (DLS) and X-ray photoelectron spectroscopy (XPS). This hybrid 

is a good sensing platform with high catalytic capability for sensitive and selective 

detection towards HIV DNA over other interfering DNA sequences combined with Exo III 

amplification stratage in our work; besides, taking advantage of cytosine-rich base 

capture probe to bind with gold nanoclustes on graphene sheet, good electrochemistry 

results was obtained for the Cytosine(C)-rich aptamer can strictly bind to gold atom 

through Au-N bond and intertwined with gold nanoclusters which makes signal molecule 

near the electrode surface. Last but not least, our detection limit for HIV gene detection is 

as low as 30 aM, which allows for the early detection of AIDS in human blood once the 

patient is infected with HIV. This work is of good significances in medical science 
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application as well. For these advantages, the proposed biosensor showed good 

potential for sensitive determination of other targets including small molecules and 

proteins in future.  

 

 

Supporting Information Available 

The whole XPS spectroscopy and Transmission electron microscopic Electron diffraction 

pattern of gold nanoclusters are shown in supporting information. This material is 

available free of charge via the Internet at http://pubs.acs.org. 

AUTHOR INFORMATION 

Corresponding Author 

Shengfu Wang: Fax: +86-27-88663043; E-mail: wangsf@hubu.edu.cn 

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENTS 

This work was financially supported by the National Natural Science Foundation of China 

(Grant No. 21475032, 21175032, 21405035), the Natural Science Fund for Creative 

Research Groups of Hubei Province of China (No.2014CFA015). 

 

 

 

 

 

 

 

 

 

 

 

Page 16 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 17

 

References 

1. Martínez, P. M.; Torres, A. R.; Ortiz de Lejarazu, R.; Montoya, A.; Martín, J. F.; Eiros, J. 

M. Human Immunodeficiency Virus Antibody Testing by Enzyme-Linked Fluorescent and 

Western Blot Assays Using Serum, Gingival-Crevicular Transudate, and Urine Samples. 

J. Clin. Microbiol. 1999, 37, 1100-1106. 

2. Parker, C. G.; Domaoal, R. A.; Anderson, K. S.; Spiegel, D. A. An Antibody-Recruiting 

Small Molecule That Targets HIV gp120. J. Am. Chem. Soc. 2009, 131, 16392-16394. 

3. Sapsford, K. E.; Blanco-Canosa, J. B.; Dawson, P. E.; Medintz, I. L. Detection of HIV-1 

Specific Monoclonal Antibodies Using Enhancement of Dye-Labeled Antigenic Peptides. 

Bioconjugate Chem. 2010, 21, 393-398. 

4. Ozdemir, M. S.; Marczak, M.; Bohets, H.; Bonroy, K.; Roymans, D.; Stuyver, L.; 

Vanhoutte, K.; Pawlak, M.; Bakker, E. A Label-Free Potentiometric Sensor Principle for 

The Detection of Antibody–Antigen Interactions. Anal. Chem. 2013, 85, 4770-4776. 

5. Bhimji, A.; Zaragoza, A. A.; Live, L. S.; Kelley, S. O. Electrochemical Enzyme-Linked 

Immunosorbent Assay Featuring Proximal Reagent Generation: Detection of Human 

Immunodeficiency Virus Antibodies in Clinical Samples. Anal. Chem. 2013, 85, 6813-

6819. 

6. Horiya, S.; Bailey, J. K.; Temme, J. S.; Guillen Schlippe, Y. V.; Krauss, I. J. Directed 

Evolution of Multivalent Glycopeptides Tightly Recognized by HIV Antibody 2G12. J. Am. 

Chem. Soc. 2014, 136, 5407-5415. 

7. Isola, N. R.; Stokes, D. L.; Vo-Dinh, T. Surface-Enhanced Raman Gene Probe for HIV 

Detection. Anal. Chem. 1998, 70, 1352-1356. 

8. Fan, Z.; Kanchanapally, R.; Ray, P. C. Hybrid Graphene Oxide Based Ultrasensitive 

SERS Probe for Label-Free Biosensing. J. Phys. Chem. Lett. 2013, 4, 3813-3818. 

9. Livache, T.; Fouque, B.; Teoule, R. Detection of HIV1 DNA in Biological Samples by a 

Homogeneous Assay: Fluorescence Measurement of Double-Stranded RNA Synthesized 

from Amplified DNA. Anal. Biochem. 1994, 217, 248-254. 

10. Enkin, N.; Wang, F.; Sharon, E.; Albada, H. B.; Willner, I. Multiplexed Analysis of 

Page 17 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 18

Genes Using Nucleic Acid-Stabilized Silver-Nanocluster Quantum Dots. ACS Nano. 2014, 

8, 11666-11673. 

11. Zhou, W. J.; Gong, X.; Xiang, Y.; Yuan, R.; Chai, Y. Q. Quadratic Recycling 

Amplification for Label-Free and Sensitive Visual Detection of HIV DNA. Biosens. 

Bioelectron. 2014, 55, 220-224. 

12. He, W.; Huang, C. Z.; Li, Y. F.; Xie, J. P.; Yang, R. G.; Zhou, P. F.; Wang, J. One-Step 

Label-Free Optical Genosensing System for Sequence-Specific DNA Related to the 

Human Immunodeficiency Virus Based on the Measurements of Light Scattering Signals 

of Gold Nanorods. Anal. Chem. 2008, 80, 8424-8430. 

13. Wang, J.; Cai, X. H.; Rivas, G.; Shiraishi, H.; Farias, P. A. M.; Dontha, N. DNA 

Electrochemical Biosensor for the Detection of Short DNA Sequences Related to the 

Human Immunodeficiency Virus. Anal. Chem. 1996, 68, 2629-2634. 

14. Hu, Y. W.; Li, F. H.; Bai, X. X.; Li, D.; Hua, S. C.; Wang, K. K.; Niu, L. Label-Free 

Electrochemical Impedance Sensing of DNA Hybridization Based on Functionalized 

Graphene Sheets. Chem. Commun. 2011, 47, 1743-1745. 

15. Guo, Y.; Chen, J. H.; Chen, G. N. A Label-Free Electrochemical Biosensor for 

Detection of HIV Related Gene Based on Interaction Between DNA and Protein. Sensor 

Actuat B-Chem. 2013, 184, 113-117. 

16. Cui, D. X.; Pan, B. F.; Zhang, H.; Gao, F.; Wu, R.; Wang, J. P.; He, R.; Asahi, T. Self-

Assembly of Quantum Dots and Carbon Nanotubes for Ultrasensitive DNA and Antigen 

Detection. Anal. Chem. 2008, 80, 7996-8001. 

17. Li, F. Y.; Peng, J.; Wang, J. J.; Tang, H.; Tan, L.; Xie, Q. J.; Yao, S. Z. Carbon 

Nanotube-based Label-free Electrochemical Biosensor for Sensitive Detection of MiRNA-

24. Biosens. Bioelectron. 2014, 54, 158-164. 

18. Cheng, Y.; Lei, J. P.; Chen, Y. L.; Ju, H. X. Highly Selective Detection of MicroRNA 

Based on Distance-Dependent Electrochemiluminescence Resonance Energy Transfer 

Between CdTe Nanocrystals and Au Nanoclusters. Biosens. Bioelectron. 2014, 51, 431-

436. 

19. Tian, J.; Deng, S. Y.; Li, D. L.; Shan, D.; He, W.; Zhang, X. J.; Shi, Y. Bioinspired 

Page 18 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 19

Polydopamine as the Scaffold for the Active AuNPs Anchoring and the Chemical 

Simultaneously Reduced Graphene Oxide: Characterization and the Enhanced 

Biosensing Application. Biosens. Bioelectron. 2013, 49, 466-471. 

20. Defever, T.; Druet, M.; Evrard, D.; Marchal, D.; Limoges, B. Real-Time 

Electrochemical PCR with a DNA Intercalating Redox Probe. Anal. Chem. 2011, 83, 

1815-1821. 

21. Chen, Y.; Xu, J.; Su, J.; Xiang, Y.; Yuan, R.; Chai, Y. Q. In Situ Hybridization Chain 

Reaction Amplification for Universal and Highly Sensitive Electrochemiluminescent 

Detection of DNA. Anal. Chem. 2012, 84, 7750-7755. 

22. Zuo, X. L.; Xia, F.; Xiao, Y.; Plaxco, K. W. Sensitive and Selective Amplified 

Fluorescence DNA Detection Based on Exonuclease III-Aided Target Recycling. J. Am. 

Chem. Soc. 2010, 132, 1816-1818. 

23. Hu, Y. H.; Xu, X. Q.; Liu, Q. H.; Wang, L.; Lin, Z. Y.; Chen, G. N. Ultrasensitive 

Electrochemical Biosensor for Detection of DNA from Bacillus Subtilis by Coupling 

Target-Induced Strand Displacement and Nicking Endonuclease Signal Amplification. 

Anal. Chem. 2014, 86, 8785-8790. 

24. Liu, S. F.; Wang, Y.; Zhang, C. X.; Lin, Y.; Li, F. Homogeneous Electrochemical 

Aptamer-based ATP Assay with Signal Amplification by Exonuclease III Assisted Target 

Recycling. Chem. Commun. 2013, 49, 2335-2337. 

25. Xuan, F.; Luo, X. T.; Hsing I. Ultrasensitive Solution-Phase Electrochemical Molecular 

Beacon-Based DNA Detection with Signal Amplification by Exonuclease III-Assisted 

Target Recycling. Anal. Chem. 2012, 84, 5216-5220. 

26. Luo, C. H.; Tang, H.; Cheng, W.; Yan, L.; Zhang, D. C.; Ju, H. X.; Ding, S. J. A 

Sensitive Electrochemical DNA Biosensor for Specific Detection of Enterobacteriaceae 

Bacteria by Exonuclease III-Assisted Signal Amplification. Biosens. Bioelectron. 2013, 48, 

132-137. 

27. Xu, Q. F.; Zhang, C. Y. Riboadenosine-Substituted DNA Probes for Self-Illuminating 

Real-Time Monitoring of Exonuclease III Activity and Exonuclease III-Assisted Target 

Recycling. Chem. Commun. 2014, 50, 8047-8049. 

Page 19 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 20

28. Gao, Y.; Li, B. X. Exonuclease III-Assisted Cascade Signal Amplification Strategy for 

Label-Free and Ultrasensitive Chemiluminescence Detection of DNA. Anal. Chem. 2014, 

86 (17), 8881-8887. 

29. Xie, J. P.; Zheng, Y. G.; Ying, J. Y. Protein-Directed Synthesis of Highly Fluorescent 

Gold Nanoclusters. J. Am. Chem. Soc. 2009, 131, 888-889. 

30. Zhou, C.; Sun, C.; Yu, M. X.; Qin, Y. P.; Wang, J. G.; Kim, M.; Zheng, J. Luminescent 

Gold Nanoparticles with Mixed Valence States Generated from Dissociation of Polymeric 

Au(I) Thiolates. J. Phys. Chem. C. 2010, 114, 7727-7732. 

31. Rahman, M. A.; Noh, H. B.; Shim, Y. B.  Direct Electrochemistry of Laccase 

Immobilized on Au Nanoparticles Encapsulated-Dendrimer Bonded Conducting Polymer: 

Application for a Catechin Sensor. Anal. Chem. 2008, 80, 8020-8027. 

32. Kennedy, T. A. C.; MacLean, J. L.; Liu, J. W. Blue Emitting Gold Nanoclusters 

Templated by Poly-Cytosine DNA at Low pH and Poly-Adenine DNA at Neutral pH. Chem. 

Commun. 2012, 48, 6845-6847. 

33. Dong, H. F.; Jin, S.; Ju, H. X.; Hao, K. H.; Xu, L.-P.; Lu, H. T.; Zhang, X. J. Trace and 

Label-Free MicroRNA Detection Using Oligonucleotide Encapsulated Silver Nanoclusters 

as Probes. Anal. Chem. 2012, 84, 8670-8674. 

34. Han, J.; Zhuo, Y.; Chai, Y. Q.; Gui, G. F.; Zhao, M.; Zhu, Q.; Yuan, R. A Signal 

Amplification Strategy Using the Cascade Catalysis of Gold Nanoclusters and Glucose 

Dehydrogenase for Ultrasensitive Detection of Thrombin. Biosens. Bioelectron. 2013, 50, 

161-166. 

35. Xia, Y. L.; Li, W. H.; Wang, M.; Nie, Z.; Deng, C. Y.; Yao, S. Z. A Sensitive Enzymeless 

Sensor for Hydrogen Peroxide Based on the Polynucleotide-Templated Silver 

Nanoclusters/Graphene Modified Electrode. Talanta. 2013, 107, 55-60. 

36. Liu, L. Z.; Jiang, S. T.; Wang, L.; Zhang, Z.; Xie, G. M. Direct Detection of MicroRNA-

126 at a Femtomolar Level Using a Glassy Carbon Electrode Modified with Chitosan, 

Graphene Sheets, and a Poly(Amidoamine) Dendrimer Composite with Gold and Silver 

Nanoclusters. Microchim. Acta. 2015, 182, 77-84. 

37. Yin, H. J.; Tang, H. J.; Wang, D.; Gao, Y.; Tang, Z. Y. Facile Synthesis of Surfactant-

Page 20 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 21

Free Au Cluster/Graphene Hybrids for High-Performance Oxygen Reduction Reaction. 

ACS Nano. 2012, 6, 8288-8297. 

38. Chen, Y.; Shen, Y. Y.; Sun, D.; Zhang, H. Y.; Tian, D. B.; Zhang, J. R.; Zhu, J. J. 

Fabrication of a Dispersible Graphene/Gold Nanoclusters Hybrid and its Potential 

Application in Electrogenerated Chemiluminescence. Chem. Commun. 2011, 47, 11733–

11735. 

39. Jiang, C. F.; Zhao, T. T.; Li, S.; Gao, N. Y.; Xu, Q. H. Highly Sensitive Two-Photon 

Sensing of Thrombin in Serum Using Aptamers and Silver Nanoparticles. ACS Appl. 

Mater. Interfaces. 2013, 5, 10853-10857. 

40. Yang, Y. C.; Li, C.; Yin, L.; Liu, M. Y.; Wang, Z. X.; Shu, Y. Q.; Li, G. X. Enhanced 

Charge Transfer by Gold Nanoparticle at DNA Modified Electrode and Its Application to 

Label-Free DNA Detection. ACS Appl. Mater. Interfaces. 2014, 6, 7579-7584. 

41. Ren, K. W.; Wu, J.; Ju, H. X.; Yan, F. Target-Driven Triple-Binder Assembly of 

MNAzyme for Amplified Electrochemical Immunosensing of Protein Biomarker. Anal. 

Chem. 2015, 87, 1694-1700. 

42. Vallée-Bélisle, A.; Ricci, F.; Uzawa, T.; Xia, F. Plaxco, K. W. Bioelectrochemical 

Switches for the Quantitative Detection of Antibodies Directly in Whole Blood. J. Am. 

Chem. Soc. 2012, 134, 15197-15200. 

43. Kumar, A.; Mishra, P. C.; Suhai, S. Binding of Gold Clusters with DNA Base Pairs: A 

Density Functional Study of Neutral and Anionic GC-Aun and AT-Aun (n = 4, 8) 

Complexes. J. Phys. Chem. A. 2006, 110, 7719-7727. 

44. Wang, Z. J; Zhang, J.; Chen, P.; Zhou, X. Z.; Yang, Y. L.; Wu, S. X.; Niu, L.; Han, Y.; 

Wang, L. H.; Chen, P.; Boey, F.; Zhang, Q. C.; Liedberg, B.; Zhang, H. Label-Free, 

Electrochemical Detection of Methicillin-Resistant Staphylococcus Aureus DNA with 

Reduced Graphene Oxide-Modified Electrodes. Biosens. Bioelectron. 2011, 26, 3881-

3886. 

45. Zhang, Y. Z.; Jiang, W. Decorating Graphene Sheets with Gold Nanoparticles for the 

Detection of Sequence-specific DNA. Electrochim. Acta. 2012, 71, 239-245. 

46. Han, X. W.; Fang, X.; Shi, A. Q.; Wang, J.; Zhang, Y. Z. An Electrochemical DNA 

Page 21 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 22

Biosensor Based on Gold Nanorods Decorated Graphene Oxide Sheets for Sensing 

Platform. Anal. Biochem. 2013, 443, 117-123. 

 

 

TABLE OF CONTENTS (TOC) 

 

 

 

 

 

 

Page 22 of 22

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


