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Abstract:  A cheap and portable electrochemical immunosensor based on the silver-enhanced colloidal gold electrochemical 
stripping technique and gold nanoclusters (AuNCs) labels was proposed for the detection of human IgG. Inspired by adhesive proteins 
that secreted by marine mussels, the stable and robust film-poly (dopamine) was used to immobilize biomolecules (Ab1) on an indium 
tin oxide (ITO) electrode for the fabrication of immunosensor. Then, human IgG and AuNCs-Ab2 were immobilized to the Ab1 
modified ITO electrode successively. The process for the fabrication of sandwich immunosensor was monitored by electrochemical 
impedance spectroscopy. Through immunoreaction between antigen and antibody, IgG could be quantitatively determined by anodic 
stripping voltammetry. On the basis of the dual signal amplification of AuNCs labels and silver enhancement technique, the 
sensitivity was improved to 0.5 pg mL–1. Moreover, the proposed immunosensor could be used in clinical diagnosis. 
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1  Introduction 
 

Gold nanoclusters (AuNCs) are noble nanomaterials with an 
ultrasmall size ranging from subnanometer to approximately 2 
nm. Due to their “molecule-like” properties, such as enhanced 
catalytic activity, intense photoluminescence, intrinsic 
magnetism, and unique charging properties[1–4], AuNCs have 
been used in diverse research fields such as catalysis[5], 
sensing[6,7], and bioimaging[8–10] etc. In addition, AuNCs exhibit 
other fascinating features, including ease of synthesis, good 
water solubility, low toxicity, surface functionalities, 
biocompatibility, and excellent stability, which also makes them 
hold great promise in immunobiology and clinical science. 
However, no references were found involving the study of 
electrochemical immunosensors using AuNCs as labels. 

Immunoassay is an analytical method to detect or quantify a 
specific substance in blood or body fluid samples based on the 
immunological reaction between antibody and antigen. 
Recently, it has attracted intense interests in the fields of 
clinical diagnosis[11,12], proteomics[13], and biological field[14]. 

Thus, developing sensitive, portable, and low-cost biosensors 
for the purpose of early diagnosis will become the primary 
task for biological analyst[15]. Among them, electrochemical 
immunosensors have attracted growing attention due to their 
good selectivity, high sensitivity, etc[16]. Moreover, the 
technique using gold nanoparticles (AuNPs) probes with silver 
enhancement was widely used to improve the sensitivity of 
immunosensors. In this process, the reduction of silver ions to 
metallic silver covered on the surface of AuNPs cores was 
catalyzed by AuNPs, which could typically be quantified for 
the target with anodic stripping voltammetry (ASV)[17].  

In recent years, mussel adhesive proteins excreted by 
marine mussels have attracted much attention for their ability 
to form strong adhesive interaction with almost all substrates 
including rock, seaweed and other animals[18]. This adhesion 
property is related to the molecular structure of dopamine[19]. 
Furthermore, Lee et al found that the dopamine molecule had 
strong interaction with a wide variety of substrate surface in 
the form of poly (dopamine) (PDA) film, which could serve as 
a mimic of the mussel adhesive proteins with comparable 
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adhesiveness and biocompatibility[20]. Moreover, they 
identified dopamine as a small-molecule compound that 
contained both functional groups of phenolic hydroxyl and 
amino, supplying an opportunity for immobilization of 
biomolecules[21]. Inspired by this phenomenon, the 
spontaneous oxidative polymerization of dopamine was 
employed to fabricate a versatile platform for immobilizing 
antibody with bioactivity. And then a portable, low-cost, and 
environment-friendly electrochemical immunosensor was 
proposed based on AuNCs labels by combining specificity of 
immunreaction with signal amplification of silver enhance- 
ment technique. In comparison with traditional electro- 
chemical immunosensors with AuNPs as labels, the proposed 
method hold higher sensitivity and lower detection limit. 

 
2  Experimental 
 
2.1  Instruments and reagents 

 
Indium tin oxide (ITO)-coated glass slides with surface 

resistance of 30–60 Ω cm–2 were purchased from Condue 
Optics and Electronics Technology (Jintan, China). 
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo- 
ride (EDC), goat antihuman IgG (Ab1), rabbit antihuman IgG 
(Ab2), human IgG, bovine serum albumin (BSA), chloroauric 
acid (HAuCl4) and silver-staining solution (A (catalog number 
S5020) and B (catalog number S5145)) were purchased from 
Shanghai Reagent (Shanghai, China). All other reagents were 
of analytical reagent grade and used without further 
purification. Aqueous solutions were prepared with doubly 
distilled water. 

The high-resolution transmission electron microscopy 
(HRTEM) image was observed by using JEM200CX (JEOL, 
Japan). All Fourier-transform infrared (FTIR) spectroscopic 
measurements were performed on a BrukermodelVECTOR22 
Fourier-transform spectrometer (Bruker, Germany) using KBr 
pressed disks. The UV-Vis absorbance and fluorescence 
measurements were recorded on a UV-3600 spectrophoto- 
meter and an RF-5301PC (Shimadzu, Kyoto, Japan), 
respectively. Electrochemical measurements were performed 
on a CHI 660C workstation (Shanghai Chenhua Apparatus 
Corporation, China) with a conventional three-electrode 
system. Electrochemical impedance spectroscopy (EIS) was 
performed with an Autolab electrochemical analyzer (Eco 
Chemie, The Netherlands) in 10 mM K3Fe(CN)6/K4Fe(CN)6 
(1.0 M KCl) as the supporting electrolyte, within the 
frequency range from 0.01 Hz to 100 kHz. 
 
2.2  Synthesis of BSA-AuNCs 

 
In brief, HAuCl4 solution (20 mL, 10 mM) was added to 

BSA solution (20 mL, 50 g L–1, 37 ºC) under vigorous stirring. 
After 2 min, NaOH solution (1 M) was introduced, and the 

mixture was stirred at 37 ºC for 12 h. The solution color 
changed from light-yellow to light-brown and finally to deep 
brown. The obtained AuNCs were further purified by 
ultrafiltration[22,23]. 
 
2.3  Conjugation of AuNCs with Antibody (AuNCs-Ab2) 

 
About 100 μL of freshly prepared EDC solution (4.2 g L–1) 

was added to 1 mL of purified AuNCs (dissolved in 10 mM 
PBS, pH 7.4), and vortexed for 20 min. Then, 20 μL of rabbit 
antihuman IgG (0.5 g L–1) was added to the mixture, and 
shaken in the dark for 24 h. Then, the unreacted AuNCs as 
well as the byproduct of the conjugation were removed by 
ultrafiltration. The above mixture was subjected to 
ultrafiltration using 50000 MW filter. After the lower level 
was removed, the upper level containing AuNCs-Ab2 was 
decanted, and then 1% BSA (0.05 M PBS) was added. The 
solution was stored at 4 ºC. 
 
2.4  Fabrication of Immunosensor  

 
The ITO chip was dipped into the dopamine solution (2 g L–1, 

dissolved in 10 mM Tris-HCl (pH 8.5)) at room temperature 
(RT) for 12 h after cleaning with acetone, ethanol, and 
distilled water in sequence. Then, the coated surface was 
rinsed with distilled water and dried under a stream of 
nitrogen. A 3-mm-thick poly(dimethylsiloxane) (PDMS) with 
a circular opening of 4-mm diameter was bound to ITO 
surface to form specific reaction area. Then, 10 μL of goat 
antihuman IgG solution (Ab1, 25 mg L–1) was spread on the 
chip surface and incubated at 4 ºC for 12 h. After incubation, 
the chip was rinsed with PBST (PBS, 0.05% Tween) to 
remove physically adsorbed Ab1. The chip was incubated in 
the 2% BSA (PBS) at 37 ºC for 1 h to block excess active 
group and nonspecific binding site. The chip was washed with 
PBST before use and incubated with several different 
concentrations of human IgG antigen (10 μL) at 37 ºC for 50 min, 
followed by washing with PBST to remove the nonspecific 
adsorption. Next, 10 μL of AuNCs-Ab2 was added to the 
reaction area of the chip and incubated at 37 ºC for another 50 min. 
To decrease the background, the chip was washed with 
double-distilled water to remove nonspecifically bound 
AuNCs-Ab2. 
 
2.5  Electrochemical detection 

 
After immunoreaction, the chip was covered for 10 min 

with 10 μL silver enhancement solution that prepared with 
mixing solution A and B with the ratio of 1:1 immediately 
before use. Then the chips were washed with double distilled 
water for three times. After that, 100 μL of HNO3 (0.1 M) was 
added to the chip and incubated for 30 min to dissolve the 
silver deposited on the chip. Finally, 100 μL silver ions were 
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transferred into a beaker in which has 3 mL of 0.6 M KNO3 
and 0.1 M HNO3. Electrochemical measurements were 
performed on a CHI 660C with a conventional three-electrode 
system comprised of platinum wire as the auxiliary electrode, 
a glassy carbon electrode (GCE) as the working electrode and 
a saturated calomel electrode (SCE) as the reference, which 
was separated from electrolyte solution by a electrolytic salt 
bridge filled with saturated KNO3 to avoid interference caused 
by the continuous leaching of chloride anion that leads to 
AgCl precipitation. The silver ions were quantified by ASV as 
following conditions: 10 min deposition at –0.5 V versus SCE 
reference and potential scan at 0.1 V s–1. After determination, 
the electrode was cleaned by amperometric i-t curve at 0.5 V 
for 10 min. 

 
3  Results and discussion 
 
3.1  Principle of immunosensor 

 
Figure 1 describes the schematic process for the fabrication 

of immunosensor with AuNCs as labels for signal 
amplification. It was reported that dopamine could self- 
polymerize to form thin and surface-adherent PDA film, 
which could offer selectivity of reaction with amine or 
imidazole functional groups of biomolecules. At first, the ITO 
chip was coated by PDA film, and primary antibody was 
immobilized on the PDA modified ITO chip. Then, human 
IgG was immobilized, which in turn, combined with the 
AuNCs modified secondary antibody, obtaining the sandwich 
immunosensor. After silver enhancement, the concentration of 
human IgG was monitored by ASV.  
 
3.2  Characterization of AuNCs 

 
The AuNCs were obtained through the reduction of HAuCl4 

with BSA under alkaline condition. The BSA also served as 
the capping agent on the surface of AuNCs via covalent Au-S 
bond. The structure and property of AuNCs were 

characterized by UV-Vis spectrum, fluorescence spectrum, 
and HRTEM. As shown in Fig.2, the AuNCs exhibited a 
broad absorption with an onset at approximately 500 nm and a 
strong emission peak at 630 nm. The AuNCs aqueous 
suspension showed deep brown color and emits strong red 
fluorescence under UV irradiation which can be easily 
observed with the naked eye. The quantum yield of AuNCs 
was calculated to be 6% using Rhodamine B in ethanol as a 
reference. In addition, the HRTEM image indicated that the 
AuNCs were monodisperse, and had an average size of 1.2 nm, 
measured from 100 AuNCs. Moreover, FTIR was used to 
characterize the attachment of BSA on AuNCs surface. The 
FTIR curve of the AuNCs was similar to that of BSA, except 
that the S-H stretching band at 2525 cm–1 of BSA disappears 
in AuNCs, suggesting the formation of covalent Au-S bond 
between S–H of BSA and AuNCs. This result indicated that 
BSA was modified on the surface of AuNCs[24].  

 
3.3  Characterization of immunosensor 

 
EIS is an effective tool to characterize the interface properties 

of surface-modified film and can be used to monitor the 
stepwise assembly process of sensors[25]. The impedance 
spectrum included a semicircle portion at high frequencies 
(corresponding to an electron transfer limited process), and a 
linear portion at low frequencies (ascribed to a diffusion-limited 
electrochemical process). The electron transfer resistance (Ret) 
of the modified layer was represented by the semicircle 
diameter. The larger the semicircle diameter is, the larger the Ret 
value is. Therefore, the modified process was monitored by the 
change of semicircle diameter. Figure 3 represented the Nyquist 
plots of EIS for the bare ITO (a), PDA/ITO (b), and 
Ab1/PDA/ITO (c) chips. The ITO chips showed gradually 
increased Ret values along with the successive modification of 
PDA and Ab1, probably because both PDA and Ab1 were 
nonconductive and could block the electron transfer of the 
redox probe. The results indicated that PDA film and Ab1 were 
successfully modified on the ITO chip in sequence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1  Scheme of construction of electrochemical immunosensor based on luminescent AuNCs labels 
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Fig.2  UV-Vis absorption (a) and fluorescence emission (b) spectra 

of AuNCs 
 
 
 
  
 
 
 
 
 
 

Fig.3  Nyquist diagrams for electrochemical impedance 
measurements of ITO electrodes in 0.1 M KNO3 solution 
containing 5 mM Fe(CN)6

3–/4–  
(a) Bare ITO electrode; (b) PDA/ITO electrode; (c) Ab1/PDA/ITO electrode 

 
3.4  Optimization of experimental conditions 

 
In the fabrication process of immunosensor, some 

experimental parameters including the volume of AuNCs-Ab2 
and the time of specific recognition between antigen and 
antibody was optimized. To improve the sensitivity, the 
volume of AuNCs-Ab2 was optimized first. As shown in 
Fig.4A, a low signal was obtained with low volume of 
AuNCs-Ab2 because the binding of antibody to antigen was 
insufficient. Although increasing content of AuNCs-Ab2 can 
bring about high signal, but higher background is also 
followed at the same time due to nonspecific adsorption. It 
was found that the highest signal-to-noise ratio could be 
obtained with 10 µL of AuNCs-Ab2. Therefore, 10 µL of 

AuNCs-Ab2 was chosen as the optimized condition. In 
addition, the time of specific recognition between antigen and 
antibody was another important parameter. Figure 4B showed 
the relationship between recognition time and peak current. 
The current increased with increasing incubation time and 
started to level off after 50 min. Thus, 50 min was selected as 
the best recognition time. 
 
3.5  Electrochemical detection 

 
The silver staining process, namely the reduction of silver 

ions to silver nanoparticles, was catalyzed by AuNCs probe 
bound on the ITO chip. After the ITO chip was immersed in 
HNO3, the silver was oxidized by HNO3 solution to form 
silver ions which can be quantified by ASV. To obtain the 
sensitivity and the quantitative range of the proposed 
immunosensor, the presented method was employed to 
determine different concentrations of human IgG under the 
optimized conditions. The typical amperometric response of 
the immunosensor was performed as depicted in Fig.5. The 
voltammetric peaks were well defined, and peak intensity 
increased with increasing concentration of IgG. The reduction 
current is proportional to the logarithmic HIgG concentration 
in the range of 0.001–100 µg L–1. The linear regression 
equation was ip (μA) = –4.2118 – 1.0807lgC with a correlation 
coefficient 0.9954 (n = 5). The detection limit was estimated 
to be 0.5 ng L–1 at 3σ, which is much lower than that of typical 
ELISA method (40 ng L–1)[26] and recently reported 
immunosensor based on AuNPs label (3.0 pM) [27]. The 
obtained lower detection limit can be attributed to four aspects. 
First, the PDA film modified on the ITO chip was suitable for 
the immobilization of biomolecules with high stability and 
bioactivity. Second, BSA was used as blocking reagent to 
minimize nonspecific binding in the immunoassay. Third, the 
introduction of ASV technique can improve the sensitivity of 
immunosensor by enriching metal ions. In addition, the small 
size of attached quantum-sized AuNCs, which is smaller than 
traditional AuNPs labels, leads to significantly improved 
specific surface area, thus amplifying the sensitivity and 
improving the detection limit. 

 
 

 
 
 
 
 
 
 
 
 
 

Fig.4  Effects of AuNCs-Ab2 volume (A) and incubation time (B) on peak current of ASV for 1 µg L–1 human IgG 
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Fig.5  (A) ASV of electrochemical immunoassay with increasing concentration of human IgG (from up to down: 0, 0.001, 0.01, 0.1, 1 and 100 
µg L–1 IgG, respectively), and (B) linear relationships between the anodic stripping peak current and the concentration of IgG. 
Electrodeposition at –0.5 V vs. SCE for 10 min under magnetic stirring in 3 mL of 0.6 M KNO3+0.1 M HNO3. 

 
3.6  Selectivity, reproducibility, and stability of 

immunosensor 
 
The selectivity of the immunoassay was evaluated by using 

possible interfering substances such as carcinoembryonic 
antigen (CEA), C-reactive protein (CRP), and a-fetoprotein 
(AFP) at a concentration of 15 µg L–1. The results showed no 
remarkable signal (RSD 6.8%) in comparison with that in the 
presence of 10.0 µg L–1 human IgG. These results indicated a 
good selectivity of the proposed immunosensor. In addition, 
the reproducibility of the immunoassay was estimated by the 
variation coefficients of intra-assays with 6 immunosensors 
made at the same electrode. The intra-assay RSD was 5.6% 
for 10 µg L–1 human IgG, suggesting acceptable precision and 
reproducibility. Moreover, when the sensor was not in use, it 
was stored at 4 ºC. No obvious change was observed for one 
month storage, which indicated an acceptable stability of the 
immunosensor. 
 
3.7  Clinical application 

 
To evaluate the analytical reliability and application 

potential of the proposed method, the assay results of human 
serum samples using the proposed immunosensor were 
compared with the results obtained from ELISA. As shown in 
Table 1, no obvious difference (RSD 1.7%–15.8%) was 
observed between the proposed method and ELISA, that is, 
the proposed immunosensor could be reasonably and 
satisfactorily applied in the clinical determination of HIgG 
levels in human plasma. 

 
Table 1  Comparison of detection results of IgG in human serum samples 

tested by the proposed method and by ELISA method* 
Serum 
sample 

Content of IgG (µg L–1) Relative 
deviation (%) ELISA Electrochemical method 

1  0.19  0.22 15.8 
2  6.00  6.10 1.67 
3 45.00 46.44 3.20 

* The data are presented as average value ± S.D. (n = 3). 
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