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A label-free electrochemical immunosensor was developed for the determination of hepatitis B surface antigen (HBsAg), a biomarker of hepatitis B virus (HBV). It is based on the specific binding of antigen-antibody on the electrode surface, which hindered the oxidation of silver nanoparticles (AgNPs) used as redox probe and hence reduced its oxidation current. The screen-printed carbon electrode (SPCE) was modified with carbon nanotube decorated with gold nanoparticles (AuNPs-CNT) and silver nanoparticles. The

Introduction

General research demonstrated that hepatitis B surface antigen (HBsAg) is a biomarker of hepatitis B viruses (HBV) infection [START_REF] Qiu | Biocompatible and label-free amperometric immunosensor for hepatitis B surface antigen using a sensing film composed of poly(allylamine)-branched ferrocene and gold nanoparticles[END_REF], which is one of the major causes of acute and chronic viral hepatitis. The diagnosis of hepatitis B virus infection is based on the presence of HBsAg in the blood which allows the detection during the incubation period.

Several methods have been reported for detection of HBsAg including enzyme-linked immunosorbent assay (ELISA) [START_REF] Kim | ELISA for Quantitative Determination of Hepatitis B Virus Surface Antigen[END_REF], chemiluminescent immunoassay [START_REF] Takeda | Highly sensitive detection of hepatitis B virus surface antigen by use of a semiautomated immune complex transfer chemiluminescence enzyme immunoassay[END_REF], and fluoroimmunoassay [START_REF] Ren | A rapid and sensitive method based on magnetic beads for the detection of hepatitis B virus surface antigen in human serum[END_REF]. Although these methods provide good sensitivity, precision, and selectivity, they are complicated, have long analysis time and high cost. Therefore, a simple, rapid, and sensitive method for the detection of HBsAg is demanded for clinical diagnosis.

Electrochemical immunosensor has attracted more interest due to its high performance in terms of sensitivity, selectivity, rapidity and cost-effectiveness for detection of various biological species [START_REF] Luppa | Immunosensors-principles and applications to clinical chemistry[END_REF][START_REF] Amani | Electrochemical immunosensor for the breast cancer marker CA 15-3 based on the catalytic activity of a CuS/reduced graphene oxide nanocomposite towards the electrooxidation of catechol[END_REF][START_REF] Kaushik | A sensitive electrochemical immunosensor for label-free detection of Zika-virus protein[END_REF][START_REF] Xiang | A redox cycling-amplified electrochemical immunosensor for alpha-fetoprotein sensitive detection via polydopamine nanolabels[END_REF]. Recently, a direct type label-free electrochemical immunosensor has been being popular as compared to the sandwich-type one because it is lower cost and easier in handling as it avoids the use of the secondary antibody [START_REF] Zhang | Label-free electrochemical immunosensor based on enhanced signal amplification between Au@Pd and CoFe2O4/graphene nanohybrid[END_REF]. Normally, the solution-based redox probes such as ferricyanide [START_REF] Zhou | A simple immunosensor for alpha-fetoprotein determination based on gold nanoparticlesdextran-reduced graphene oxide[END_REF][START_REF] Haji-Hashemi | Simple and effective label free electrochemical immunosensor for Fig mosaic virus detection[END_REF], hydrogen peroxide [START_REF] Yan | Label-free immunosensors based on a novel multi-amplification signal strategy of TiO2-NGO/Au@Pd hetero-nanostructures[END_REF], and hydroquinone [START_REF] Wang | Label-free electrochemical immunosensor for prostate-specific antigen based on silver hybridized mesoporous silica nanoparticles[END_REF] were used in the direct detection. It would cause a high consumption of reagent, electrode contamination, low stability, and inconvenient procedure, so an immobilized redox probe attached on the electrode surface is preferred [START_REF] Qiu | A label-free amperometric immunosensor based on biocompatible conductive redox chitosan-ferrocene/gold nanoparticles matrix[END_REF]. Currently, AgNPs are one of the interested probes because they are not only high surface area, extremely strong conductivity, and good biocompatibility, but also have good electrochemical reactivity [START_REF] Karadeniz | Electrochemical sensing of silver tags labelled DNA immobilized onto disposable graphite electrodes[END_REF][START_REF] Wu | Silver-graphene oxide nanocomposites as redox probes for electrochemical determination of α-1-fetoprotein[END_REF][START_REF] Song | Fabrication of streptavidin functionalized silver nanoparticle decorated graphene and its application in disposable electrochemical sensor for immunoglobulin E[END_REF].

To obtain highly sensitive immunosensor, various nanomaterials such as CNT [START_REF] Lv | The label-free immunosensor based on rhodium@palladium nanodendrites/sulfo group functionalized multi-walled carbon nanotubes for the sensitive analysis of carcino embryonic antigen[END_REF][START_REF] Viet | Development of highly sensitive electrochemical immunosensor based on single-walled carbon nanotube modified screen-printed carbon electrode[END_REF], graphene oxide [START_REF] Borisova | Disposable amperometric immunosensor for Saccharomyces cerevisiae based on carboxylated graphene oxide-modified electrodes[END_REF] and AuNPs [START_REF] Sun | Investigate electrochemical immunosensor of cortisol based on gold nanoparticles/magnetic functionalized reduced graphene oxide[END_REF][START_REF] Suresh | Development of an electrochemical immunosensor based on gold nanoparticles incorporated chitosan biopolymer nanocomposite film for the detection of prostate cancer using PSA as biomarker[END_REF] were used to modify on the electrode surface. Furthermore, AuNPs have been widely employed in the fabrication of electrochemical immunosensors [START_REF] Huang | Disposable immunoassay for hepatitis B surface antigen based on a graphene paste electrode functionalized with gold nanoparticles and a Nafion-cysteine conjugate[END_REF], because they are good biocompatibility and can also increase the amount of biomolecules loading on the electrode.

Although batch analysis has high sensitivity, accuracy, and reproducibility, it still has some drawbacks, for example, a high amount of chemical and sample consumption, long analysis time and low sample throughput. Therefore, flow analysis system has been employed in many applications for solving these problems [START_REF] Thunkhamrak | Sequential injection system with amperometric immunosensor for sensitive determination of human immunoglobulin G[END_REF][START_REF] Ayaz | Flow injection amperometric determination of hydrazine based on its electrocatalytic oxidation at pyrocatechol violet modified pencil graphite electrode[END_REF][START_REF] Tabrizi | Flow injection amperometric sandwich-type electrochemical aptasensor for the determination of adenocarcinoma gastric cancer cell using aptamer-Au@Ag nanoparticles as labeled aptamer[END_REF].

In this study, we developed an electrochemical immunosensor based on the specificity of antigen-antibody interactions for detection of HBsAg. Screen Printed Carbon Electrodes (SPCE) was modified with nanomaterials (CNT, AuNPs-CNT and PtNPs-CNT) to increase surface area, electrochemical activity of the electrode and enhance more target molecules immobilization. AgNPs were then deposited on the modified electrode for use as a redox probe of the detection system with a high current response and low oxidation potential. The effect of the nanomaterials on oxidation current of AgNPs was examined, and the best combination, which gives the highest analytical signal was selected. Oxidation peak currents decreased with increasing of HBsAg concentration because the formation of the antibodyantigen complex on the electrode surface acts as an insulator and hinders the electron transfer that allows label-free direct detection of the HBsAg. Furthermore, an effective detection system of sequential injection analysis (SIA) incorporated with differential pulse voltammetry (DPV) was proposed. The system provided cost-effective, simple, low reagent and sample consumption, high sample throughput, high sensitivity, selectivity, and reproducibility for the detection of HBsAg.

Experimental

Chemicals and materials

All chemical reagents were analytical reagent grade, purchased from Sigma-Aldrich and used without any further purification. Deionized water was obtained from a system of Milli-Q, Millipore, Sweden. All nanomaterials except AgNPs were obtained from Nanomaterial Research Unit, Chiang Mai University, Thailand. The TEM image of AuNPs-CNT is shown in Fig. S1. Hepatitis B surface antibody (HBsAb) and Hepatitis B surface antigen (HBsAg) were purchased from Abcam. Phosphate buffered saline (PBS, 10 mM, pH 7.4) with 137 mM NaCl and 2.7 mM KCl was prepared using deionized water.

Apparatus

A µAutolab type II (Eco Chemie, Utrecht, Netherlands) and a GPES program were used for performing the cyclic voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical impedance spectroscopy (EIS). An electrochemical cell consisted of three electrodes including a homemade SPCE with a diameter of 3 mm as a working electrode (WE), a Ag/AgCl (3M KCl) as a reference electrode (RE) and a stainless steel rod electrode as a counter electrode (AE). The Sequential Injection -Differential Pulse Voltammetric (SI-DPV) system comprised a syringe pump (5.00 mL barrel, 6.00 cm plunger length, 48000 steps motor, Model XLP-6000, Cavro, USA), a 10-position selection valve (Valco Instrument, USA) and a 2.00 mL plastic vial modified to be a simple electrochemical cell (EC).

Preparation of the AgNPs

AgNPs were synthesized by reducing AgNO3 with sodium borohydride [START_REF] Mulfinger | Synthesis and Study of Silver Nanoparticles[END_REF]. Briefly, a 5.00 mL aliquot of 1.00 mM AgNO3 was added drop by drop to 15.00 mL of 2.00 mM NaBH4 with strong stirring the solution on a magnetic stirrer at 0 °C. After that, 60.00 mg of sodium citrate was added to the solution and stirred at room temperature. Finally, the solution was stored in a dark bottle. The UV-Vis spectrum and TEM image in Fig. S2 showed maximum absorption peak at a wavelength of 394 nm and an average size of about 14 nm, respectively.

Fabrication of the immunosensor

The fabrication procedure of the immunosensor is schematically illustrated in Scheme 1. Firstly, a home-made SPCE with 3.00 mm diameter was fabricated. Briefly, carbon ink was diluted in diethylene glycol monobutyl ether and it was screened on a polyvinyl chloride sheet substrate. Then, it was dried at 150 ºC for 30 min and the second layer of carbon ink was deposited on the first layer, and at 150 ºC again to obtain an SPCE. Secondly, an SPCE was treated in a chamber of a plasma cleaner (PDC-32G, Harrick, USA) for 1 min. Then, 10 μL of the AuNPs-CNT (2 mg mL -1 ) was dropped onto the surface of the electrode and dried in air at ambient temperature. After that, 10 μL of AgNPs (0.027 mg mL -1 ) was dropped on the nanomaterial modified SPCE and then allowed to dry at room temperature. For higher AgNPs volume, the previous step was repeated as often as needed. In order to activate the modified electrode, 20 μL of 0.4 M EDC/0.1 M NHS (1:1v) solution was dropped on the electrode and waited for 30 min. Then, the electrode was dipped into 400 ng mL -1 HBsAb solution overnight at 4 o C. Then, the unbounded antibodies were washed away with PBS. At last, the resulting electrode was immersed in 1.0 M ethanolamine solution at room temperature for 30 min to block the remaining active sites. After rinsing the modified electrode with PBS, the immunosensor was kept at 4 o C when not in use. Scheme 1.

Electrochemical measurement for detection of HBsAg

The SI-DPV system (in Fig. 1) was employed for recording the electrochemical responses of the immunosensor in 10 mM PBS pH 7.4 using the following procedure. The selection valve (SV) was connected to the holding coil (HC) at a center port, and the electrochemical cell (EC) at port 9. PBS solution (carrier) was pushed to fill the HC and flow through the EC for 1.00 mL. Then, and with optimized analysis conditions, a potential of 0.0 V vs Ag/AgCl reference electrode was applied for 15 s followed by scanning the potential to a positive direction from -0.1 V to +0.5 V. The oxidation current was recorded as a voltammogram and the DPV peak current before the incubation of biosensor with the antigen was noted as an initial peak current (I0). Then, the solution was discarded to waste at port 6 and the EC was washed with a PBS solution before analyzing the next sample. For sample analysis, EC was filled with 0.5 mL of analyte solution and the immunosensor was incubated at 37 o C for 30 min and then washed carefully with a PBS to remove the non-specific binding species. After that, the DPV response was measured using the same SI operation sequences.

The peak current of this step was noted as a current response after the immunointeraction (I).

The percentage of decreasing current was calculated as: Fig. 1 3. Results and discussion

The effect of the nature of nanomaterials

In this work, a homemade SPCE, which is low cost, disposable, and has high surface area was applied as a basement of a working electrode for immobilizing suitable nanomaterials, silver nanoparticles, and hepatitis B surface antibody for determination of HBsAg. The working electrode should have a high response to AgNPs oxidation serving as a redox probe to afford a highly sensitive HBsAg electrochemical immunosensor. For this purpose, voltammetric studies of AgNPs immobilized on SPCE unmodified or modified with various nanomaterials were carried out. For each test, 5 µL of 2 mg mL -1 nanomaterial suspension was firstly dropped cast on the SPCE, followed by dropping 5 µL of 0.027 mg mL -1 AgNPs and let it dry. Then, the electrode was tested by cyclic voltammetry in a 10 mM PBS pH 7.4. In all cases, oxidative sweep presented a sharp oxidation peak at 200 mV related to AgNPs oxidation (Fig. 2(a)). The maximum oxidation peak current was then recorded and is shown in Fig. 2(b) for the SPCE unmodified or modified with various nanomaterials. This figure highlights that SPCEs modified with CNT or AuNPs-CNT gave the higher anodic peak current of AgNPs, demonstrating that CNT and AuNPs-CNT can increase surface area and electron transfer from the AgNPs redox probe to the electrode. It should be noted that AuNPs facilitate the reduction of silver ions to deposit silver onto the electrode. This behavior could be linked to the catalytic effect of gold on silver ions precipitation [START_REF] Taton | Scanometric DNA Array Detection with Nanoparticle[END_REF][START_REF] Chu | An Electrochemical Stripping Metalloimmunoassay Based on Silver-Enhanced Gold Nanoparticle Label[END_REF]. The AuNPs-CNT/SPCE was chosen as a working electrode for further studies because it provided welldefined peaks of both oxidation and reduction of AgNPs (Fig 2(a)). Moreover, AuNPs also have good conductivity, biocompatibility with a biological component that can facilitate the immobilizing of the receptor antibody. 

The effect of AuNPs-CNT amount, AgNPs amount, and scan rate

Cyclic voltammetry was employed to study the effect of the amount of AuNPs-CNT, and AgNPs as well as the influence of scan rate on the anodic current of AgNPs at the AuNPs-CNT/SPCE. The effect of AuNPs-CNT amount on the anodic current response of 5 µL of 0.027 mg mL -1 AgNPs was studied using AuNPs-CNT modified electrode prepared by dropping various volumes of AuNPs-CNT suspension from 2 to 30 µL. The results showed that the current response slightly increased with the increase of AuNPs-CNT from 2 to 30 µL as shown in Fig. 3(a) and 10 µL of the materials was selected to modify on SPCE surface. Subsequently, the effect of the amount of AgNPs being dropped on the electrode was investigated as it is the important parameter for sensitive detection of HBsAg. As the results shown in Fig. 3(b), peak currents increased linearly with the increasing amounts of AgNPs. However, 10 µL of AgNPs was chosen as a detection probe on the electrode because it provides the best compromise between high current and short preparation time.

Moreover, the effect of different scan rates from 10 to 250 mV s -1 were studied with the AgNPs/AuNPs-CNT/SPCE. It was found that anodic peak current (Ipa) of AgNPs linearly increased with the increment of a square root of scan rate with R 2 of 0.9995 as shown in Fig. S3, indicating the redox process of AgNPs at the modified electrode was diffusioncontrolled.

Fig. 3

Morphologies of the modified electrodes

Scanning electron microscope (SEM) was applied to characterize the morphologies of modified electrodes in each step. Fig. 4(a) shows that the bare SPCE displays uniform structure and high surface area. After modification with AgNPs/AuNPs-CNT (Fig. 4(b)), the electrode surface was well covered with AuNPs-CNT (diameter were about 10 and 30 nm, respectively, presented in Fig. S1) and AgNPs. When HBsAb and HBsAg were immobilized on the modified electrode, plentiful big clusters were obtained as shown in Fig. 4(c) and 4(d) that should be the adsorbed proteins, which are macro biomolecules. In addition, the EDS technique was also employed to characterize the element compositions on the modified electrodes. The EDS spectrum indicated that SPCE had carbon and oxygen as the main compositions as shown in Fig. 4(e), while AgNPs/AuNPs-CNT/SPCE (Fig. 4(f)) shows the composition of silver, gold, oxygen, and carbon, respectively. When AgNPs/AuNPs-CNT/SPCE was further modified with HBsAb and HBsAg, the presence of proteins was observed, as shown by the increase of the percentage of nitrogen content. The modified electrodes before and after immunointeraction with HBsAg provided 3.21% and 6.82% of nitrogen element, as shown in Fig. 4(g-h) indicating that HBsAb and HBsAg were successfully immobilized on the electrode surface. Fig. 4 10

Electrochemical characterization of the immunosensor

Cyclic voltammetry is widely used for probing the feature of modified electrode surface due to its effectiveness and convenient procedure. The cyclic voltammograms at different steps of electrode modification during the construction of the immunosensor were investigated, and the results are shown in Fig. 5. The AgNPs/AuNPs-CNT/SPCE shows a couple of well-defined redox peaks of AgNPs as mentioned previously (Fig. 5(a)). Anodic peak potential (Epa) and cathodic peak potential (Epc) of 208 and 30 mV, respectively, with ∆Ep of 178 mV were obtained. When the AgNPs/AuNPs-CNT/SPCE was incubated with HBsAb the peak current decreased (Fig. 5(b)) because HBsAb is a biomolecule and it can decrease the oxidation of AgNPS at the electrode surface. This result indicates that antibodies had been successfully immobilized on the electrode surface. The following step with adsorption of ethanolamine on the non-specific binding site resulted in a small decrease in peak current. Finally, after incubation with HBsAg, the anodic and cathodic peak currents decreased again (Fig. 5(c)) because of the immunocomplex between HBsAb and HBsAg, which constitutes a bigger proteinic adduct, further hinder the electron transfer of AgNPs at the electrode. This last trend confirms the oxidation current of AgNPs can be used as an analytical signal to directly detect the formation of antibody-antigen complex on the electrode surface. As shown in a cyclic voltammogram, AgNPs not only have good redox activity such as high current response, good stability, and sharp oxidation and reduction peak profile, but it can also oxidize and reduce at low potential minimizing the possibility of interferences.

Fig. 5

Electrochemical impedance spectroscopy (EIS) is also an effective method to investigate the change of the modified electrode surface in each step of fabrication. The electron-transfer resistance (Ret) is represented by the semicircle diameter in the Nyquist plot, while the diffusion-controlled process is represented by the straight line. After modification of SPCE with AgNPs and AuNPs-CNT, a small Ret was observed, as presented in Fig. 6(a) indicating that these nanomaterials are helpful to improve the electron transfer rate of the redox probe at the surface of the electrode. When HBsAb and HBsAg were immobilized, the Ret was obviously increased, as shown in Fig. 6(b) and 6(c), respectively. The results were in good agreement with the CV results, confirming the successful immobilization process of the immunosensor. 

Optimization of experimental parameters

DPV technique was employed to measure the anodic current of AgNPs oxidation.

After the oxidation of AgNPs, a deposition step was necessary to reduce Ag + ion back to deposit on the electrode again. Therefore, a deposition potential was optimized in a range of -1.0 to +0.3 V for 60 s. The result demonstrated that anodic current increased with the increase of deposition potential and reached a maximum at 0.0 V hereafter, so, the deposition potential of 0.0 V was used for further experiments. Then, the deposition time was investigated in the range of 0-300 s. It was found that no significant difference was obtained, and a deposition time of 15 s was chosen.

The effect of incubation time of the electrode in the sample solution was studied from 10-60 min in 50 ng mL -1 HBsAg solution at a temperature of 37 o C. The result in Fig. 7(a) shows that %decreasing current increased with the incubation time up to 30 min and then slightly decreased because it is insufficient for immunointeraction at short incubation time. Thus, 30 min was selected as the optimum incubation time. Moreover, the suitable incubation temperature was also evaluated in the range of 25-60 o C. Fig. 7(b) presents that the highest %decreasing current was observed at 37 o C, and then it decreased at a higher temperature.

Therefore, the incubation temperature of 37 o C was used for the next experiments. 

Performance of the immunosensor

Under the optimum conditions, the SI-DPV system was employed to investigate the immunoreaction between HBsAb and HBsAg. As presented in Fig. 8(a), the percentages of decreasing of DPV peak currents increased dramatically with the increment of HBsAg concentration because the increasing amount of immunocomplex between antigen-antibody inhibited more and more the electron transfer from the redox probe to the electrode. The %decreasing current reached a plateau after HBsAg concentration of 80 ng mL -1 due to the saturation of HBsAg on the electrode surface. The proposed system provides a linear range of 1 to 40 ng mL -1 with a detection limit of 0.86 ng mL -1 (3SD/slope), as shown in Fig. 8(b).

The presence of HBsAg in serum indicates that the patient has contracted HBV infection [START_REF] Kaul | Chapter 9.17 -Hepatitis, The Immunoassay Handbook[END_REF]. Furthermore, numerous studies have presented that inactive hepatitis B virus carriers usually have serum HBsAg levels <1,000 IU mL -1 ( < few µg mL -1 ) [START_REF] Chan | Hepatitis B surface antigen quantification: why and how to use it in 2011-a core group report[END_REF]. Therefore, the detection limit of the developed method is useful for diagnosis of HBV both active and inactive carriers. It's also close to the usual cutoff of licensed HBsAg Assays [START_REF] Hollinger | Hepatitis B Virus Infection and Transfusion Medicine: Science and the Occult[END_REF]. The dilution level used to fall in the dynamic range can be used to discriminate between the two categories. A comparison of these results with other electrochemical immunosensors using different detection methods was summarized in Table 1. In the work of entry ( 1 4) used a redox probe immobilized on the electrode as similar to this work. The detection limit obtained in this work, 0.86 ng mL -1 is close to the best values 0.5 ng mL -1 , entry (2), and 0.42 ng mL -1 , entry (4) obtained. Although the narrower linear range obtained from this work, the immunosensor developed here is competitive with other electrochemical immunosensors with other redox probes immobilized on the electrode or labeled with an enzyme as it enables to quantify the lowest value.

Furthermore, this immunosensor provided more advantages such as working electrode is low cost, and the operation is semi-automatic. 

Conclusion

In this work, a label-free electrochemical immunosensor was developed for the determination of HBsAg using the SI-DPV system with HBsAb/AgNPs/AuNPs-CNT/SPCE as a working electrode. The AgNPs on the modified SPCE does not only work as an electrochemical probe, but also intrinsically increase surface area, conductivity, biocompatibility, and increasing amount of the immobilized HBsAb loading on the electrode.

This leads to improving on sensitivity of the immunosensors. Moreover, the developed system is simple, cost-effective, low chemical consumption, convenient, and useful for the determination of HBsAg in clinical samples.
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Table 1

 1 Comparison of different electrochemical immunosensors for determination of HBsAg preparation time of immunosensor was calculated from the modification steps until the incubation step of blocking agent. can confirm that the proposed immunosensor could be applied for the determination of HBsAg in real samples.

	Entry	Modified electrode	Technique	Applied	*Preparation time	Linear	Detection	Reference
				potential	of immunosensor	range (ng	limit (ng	
				(V)	(h)	mL -1 )	mL -1 )	
	(1)	Nafion/HBsAb/AuNPs/gelatin/Pt	potentiometry -	~35	4-800	1.3	[33]
		electrode						
	(2)	HRP-HBsAb/nanogold/RTIL-	CV	-0.8 to 0.2 ~20	1.5-400	0.5	[34]
		chitosan/GCE						
	(3)	HBsAb/(AuNPs/Co(bpy)3 3+ )6/	Amperometry -0.35	~25	50-4500	5.0	[35]
		Nafion/Pt electrode						
	(4)	HBsAb/AuNPs/Prussian Blue/GCE CV	-	~14	2-300	0.42	[36]
	(5)	HBsAb/AgNPs/AuNPs-CNT/SPCE DPV	-0.1 to 0.5 ~13	1-40	0.86	This work
	Pt = platinum; HRP = horseradish peroxidase; RTIL = Room temperature ionic liquid; GCE = glassy carbon electrode; Co(bpy)3 3+ = tris(2,2'-
	bipyridyl)cobalt(III)						

*
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Reproducibility and selectivity

Different AgNPs/AuNPs-CNT/SPCEs were prepared to study the repeatability and reproducibility of the current response of AgNPs. The relative standard deviation (RSD) was 0.43% for 11 replicate measurements on one electrode. This stability of the initial peak current is vital for the accuracy of the sensor as the measurement is based on a decreasing percentage of the peak The reproducibility of 5 modified electrodes was 4.96% RSD when measurements were performed before the incubation with the antibody-antigen showing that the preparation of modified electrode had good repeatability and reproducibility.

Then, the reproducibility of the prepared immunosensor was investigated from the response of five different immunosensors to 40.00 ng mL -1 HBsAg. The result showed 7.19% RSD, as shown in Fig. S4(a) which exhibits good reproducibility.

Selectivity was investigated by measuring current responses of the immunosensor to three possible interfering substances, including 40 ng mL -1 of bovine serum albumin (BSA), immunoglobulin G (IgG) and prostate-specific antigen (PSA). It was found that no remarkable change of current response for these substances as compared to the result obtained from 40 ng mL -1 HBsAg, as presented in Fig. S4(b), showing a good selectivity of the immunosensor.

Application of the immunosensor

The SI-DPV immunosensor system was used for the detection of HBsAg in real samples to evaluate the feasibility of the immunosensor using the calibration method. Three normal human serum samples were diluted 100 times with PBS solution and then spiked with a certain concentration of HBsAg. After that, diluted samples were incubated with the prepared immunosensors to investigate the percentages of decreasing current. The recoveries were obtained in the range from 80.7% to 91.4%, as shown in Table 1. From the results, it Scheme 1. The stepwise fabrication process of the immunosensor