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1.Introduction
[bookmark: _Hlk98158487]In recent years, the demand for new types of analytical devices has been growing in several medical applications, such as clinical diagnosis and home patient monitoring. For this reason, research is focused on obtaining new devices capable of performing fast, accurate and in situ real-time analyses. In this work, an electrochemical immunosensor based on ZnO nanorods (ZnO-NRs) was developed for the detection of human immunoglobulin G (H-IgG). This protein was selected as model analyte because of its physical, chemical, and biological features similar to many other biomarkers.
Commercial methods for production of ZnO thin films are gas phase-based techniques such as sputtering and metal organic vapor deposition. These methods are highly expensive for both instrumentations and operational conditions and they also require specialized personnel. The fabrication methods are based on electro-generation of base that leads to the deposition of ZnO starting from a solution containing Zn2+ and nitrate ions. In particular, the electro-reduction of nitrate to nitrite leads to the generation of OH– at electrode/electrolyte interface with a consequent increase of local pH [1]. This increase in pH allows the precipitation of ZnO on the electrode surface [2]. By tuning the electrodeposition parameters, it is possible to obtain ZnO with different morphologies such as thin film, self-assembled hexagonal nanorods (NRs), nanofibers, nanoparticles, nanorings and nanowires. The nanostructured morphology allows electrodes with higher surface area and thus high activity. For these reasons, in this work we explored the possibility of using electrochemically obtained ZnO nanorods (ZnO-NRs) as a basis for the fabrication of immunosensors.
In order to detect proteins, a sandwich configuration was assembled on the surface of the electrode. The sandwich layout is shown in Figure 1. This configuration consists of a) a primary antibody attached on the electrode surface, b) the antigen to be detected (analyte) that is selectively bound by the primary antibody, and c) a secondary labelled antibody. The immunosensor is electrochemically active thanks to the presence of gold nanoparticles tagging the secondary antibody. Therefore, it has been used to measure the current density of the hydrogen evolution reaction, which is indirectly related to the concentration of H-IgG antigens. In this way the calibration curve was constructed obtaining a linear range of 1-1000 ng mL-1 with a detection limit of few ng mL-1 and good sensitivity
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[bookmark: _Ref98165664]Figure 1. Scheme of immunosensor with a sandwich configuration based on ZnO nanorods.
2. Methods
ZnO nanorods were fabricated by means of an electrochemical deposition technique called electro-generation of base. This deposition was carried out over the flexible substrate ITO-PET (Indium Tin Oxide Polyethylene Terephthalate). The electrodeposition of ZnO-NRs was carried out applying a constant potential of -0.95 V vs Ag/AgCl for 60 min in an inert atmosphere under a continuous flow of nitrogen. A 
3-electrodes cell was used, with a Pt mesh as a counter-electrode and a silver-silver chloride (Ag/AgCl) reference electrode. The deposition was carried out at 60 °C using an aqueous solution of ZnCl2 10 mM and NaNO3 10 mM as electrolyte.
To increase the covalent immobilization of the primary antibody, rGO (reduced graphene oxide) was deposited on top of the ZnO NRs electrodes using electrodeposition by applying a constant potential. This deposition was carried out in a homemade cell with small exposing area (0.07 cm2) of the NRs electrode that operates as working electrode; a rod of platinum and SCE were used as counter and reference electrodes, respectively. The electrolyte solution was an acetate buffer solution containing GO (graphene oxide) 
5 mg mL-1. A cathodic potential of -0.8 V (SCE) for 300 s was applied, to obtain the formation of rGO on electrode surface. 
The method employed to obtain the immunosensor and to detect H-IgG consists of 5 different steps detailed in [3]. The first incubation step is a key step because it modifies the electrode surface with amino groups that can easily react with the primary antibodies, that were immobilized on electrode surface during the second step. In the subsequent step the modified electrode was treated with a solution of ETA to block all areas of the electrode not covered by the primary antibody. In this way, during the detection phase, the current signal will arise only from the sandwiches because they will be the only electrochemically active parts. Then, electrodes were incubated with different amounts of target H-IgG (ranging from 1 to 1000 ng mL-1) diluted in PBS to define a calibration plot. Finally, the electrodes were incubated (1 h at room temperature) in a solution containing the secondary antibody, previously tagged with Au-NPs, to complete the sandwich. Au NPs were synthesized following the Turkevich method [4]. A chronoamperometry technique, performed by imposing a constant potential of -0.9 vs SCE, was employed for evaluate the immunosensor performance.


3. Results and discussion
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[bookmark: _Ref98166846]Figure 2. SEM image of ZnO nanorods electrode.
For sensing applications, the nanorods is the preferred morphology, due to its high surface area. By SEM we found that ITO-PET substrate is covered by nanorods with hexagonal shape characteristic of ZnO with wurtzite-type structure. SEM image of the electrode is shown in Figure 2. The presence of rGO film, that do not change the nanostructured morphology of the electrode, was also observed. On this electrode, after the different incubation steps, the immunosensor with sandwich configuration composed of primary antibody, antigen (immunoglobulin G), and secondary antibody labelled with gold nanoparticles, was fabricated. The greater the number of electrochemically active sandwiches, the greater the hydrogen developing current. By measuring this current, (0.1 M HCl polarized at -0.9 V vs SCE) the sensor calibration line was determined. The linear operating range of the sensor was found in the range 10–1000 ng mL-1 with a detection limit of 1.25 ng mL-1 and a sensitivity of 6.77 µA cm-2/log (ng mL-1).
4. Conclusions
In this work, an electrochemical immunosensor based on ZnO nanorods was developed for the quantification of human immunoglobulin G. This protein is selected as it has physical, chemical, and biological characteristics similar to many others and can be used as a model analyte. The immunosensor was developed using the “sandwich” configuration in which the target antigen binds with the primary antibody and the secondary antibody labelled with gold nanoparticles (Au-NPs). With this configuration, the sandwich is electrochemically detectable, as the Au-NPs catalyze the hydrogen development reaction. Thus, the current density related to the hydrogen development reaction is indirectly correlated with the concentration of 
H-IgG. Through these measurements, the calibration curve of the sensor was obtained in the concentration range of the H-IgG from 1 ng mL-1 to 1000 ng mL-1. From the calibration curves it has been observed that the linear operating range of the sensor is included in the range 1-1000 ng mL-1 with a detection limit of 
1.21 ng mL-1 and a sensitivity of 0.13824 µA cm-2/(ng mL-1). 
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