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Abstract:

 The development of sensing systems that can detect ultra-trace amounts of hydrogen peroxide (H2O2) remains a key challenge in biological and biomedical fields. In the present study, we introduce a simple and highly sensitive enzymeless H2O2 biosensor based on a three-dimensional open pore nickel (Ni) foam electrode functionalized with hemoglobin (Hb). Our findings revealed that the Hb maintained its biological functions and effective electronic connection even after immobilization process. The exceptional physical and intrinsic catalytic properties of the Ni foam combined with the bio-functionality and electron transport facility of the Hb robustly construct a H2O2 biosensor. The enzymeless H2O2 biosensor showed high selectivity, a quick response time, high sensitivity, a wide linear range and a low limit of detection (0.83 μM at a signal-to-noise ratio of three). Such an electrode composition with safe immobilization processes offers viability for engineering new biosensors.
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1. Introduction

There is a growing demand worldwide to develop efficient sensing systems with high flexibility and low capital cost for control recognition and real-time monitoring of toxic analytes and biological molecules at very low concentrations [1]. The design of a high-performance sensing system for environmental screening has therefore attracted considerable attention [2]. Porous materials have attracted much attention because of their high porosity, stability, mechanical strength, relatively low toxicity and mass transfer ability [3]. They are promising candidates in a plethora of technologically important disciplines, including environmental capture, sensor design, nanofiltration and fuel cells [4]. Porous metallic materials possessing high specific surface areas and an open-pore architecture, namely metallic foams, offer unique physical and chemical characteristics to interact with atoms, ions and molecules along the porous network [5]. These attractive features of metallic foam make it a suitable material for a wide range of potential applications, such as catalysts [6], separation systems [7], chemical sensors [8] and electrochemical applications (water electrolyzers, alkaline fuel cells, electrochemical supercapacitors, electrochromic devices and alkaline batteries) [9].

H2O2 is a very simple compound in nature, but with great significance in pharmaceutical, clinical, environmental, mining, textile and food manufacturing applications [10]. In addition to its cytotoxic effects in living organisms, H2O2 also plays a key role as a signaling molecule in regulating diverse biological processes, such as immune cell activation, stomatal closure and root growth [11]. The design of a simple, accurate, rapid and low-cost H2O2 sensor for biology, medicine, environmental and food industries has therefore attracted considerable attention. Many conventional techniques for H2O2 determination, such as fluorometry [12], spectrofluorometry [13], chemiluminescence [14], fluorescence spectrophotometry [15] and electrochemical analysis [16], have been applied to determine H2O2. Electrochemical sensors/bio-sensors presently hold a leading position in many sensing applications, including clinical, healthcare, environmental, food and national defense detection, due to their simplicity, speed, high sensitivity and selectivity [17]. The H2O2 detection industry is dominated by using enzymatic electrodes in which the enzyme, horseradish peroxidase, is predominantly used [18]. It is a highly selective enzyme and works at a wide range of pHs, but it bears poor long-term stability, poor tolerance in experimental conditions and high cost [19]. Therefore, the development of non-enzymatic detection of H2O2 selectively and sensitively by an electrochemical method has received continuous interest, due to the simple fabrication of electrode materials, direct data correlation and being more cost effective than conventional methods [20].

To develop an advanced sensing system, the roles of the electrode material and architecture are indispensable. To date, metal oxides, such as copper oxide [21] and nickel oxide [22], have been extensively applied in the construction of non-enzymatic H2O2 sensors. However, poor stability and the toxic nature of copper oxide has limited it from commercialization. Nickel foam (Ni foam), as a commercial material, could be the electrode substrate material of choice, because of its high mechanical strength, inertness, relatively low toxicity and low cost. The above-mentioned physical characteristics and corrosion stability in aqueous alkaline solution make it a suitable material for specialized electrochemical applications, such as fuel cells, electrochemical sensors and supercapacitors [23].

The performance of an electrochemical sensor is mainly determined by the electrochemical activity and kinetics of the electrodes [24]. Therefore, to improve the energy density of an electrochemical sensor at high rates, it is critical to enhance the kinetics of ion and electron transport in electrodes and at the electrode-electrolyte interface and to engage sufficient electro-active species exposed on the surface for the faradaic redox reaction. The high surface area, as well as the tunable and three-dimensional (3D) open pore architecture cause Ni foam materials to become versatile hosts for numerous guest molecules, such as proteins, drugs and small biomolecules [25]. The safe immobilization of the proteins onto Ni foam, while maintaining their full biological activity, as well as the effective electronic connection between their redox-active sites and the electrode surface, remains a key challenge for designing electrochemical sensors and biosensors. The most attractive features of the hemeproteins are not only their stability over a wide pH range, but they also have significant functioning in the design of a biosensor as a biological electron-transport chain [26] and peroxidase-like activity [27]. Recently, we reported a nano-magnet selective adsorbent for hemeproteins without changing their chemical or physical functionality [28]. In this induced-fit separation model, in addition to the heme group distributions and protein-carrier binding energy, the morphology and magnetic properties of Ni-based materials had a key function in broadening the controlled immobilization affinity and selectivity of hemeproteins.

In this study, we report the simple fabrication of an amperometric biosensor for H2O2 using a Hb-modified 3D open-pore Ni-foam electrode (Scheme 1). The emerging functionality of the 3D porous Ni foam network and heme activity have key advantages for enhancing the electrochemical performance of the electrode toward the non-enzymatic H2O2 sensor. The results show the promising utilization of the Hb-modified Ni foam electrode for the detection of H2O2 with high sensitivity, excellent selectivity, a wide working range and a lower detection limit.
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Scheme 1. Electro-catalytic oxidation of H2O2 over Ni foam decorated by Hb. 






Scheme 1. Electro-catalytic oxidation of H2O2 over Ni foam decorated by Hb.
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2. Experimental Section


2.1. Chemicals

All chemicals were of analytical grade and used without further purification. H2O2 aqueous solution (30% v/v), Hb, uric acid (UA), hydrochloric acid (HCl) and phosphate buffer saline (PBS) were purchased from Sigma-Aldrich Company Ltd., (Saint Louis, MO, USA). Sodium hydroxide (NaOH) and L(+)-ascorbic acid (AA) were obtained from Wako Company Ltd., Osaka, Japan. The commercial 3D porous Ni foam was purchased from Nilaco Corporation Tokyo. Green tea was obtained from a local supermarket (Tsukuba, Japan). Green tea contains green tea extract, sucrose, honey, ascorbic acid, citrate and water with pH 5.3.



2.2. Preparation of the Hb-Modified Ni Foam Electrode

The Hb-modified electrode was fabricated simply by the immobilization of Hb onto the Ni foam electrode in the following way. In the first step, Ni foam was carefully cleaned with a concentrated HCl solution (2 M) in an ultrasound bath for 5 min to remove the surface NiO layer. Deionized water and absolute ethanol were then used for 5 min each to ensure that the surface of the Ni foam was completely clean. The second step was the immobilization of a specific amount of Hb onto the surface of the Ni foam electrode. The third step was drying the resulting electrode based on Hb-modified Ni foam at 60 °C overnight prior to electrochemical analysis.



2.3. Instrumentation

A Zennium/ZAHNER-Elektrik instrument, controlled by Thales Z 2.0 software at room temperature, was used for the electrochemical measurements. A conventional three electrode system, consisting of a Ni foam/Hb-modified Ni foam (1 mm × 1 cm × 2 cm) working electrode, a platinum wire counter electrode and a Ag/AgCl (3 M NaCl) reference electrode, was used.



2.4. Materials Characterization

The morphology of the Ni foam and Hb-modified Ni foam was investigated via field emission scanning electron microscopy (FESEM, JEOL model 6500). The scanning electron microscope was operated at 15 keV in order to record better SEM micrographs of the Ni foam and Hb-modified Ni foam. Before being placed in the chamber, the Ni foam was secured on a specimen stub using a double-sided carbon tape. Then, a 10-nm Pt film was coated via anion sputtering (Hitachi E-1030) at room temperature to obtain high-resolution micrographs. Before sputtering deposition, the Pt target (0.1 m in diameter, purity 99.95%) was sputter cleaned in pure Ar. The sputtering deposition system used for the experiments consists of a stainless steel chamber, evacuated down to 8 × 10−5 Pa with a turbo molecular pump backed up by a rotary pump. The Ar working pressure (2.8 × 10−1 Pa), the power supply (100 W) and the deposition rate were kept constant throughout these investigations. The chemical composition was analyzed by energy-dispersive X-ray (EDX) microanalysis incorporated in the FE-SEM instrument.

The interfacial properties of the Ni foam and Hb-modified Ni foam were characterized through static water contact angles (WCAs). WCAs on the surfaces of the bare Ni foam and Hb-modified Ni foam electrode were measured at room temperature with contact angle analysis equipment (VCA Optima, Ast Products, Inc., Billerica, MA, USA) using the sessile drop method with 100-µL water droplets. WCAs values were recorded after 3 s from droplet deposition.



2.5. Determination of H2O2 in a Real Sample

The real sample analysis was performed in a commercially available green tea. Before the determination of H2O2 in the green tea sample, the standard titration method (KMnO4) was employed to confirm whether the samples contained the endogenous H2O2. For the determination of the H2O2 concentration in the green tea sample, standard concentrations of H2O2 were injected into the test solution, and the mixed samples were analyzed using the Hb-modified Ni foam. The response current was recorded when the steady state was reached. The difference between the baseline and the steady-state current was used to calculate the concentration of H2O2.




3. Results and Discussion


3.1. Structural Features of Hb-Modified Ni Foam

A key approach to boosting the electrochemical activity of the Ni foam-based electrode is its morphological and/or chemical composition, as well as suitable pore sizes for the [OH−] electrolytes to penetrate into the active site of the 3D porous network matrix. In the current work, 3D porous Ni foam was used as a substrate for the immobilization of Hb to improve the energy density of the electrochemical sensor at high rates. This successful immobilization of Hb onto 3D Ni foam might easily enhance the kinetics of ion and electron transport in the Ni foam electrode, at the electrode-electrolyte interface and to engage sufficient electro-active species exposed on the surface for the faradaic redox reaction, as evidenced by the SEM profile, EDX and WCAs analyses.



Figure 1 shows the typical SEM micrographs of the Ni foam before and after modification with Hb. The Ni foam exhibits a 3D cross-linked structure with a pore size of a few hundred micrometers (Figure 1A). The high-magnification SEM image reveals the compact structure of the interconnected grain-like vertebrae with narrow grain boundaries inserted in (Figure 1A). The modification of the porous 3D-Ni foam with Hb (Figure 1B) results in the formation of a film over the surface of the Ni foam, because of the high binding interactions between the Ni foam and the Hb [28]. The inset in Figure 1B shows the high-magnification SEM image of the Hb covered and non-covered Ni foam electrode surface. The safe immobilization of Hb into the 3D porous architecture of Ni foam provides high accessibility and enables rapid ion transport of electrons and ions. The chemical composition of the Ni foam electrode was characterized using SEM-EDS analysis. Figure 1C,D shows the mapping of Ni and Pt atoms. The Pt atoms were originally from the sputtering deposition process. Figure 1E shows the energy-dispersive X-ray (EDX) spectrum of the Ni foam coated with Pt film. The EDX analysis shows that the Ni foam was in pure metallic form, and there is no sub-layer of oxides.

Figure 1. (A) SEM image of bare Ni foam; (B) Hb-modified Ni foam. The insets of (A) and (B) show the highly magnified image of bare Ni foam and hemoglobin-modified Ni foam with covered and non-covered surfaces. (C) EDX mapping of the Ni and (D) Pt atoms. (E) EDX spectrum of the Ni foam.
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3.2. Electrochemical Mechanism of the Working Electrode

The electrochemical performance of an electrode material is generally characterized using cyclic voltammetry (CV) profiles. To investigate the effect of the formation type of redox species on the electrode surface, we examined the CV response of the bare Ni foam and Hb-modified Ni foam in an alkaline solution containing 2 mM of H2O2 at a scan rate of 100 mV/s (Figure 2). The unsymmetrical nature of the redox peaks of both electrodes indicates the quasi-reversible redox process. Anodic oxidation of the Ni foam is related to the Ni/Ni(OH)2 and Ni(OH)2/NiOOH redox reaction onto our working electrode, as previously reported [29]. Our findings reveal that the weak anodic peak at 0.40 and the strong anodic peak at 0.78 V (vs. Ag/AgCl) correspond to the oxidation of Ni to Ni(OH)2 and of Ni(OH)2 to NiOOH species, respectively. Whereas in the cathodic sweep-based process, the strong peak at 0.63 V was due to the reduction of NiOOH to Ni(OH)2 [30]. It is important to note that the Ni(OH)2 can exist in two crystallographic forms, namely the hydrous α-Ni(OH)2 and the anhydrous β-Ni(OH)2 [31]. Therefore, the strong anodic (0.78 V) and cathodic peak (0.63 V) can be related to the formation of the Ni(OH)2/NiOOH redox couple. In turn, because of the instability of the α-Ni(OH)2 phase and the transformation tendency to change to the β-phase in alkali solution (i.e., 0.1 M NaOH), the weak anodic peak centered at 0.40 V may be attributed to the conversion of hydrous α-Ni(OH)2 to anhydrous β-Ni(OH)2 [32]. The peak-to-peak separation value (ΔEp) of the CV assay using the bare Ni foam and Hb-modified Ni foam electrodes showed a relatively small ΔEp value by applying theHb-modified Ni foam electrode. This finding indicated that the Hb-modified Ni foam electrode exhibited significantly improved electro-catalytic activity for H2O2 in terms of the reversibility and fast electron transfer rate compared with the sensing system of bare Ni foam. In addition, the Hb-modified Ni electrode possesses a higher current response than the Ni foam electrode. This finding indicates the following two key components:

Figure 2. Typical cyclic voltammetry (CV) curve of the (a) bare Ni foam and (b) Hb-modified Ni foam electrodes in the presence of H2O2 (2 mM) at a scan rate of 100 mV/s.
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(i) Hb enhanced the surface activation, the electron-transfer reaction and does not impede the diffusion of hydroxide ions through the 3D porous network [33]. Surface activation of Hb is attributed to the heme cofactor. The heme group is composed of a ring of conjugated double bonds that surround an iron atom. The iron atom contains narrowly-spaced energy levels. Double bonds and iron atoms can acquire and transfer electrons easily, because they have narrowly spaced energy levels that facilitate small energy transitions. These small energy transitions prevent the loss of energy as heat; instead, it can convert energy into small processes, such as the pumping of protons across a membrane or the reduction of metals.

(ii) Based on the 3D structure of Hb, the hydrophobic amino acid cluster is buried inside the molecule, while the hydrophilic residues are located toward the surface of the molecule [34]. This configuration structure increases the hydrophilicity of the electrode surface and increases the number of active sites compared with bare Ni foam electrode (Scheme 1).

To confirm the wettability, the interfacial properties of both electrodes were characterized through contact angle measurements (Figure 3). The WCAs of the bare Ni foam (Figure 3A) and Hb-modified (Figure 3B) electrodes are 120.45° and 109.45°, respectively. In addition, the surface energies and surface tensions of the bare Ni foam and Hb-modified Ni foam were also calculated using Girifalco–Good–Fowkes–Young equation (Equation (1)) [35], which indicate that the surface energy and surface tension of the bare Ni foam increased after modification with Hb (Table 1).

Figure 3. Optical images of a water droplet on the surface of the (A) bare Ni foam and (B) Hb-modified Ni foam electrodes.
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Table 1. Contact angle, surface energy and surface tension of the bare Ni foam and Hb-modified Ni foam.


	Sensor
	Contact Angle
	Surface Energy (m·Jm−2)
	Surface Tension (N/m)





	Ni foam
	120.45°
	4.40
	14.40



	Hb/Ni foam
	109.45°
	8.06
	19.71
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(1)




where γsv and γlv are the interfacial surface energies of the solid-vapor and liquid-vapor interfaces, respectively. A surface energy of 72.5 mJ m−a for deionized water is used for γlv, whereas the measured value of the contact angle (θ) is used for γsv [36]. Thus, the increased hydrophilicity of Hb-modified Ni foam could enhance the mass transfer rate at the interface.






The effect of H2O2 concentration on the cyclic voltammetric response of the Hb-modified electrode workability was investigated at a scan rate of 100 mV/s (Figure 4). Results enabled quantitative determination of the specific detection range (DR) of the H2O2 (0.5–9.0 mM) by monitoring the CV signaling change with the addition of the H2O2 analyte (Figure 4A). Among all concentrations used, Figure 4A shows that the anodic peak centered at 0.78 V of NiOOH species disappeared at a higher concentration (9 mM) of H2O2. This finding indicated that at low H2O2 concentrations, the NiOOH could be produced and could act as the major electro-catalytic species. It is also important to mention that the major electro-catalytic species (i.e., β-Ni(OH)2) centered at 0.40 V were produced with the addition of low and high doses of H2O2. Therefore, the anodic peak centered at 0.40 V and the cathodic peak at 0.63 V can be attributed to the formation of couple Ni(OH)2/NiOOH redox species, as previously reported by Sanli et al. [37]. The change of the electrochemical behavior at low and high doses of additive H2O2 suggested that the high concentration of H2O2 may indicate the complete coverage of the entire anhydrous β-Ni(OH)2 layer-supported Hb-modified Ni foam electrode surfaces, leading to the formation of hydrous intermediate α-Ni(OH)2. This α-Ni(OH)2 intermediate undergoes electrochemical oxidation to form H+-Ni(OH)2-H+ along with O2. The H+-Ni(OH)2-H+ reacts with OH− ions to produce H2O and to regenerate the Ni(OH)2 species. However, by using a lower concentration of H2O2, partial coverage of anhydrous β-Ni(OH)2 layer-supported Hb-modified Ni foam electrode surfaces may occur, thereby leading to the electro-oxidation of β-Ni(OH)2 to form NiOOH at a relatively high potential E(V) ≥ 0.78 [38]. The formation of an active surface layer of Ni(OH)2 enabled sensitive detection over a wide range of concentrations of H2O2 by using the Hb-modified Ni foam electrode under our sensing conditions.

Figure 4. (A) Typical CV patterns of successive H2O2 addition in the Hb-modified Ni foam electrode in 0.1 M NaOH solution at a scan rate of 100 mV/s; (B) effect of H2O2 concentration on the response of the H2O2 sensor based on the Hb-modified Ni foam electrode.
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To demonstrate the linear relationship between the anodic peak current and H2O2 concentration, a calibration curve was constructed (Figure 4B). The linear response was observed from 0.5 to 9 mM (I(A) = 0.083 × 10−6 A/M [H2O2] + 0.79 × 10−7 A; with R2 = 0.99). The limit of detection (LOD) of H2O2 using the Hb-modified Ni foam electrode was estimated from the linear part of the response curve. The LOD was found to be 5.03 × 10−3 M (based on 3σ).



3.3. Sensitivity of the Working Electrode

The application of amperometric measurements as a simple electrochemical tool to detect low concentrations of H2O2 was explored. Figure 5 compares the amperometric response of the bare Ni foam and Hb-modified Ni foam electrode to consecutive increments of 5 × 10−5 M in the H2O2 concentration, in 0.1 M NaOH solution under constant stirring conditions at a fixed applied potential of 0.40 V (vs. Ag/AgCl). The Hb-modified Ni foam electrode clearly exhibits a fast response time (~3 s) and good and stable steady-state current with a dramatically enhanced current value compared with the bare Ni foam electrode. High sensitivity and repeatability result from the excellent electron-transfer hydrophilic surfaces that enhance the diffusion of the electrolyte to the active sites. Analysis of the limiting current (IL) for Ni foam and Hb-modified Ni foam electrodes as a function of H2O2 concentrations is depicted in Figure 4B.

Figure 5. (A) The amperometric response of the (a) Ni foam and (b) Hb/Ni foam electrodes to the successive addition of 50 μM H2O2 in 0.1 M NaOH solution at 0.40 V vs. Ag/AgCl. (B) The standard calibration graph derived from the current-time plot.



[image: Chemosensors 02 00235 g005 1024]







The Ni foam electrode shows a linear region over the range of 50 μM to 500 μM (IL (A) = 0.026 A/M [H2O2] + 2.98 × 10−6 A; R2 = 0.96; N = 5). Based on the linear region, the limit of detection (S/N = 3) was found to be 35.21 μM. However, the Hb-modified Ni foam electrode shows a linear region in the wide concentration range of 50 μM to 850 μM (IL (A) = 0.39 A/M [H2O2] − 0.04 × 10−6 A; R2 = 0.99; N = 5). The corresponding detection limit was found to be 6.85 μM. The sensitivity of the Hb-modified Ni foam (0.39 μA·mM−1) was found to be higher than that of the Ni foam (0.02 µA·mM−1) by almost 20 times. These interesting results demonstrate that the Hb-modified commercial Ni foam electrode has high applicability and sensitivity compared to the Ni foam electrode.

In order to measure the detection limit, a lower concentration of H2O2 was detected by amperometric experiment under the same conditions using the Hb-modified Ni foam electrode. Figure 6A displays the amperometric responses resulting from the successive additions of H2O2 (2 μM) into the solution containing 0.1 M NaOH. The Hb-modified Ni foam electrode shows a stable and repeatable amperometric signal, even at a lower concentration of H2O2. Analysis of the limiting current (IL) as a function of H2O2 concentration is presented in Figure 6B, which reveals a linear range of up to 18 μM (IL (A) = 0.48 A/M [H2O2] + 4.48 × 10−6 A; R2 = 0.99; N = 5). According to this linear range, the detection limit was calculated to be 0.83 μM. Results reveal that the Hb effectively functions as a perfect mediator and enhances the kinetics of ions and electron transport in the Ni foam electrode (at the electrode electrolyte interface) and has high applicability as compared to other non-enzymatic hydrogen peroxide sensors (Table 2).

Figure 6. (A) The amperometric response of the Hb/Ni foam electrode to the successive addition of 2 μM H2O2 to 0.1 M NaOH solution at 0.40 V (vs. Ag/AgCl). (B) The standard calibration graph derived from the current-time plot.
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Table 2. Comparison of the Hb-modified Ni foam-based hydrogen peroxide sensor with other non-enzymatic hydrogen peroxide sensors.


	Sensing Material
	Electrolyte
	Linear Range (M)
	Limit of Detection (M)
	References





	PdNPs/PEDOT *
	PBS
	2.5 × 10−6~1.0 × 10−3
	2.84 × 10−6
	[39]



	nano-CuO/Nf-coated Pt
	0.1 M NaOH
	1.5 × 10−7~9 × 10−3
	0.6 × 10−7
	[40]



	NiO/CPE*
	0.1 M NaOH
	0.6~6 × 10−3
	0.34 × 10−3
	[41]



	NiO-NPs/cMWCNT/PANI*
	PBS
	3 × 10−6~7 × 10−3
	0.2 × 10−6
	[42]



	Hb/Ni foam
	0.1 M NaOH
	5 × 10−6~9 × 10−3
	0.41 × 10−6
	Present study





PEDOT = poly (3,4-ethylenedioxythiophene), CPE = carbon paste electrode, cMWCNT/PANI = carboxylated multiwalled carbon nanotubes/polyaniline










3.4. Selectivity of the Working Electrode

A selective sensor is an exceptionally promising strategy for water treatment and environmental management [43,44]. A major advantage of the Hb-modified Ni foam electrode is its selectivity toward the electro-oxidation of H2O2 ions. The analytical performance of the Hb-modified Ni foam composite electrode is carried out under the same conditions of amperometric measurements in the presence of UA and AA as potential interfering agents. Figure 7 indicates the amperometric response of the Hb-modified Ni foam composite working electrode at an applied potential of 0.40 V in 0.1 M NaOH. After the successive addition of 25 μM H2O2, 0.5 mM UA, 0.5 mM AA and 25 μM H2O2, no significant interference changes in the limiting current were observed. Ascorbic acid shows some very low, unstable current responses, which may be attributed to the inhibition function of the Hb mediator [45]. In addition, high selectivity of the Hb-modified electrode can be attributed to the strong binding efficiency (~Eads = 211.45 kcal·mol−1) of the porous Ni foam with the Hb [46] that enhances the faradic redox process of the Hb-modified Ni foam electrode toward H2O2 compared with the interferences, such as AA and UA.

Figure 7. (A) Amperometric selective signal of Hb-modified Ni foam to successive addition of 25 μM H2O2, 0.5 mM UA, 0.5 mM AA and 25 μM H2O2, respectively, at 0.40 V (vs. Ag/AgCl) in 0.1 M NaOH solution. (B) The standard calibration graph derived from the current-time plot.
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3.5. Reproducibility and Long-Term Stability of the Working Electrode

A reproducibility experiment of multiple (≥5) Hb-modified Ni foam electrodes was explored using a fixed concentration of H2O2 (500 µM) at an applied potential of 100 mV/s via the amperometric response. The relative standard deviation of the five amperometric response assays were in the range of 1.80%–2.1%, as evidenced by the fitting plot of the response current graph (Figure 8A).

Figure 8. (A) Amperometric current response of 5 different Hb/Ni foam electrodes to 500 µM H2O2 at 0.40 V (vs. Ag/AgCl). (B) Long-term stability of Hb/Ni foam electrode for continuous H2O2 detection for 15 days at 0.40 V (vs. Ag/AgCl).
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The long-term stability of the developed electrode is a critical factor in practical detection applications. To evaluate the stability of this H2O2 sensor, the Hb-modified Ni foam electrode was stored at 4 °C in a sealed system for 14 days. The stability was examined by amperometric measurements of the sensor response to 100 µM H2O2 in a NaOH (0.1 M) solution at a scan rate of 100 mV/s. The variation of the sensing response efficiency at the Hb-modified Ni foam electrode decreases to about 98% of its initial response current on the seventh day and about 94% on the 15th day (Figure 8B).



3.6. Determination of H2O2 in a Real Sample

The utilization of the proposed sensor for the measurement of H2O2 was studied by analyzing a commercially available green tea (green tea extract, sucrose, honey, ascorbic acid, citrate and water) containing a known amount of H2O2. Green tea was filtered before the measurement in order to prevent electrode fouling. The sample was diluted 1:1 with 0.1 M NaOH and then was detected. Figure 9A depicts the typical amperometric response resulting from the addition of 25 µM H2O2 at an applied potential of 0.40 V in 0.1 M NaOH electrolyte. Analysis of the current versus H2O2 concentration is depicted in Figure 9B, where a linear response was observed (I(A) = 0.33 A/M [H2O2] + 0.15 × 10−6 A; R= 0.99; N = 5). The very small difference in amperometric current response and sensitivity between the experimental and real sample is due to the latter being diluted by a factor of 50.

Figure 9. (A) The amperometric response of the Hb-modified Ni foam electrode to the successive addition of 25 μM H2O2 in commercially available green tea and 0.1 M NaOH solution with a 1:1 ratio at 0.40 V vs. Ag/AgCl. (B) Standard calibration graph derived from the current-time plot.
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4. Conclusions

A simple enzymeless H2O2 sensor within a concentration range from 0.5 to 9 mM is reported based on the immobilization of Hb on 3D porous Ni foam. The electro-catalytic activity of Ni foam toward H2O2 was observed before and after the modification with heme proteins. The successful immobilization of Hb onto the 3D Ni foam enhanced the kinetics of ion and electron transport in the Ni foam electrode, at the electrode-electrolyte interface, and engaged sufficient electro-active species exposed on the surface for the faradic redox reaction. These findings can be attributed to the catalytic and electron transport biological functionality of the Hb-modified Ni foam electrode. This bio-functionality enhances the surface activation and the electrochemical reactivity of the Ni foam electrode. Such results demonstrate that the immobilization of Hb onto the Ni foam electrode is a promising non-enzymatic H2O2 sensor. The specific utility of this sensor design was interesting for its application as molecular and ion species sensing tools in environmental samples and physiological fluids [47,48,49,50,51].
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