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Abstract 

A novel horseradish peroxidase (HRP) enzyme inhibition biosensor based on indium tin oxide 

(ITO) nanoparticles, hexaammineruthenium (III) chloride (RUT), and chitosan (CH) modified 

GCE was developed. The biosensor fabrication process was investigated using scanning 

electron microscopy, energy-dispersive X-ray spectroscopy, cyclic voltammetry, and 

electrochemical impedance spectroscopy. The amounts of ITO nanoparticles and RUT were 

optimized using a 22 central composite design for the optimization of electrode composition. 

The detection limits were determined as 8 nM, 3 nM, and 1 nM for Pb2+, Ni2+, and Cd2+, 

respectively. The inhibition calibration curves of the biosensor were found to be within the 

range of 0.009–0.301 µM with a sensitivity of 11.97 µAµM-1cm-2 (0.85 µAµM-1) for Pb2+, 

0.011–0.368 µM with a sensitivity of 10.84 µAµM-1 cm-2 (0.77 µAµM-1) for Ni2+, and 0.008–

0.372 µM with a sensitivity of 10.99 µAµM-1cm-2 (0.78 µAµM-1) for Cd2+. The type of HRP 

inhibition by Pb2+, Ni2+ and Cd2+ was investigated by the Dixon and Cornish-Bowden plots. 

The effects of possible interfering species on the biosensor response were examined. The 

analysis of Pb2+, Ni2+, and Cd2+ in tap water was demonstrated using the HRP/ITO-RUT-

CH/GCE with satisfactory experimental results. The proposed method agreed with the atomic 

absorption spectrometry results.

Keywords: enzyme inhibition; heavy metal; horseradish peroxidase; biosensor; central 
composite design; ITO nanoparticles
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1. Introduction

Pollution from heavy metals is a critical problem that can seriously threaten the 

environment and human health; even trace levels of these metals are highly toxic [1]. Heavy 

metals can strongly interact with certain enzymes and prompt changes to the proper functioning 

of enzymes, thus leading to toxicological effects on living organisms [2, 3]. Therefore, a simple, 

rapid, and reliable method for monitoring the toxicity of drinking water and food is crucial to 

determine acceptable levels of heavy metals. The maximum acceptable levels of heavy metal 

ions in drinking water have been specified by the World Health Organization (WHO);  for the 

sake of safety, the levelsof these metals should not exceed 0.005 mg/L of Cd2+, 0.01 mg/L of 

Pb2+, and 0.07 mg/L of Ni2+, respectively [4]. Different analytical methods, such as coupled 

plasma flame atomic absorption spectrometry [5], atomic emission spectrometry [6], and high-

performance liquid chromatography [7] have been utilized for the determination of heavy 

metals. However, these techniques require expensive equipment, extended periods of time, 

complicated laboratory processes, and highly trained analysts. On the contrary, enzyme-based 

biosensors have been revealed as an alternative to classical methods of monitoring trace metal 

ions due to their favorable properties, such as low costs, easy operation, small-sized devices, 

short-time analysis, high selectivity, and sensitivity [8–11]. In recent years, enzyme inhibition 

biosensors have been designed for the assay of heavy metals because some biosensors can act 

as an inhibitor of enzyme activity. [12]. In the literature, many studies on enzyme inhibition 

biosensors have reported the analysis of toxic metals using a degree of inhibition [12–15]. 

Various enzymes have been used for the detection of Cd2+, Pb2+, and Cu2+ using urease and 

glucose oxidase [16], Hg2+ using catalase [17], Hg2+ using urease [18], and Cd2+, Pb2+, and Hg2+ 

using HRP [19]. HRP was preferred for this study because it has high activity within the wide 

range of pH, it is commercially available in its pure form, and it has long-term stability for 

metal inhibition [20, 21]. This study expanded the application of inhibition biosensors for the 

determination of nickel with cadmium and lead and improved the limit of detection (LOD) of 

these metals.

Nanoparticles are mostly used for the construction of more sensitive enzyme inhibition 

biosensors because they offer exclusive characteristics, including the enhancement of electron 

transfer, good biocompatibility, catalytic efficiency, and high conductivity [22–24]. Indium tin 

oxide (ITO) has been widely used in electrochemical sensing because of its electrical 

conductivity and optoelectronic characteristics [25, 26]. In recent years, there has been a 

growing interest in ITO nanoparticles modified electrodes for biosensor design since they have 
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important physical and electrical properties such as high electrical conductivity, stability for 

nanometric high surface area depositions, substrate adhesion, and low capacitive current. 

However, only a few studies have been based on ITO nanoparticles modified electrodes [27, 

28]. Like nanomaterials, artificial mediators have excellent electron transfer capabilities. They 

are commonly used in the development of biosensors to improve the selectivity and sensitivity 

of amperometric response [29, 30]. They accelerate the electron transfer between the enzyme 

and the surface of the electrode and enhance the improvement of electrochemical properties 

due to their high electrical conductivity and enhanced electrocatalysis [31–34]. They allow 

detection at low working potentials, thus avoiding the effect of common electrochemical 

interferences. Various electron transfer mediators, such as ferrocene [35], poly (neutral red) 

[36], and benzoquinone [37], were reported for the fabrication of enzyme inhibition biosensors. 

Morris et al. [38] and Ryabov et al. [39] determined that ruthenium (III) hexamine trichloride 

(RUT) could be used as a mediator due to its good electrocatalytic activity. 

In this study, a simple and fast horseradish peroxidase (HRP) inhibition biosensor was 

developed to determine Pb2+, Ni2+ and, Cd2+ ions in tap water with good selectivity and 

sensitivity. The type of inhibition was investigated using Dixon plots and Cornish-Bowden 

plots. For the first time, ITO nanoparticles were used in combination with RUT using chitosan 

(CH), a natural biopolymer that offers good film-forming ability as a dispersant [10]. The use 

of ITO nanoparticles and RUT together in the construction of the biosensor improved its 

analytical characteristics due to a synergistic catalytic effect between the ITO nanoparticles and 

RUT. The influence of these composites on the biosensor response was evaluated using a 

central composite design (CCD) as an alternative to the traditional optimization method. In the 

literature, there are a limited number of studies based on the combination of nanomaterials and 

mediators for the monitoring of heavy metals [40, 41]. Even though many enzyme biosensors 

have been applied to the analysis of Pb2+ and Cd2+ [14, 19, 42-44], there are fewer studies 

concerning the determination of Ni2+ [45]. In addition to lead and cadmium, nickel, which can 

cause health problems, such as cancer, chronic asthma, dermatitis, and allergies, was also 

chosen in the study due to the fact that it leaches from metals that come into contact with 

drinking water, such as pipes and fittings [4, 46]. To the best of the author’s knowledge, an 

amperometric HRP inhibition biosensor has not been previously used for the detection of Ni2+ 

ion. In the current study, sensitive and selective HRP inhibition biosensors were applied to the 

determination of Pb2+, Ni2+, and Cd2+ in tap water. The obtained results from the proposed 

method agreed with the atomic absorption spectrometry (AAS) results. 
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2. Experimental

2.1 Reagents and solutions

Peroxidase from horseradish (HRP, E.C. 1.11.1.7, 200 units mg-1 solid), Nafion (5% 

w/w in lower aliphatic alcohols), potassium hexacyanoferrate (II) trihydrate, potassium 

hexacyanoferrate (III), potassium chloride, bovine serum albumin (BSA), glutaraldehyde (GA), 

acetic acid, and hydrogen peroxide (30% w/w in H2O) were obtained from Sigma. The indium 

tin oxide (ITO) nanoparticles (˂50 nm particle size), ruthenium (III) hexamine trichloride 

(RUT) (95%), and chitosan (CH) (medium molecular weight) were from Aldrich. Disodium 

hydrogen phosphate and sodium dihydrogen phosphate were from Riedel-deHaën. Lead(II), 

nickel(II), cadmium(II), mercury(II), manganese(II), iron(II), calcium(II), zinc(II), 

magnesium(II), sodium(I), and potassium(I) solutions were prepared using AAS standard 

solutions (1.000 g/l, Merck) and diluted with distilled water. Ethylenedinitrilotetraacetic acid 

was purchased from Merck and 0.1 M NaOH (Merck) was used to adjust the pH value. The pH 

of the tap water samples was adjusted to 6.50 with 0.10 M HCl for the application of the 

biosensor.

2.2 Apparatus and measurements 

Electrochemical measurements were performed using an Ivium CompactStat 

electrochemical analyzer (Ivium Technologies, Netherlands). The electrochemical system 

consistedof three electrodes: Ag|AgCl reference, platinum counter, and glassy carbon electrode 

(GCE). All amperometric measurements were carried out at −0.25 V vs. Ag/AgCl electrodes in 

a phosphate buffer solution (PBS) (0.05 M, pH 6.5) under a controlled magnetic string. When 

the working electrode reached the steady-state, the current (i0) was recorded. An aliquot of 

substrate stock solution was added to the electrochemical cell and the steady current values 

were recorded (i). In the amperometric measurements, the current differences (Δi=i–i0) were 

plotted against the substrate concentration. The pH value of the solutions was adjusted using a 

Thermo Orion‒720A pH ion-meter and combined pH glass electrode. The morphology of the 

electrodes was investigated using scanning electron microscopy (SEM) (FEI, Quanta 450 FEG), 

and energy-dispersive X-ray spectroscopy was applied using a Bruker detector. All aqueous 

solutions were prepared with deionized water (ELGA PureLab Classic Ultrapure Water 

System). The electrochemical surface characteristics of the prepared electrodes were 

investigated using 0.1 M KCl solution containing 5.0 mM of the ferri/ferrocyanide redox couple 

with cyclic voltammetry and electrochemical impedance spectroscopy (EIS) methods. EIS 

studies were carried out at 0.2 V with an amplitude of 0.01 mV within a frequency range of 



5

105–0.05 Hz. The sample was analyzed using atomic absorption spectrometry (GBC Avanta 

PM-GF 3000, Australia). All amperometric studies were performed at room temperature in 

phosphate buffer solution (PBS) (0.05 M). 

2.3 Central composite design

A central composite design (CCD), a statistical and mathematical method, was used to 

study the effects of the parameters and the interaction between them. The general second-order 

polynomial model is given as ‘Eq. (1)’[47]: 

                  (1)𝑦 =  𝑏0 + 𝑏1𝑥1 + 𝑏2𝑥2 + 𝑏11𝑥2
1 + 𝑏22𝑥2

2 + 𝑏12𝑥1𝑥2 

where  is the predicted response for amperometric measurement, , , , ,  and  𝑦 𝑏0  𝑏1 𝑏2 𝑏11 𝑏22 𝑏12

are regression coefficients, and  and  represent experimental levels of the independent 𝑥1 𝑥2

variables. In this work, the effect of ITO nanoparticles and RUT concentration on the response 

of the modified electrode were examined using the CCD model. CCD was used in the 

experimental design for optimization using Design-Expert® software (Version 10.0.3, Stat-

Ease, Minneapolis, USA), and ANOVA analysis was applied (95% confidence level, p = 0.05). 

2.4 Biosensor preparation

The bare GCE surface was polished before each experiment with alumina powder (0.05 

µm). The polished GCE was sonicated in ethanol and distilled water. The ITO nanoparticles 

(5.9 mg) and RUT (3.4 mg) were dispersed into 1 mL of 5mg/mL CH solution (in pH 5.0, 100 

mM acetic acid) and 7.5 µL of the dispersed solution was dropped onto the GCE surface and 

allowed to dry at room temperature. An HRP solution, with a concentration of 8 mg/mL, was 

prepared in 0.1 M PBS (pH 6.0).Subsequently, 4.0 µL HRP, 2.5 µL CH, and 0.07 mg (1%) 

BSA were mixed, ultrasonically, for 10 min. Then, 0.3 µL of GA (2.5%) was added to the 

mixture and ultrasonicated again for 10 min. A proper amount of the prepared enzyme solution 

was spread onto the modified electrode surface. The HRP/ITO-RUT-CH/GCE was dried in the 

air for approximately two hours. Finally, 5 µL of Nafion solution (1:1) was cast onto the 

modified enzyme electrode and dried. The preparation of the biosensor is described in Fig. 1.
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Fig. 1. The fabrication steps for the HRP/ITO-RUT-CH/GCE

2.5 Enzyme inhibition procedure

The HRP/ITO-RUT-CH/GCE was immersed into a stirred 0.05 M PBS. A known 

quantity of H2O2 was added after reaching a stable baseline current and the observed steady-

state current (I0) was recorded. After adding the inhibitor (Pb2+, Ni2+, Cd2+) in the presence of 

H2O2, the current decreased (I1). The increased concentration of heavy metal leads to the 

inhibition of enzyme activity. The reduction in the resulting current (I1) is directly proportional 

to inhibitor concentration. The percent of inhibition (I %) was calculated using Eq. (2), 

suggested by Guascito et al. (2008) [48].

(2)

3. Results and discussion

3.1. Surface morphological and electrochemical characterization of modified electrodes

Surface characterization studies of modified electrodes were investigated using SEM 

and energy-dispersive X-ray spectroscopy (EDX). The SEM images of GCEs modified with 

ITO-CH, RUT-CH, and ITO-RUT-CH composite are presented in Fig. 2. In Fig. 2a and 2b, 

both ITO nanoparticles and RUT have been highly dispersed in the CH matrix. Fig. 2c exhibits 

the ITO-RUT-CH/GCE image, evidencing the successful coating of ITO nanoparticles with 

RUT on the electrode’s surface; Fig. 2c clearly shows that ITO nanoparticles and RUT have 

been well embedded in CH. The EDX studies shown in Fig. 2d confirm the presence of Ru, In-

Sn, and Ru-In-Sn elementals in the corresponding composites. 

𝐼 % =
𝐼0 − 𝐼1

𝐼0
× 100

ITO

RUT

HRP

Nafion
NF/HRP/ITO-RUT-CH/GCEGCE

ITO-RUT-CH/GCE HRP/ITO-RUT-CH/GCE

HRP
Nafion
(NF)

ITO-RUT-CH
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Fig. 2. SEM images of (a) ITO-CH/GCE, (b) RUT-CH/GCE, (c) ITO-RUT-CH/GCE, and EDX 
spectrums of (d) ITO-RUT-CH/GCE

EIS is a useful tool  to characterizeof the modification process of the surface-modified 

electrode [49]. For this purpose, Nyquist plots of the EIS of (a) GCE, (b) ITO-CH/GCE, and 

(c) ITO-RUT-CH/GCE were obtained in the redox probe 5.0 mM Fe(CN)6
3–/4– (Fig. 3A). 

Nyquist plots of the imaginary impedance vs. the real impedance that expresses a semicircle 

part at high frequencies and a linear part at low frequencies correspond with an electron 

transfer-limited process and a diffusion-limited process, respectively [50, 51]. The data of EIS 

measurements were fitted using the Randles equivalent circuit model (inset in Fig. 3A) [49]. 

This circuit represents cell resistance (Rs), the charge transfer resistance of the electrode surface 

(Rct), the constant phase element (Cdl), and the mass transport finite-diffusion Warburg element 

(ZW) [52, 53]. Rct, which is equal to the diameter of the semicircle, was calculated using the 

equivalent circuit fitting analysis [54]. When comparing the calculated Rct values in Fig. 3A, it 

is clear that the Rct values of ITO-CH/GCE (410 Ω) (curve b) and ITO-RUT-CH/GCE (300 Ω) 

(curve c) are much smaller than the bare GCEs (1050 Ω) (curve a). The reduction of Rct 

indicates that the modified electrodes have higher electron transfer and electrical conductivity 

Element Weight 
%

Atomic 
%

C 14.1 24.1
N 4.4 6.2
O 35.5 43.8
Na 24.3 20.9
Ru 10.8 2.1
Cl 2.5 1.4
In 6.4 1.1
Sn 2.0 0.4

(a) (b)

(c) (d)



8

than GCEs [29]. Curve b in Fig. 3A shows that the ITO-CH composite contributes to facilitating 

the electron transfer of the modified electrodes. Because the ITO nanoparticles were used 

together with RUT, the ITO-RUT-CH composite has the highest Rct value, which is due to the 

synergistic effect of ITO nanoparticles and RUT. 

When the ITO nanoparticles were integrated with RUT-CH/GCE surface (Fig.3B-d) and 

determined within the redox probe solution, the redox couple of [Fe(CN)6]3−/4− clearly showed 

an increase compared to that of the RUT-CH/GCE (Fig.3B-b), ITO-CH/GCE (Fig.3B-c), and 

unmodified GCE. Fig. 3B implies that the ITO nanoparticles have been successfully modified 

with RUT-CH/GCE; the electron transfer of the redox probe solution at the electrode’s surface 

was attributed to the synergistic effect of the ITO nanoparticles and RUT. Thus, it can be 

concluded that the ITO nanoparticles increased the conductivity of the presented biosensor by 

increasing the conductivity of the RUT-CH composite.

0

0.5

1

1.5

2

2.5

0 0.5 1 1.5 2 2.5

(a)
(b)
(c)

Z'/ kΩ

-Z
''/

 k
Ω

-150

-100

-50

0

50

100

150

-1 -0.5 0 0.5 1 1.5
E / V (vs. Ag/AgCl) 

I /
 µ

A

Fig. 3. (A) The Nyquist curves in (a) GCE (• • •), (b) ITO-CH/GCE (▪ ▪ ▪), and (c) ITO-RUT-
CH/GCE (° ° °) (in 5.0 mM Fe(CN)6

3-/4- containing 0.5 M KCl). Inset: Randles equivalent circuit 
model, (B) CVs of (a) GCE (- - -), (b) RUT-CH/GCE (⸻),  (c) ITO-CH/GCE (° ° °), (d) ITO-
RUT-CH/GCE (▪ ▪ ▪) in 0.10 M KCl solution, containing 5.0 mM Fe(CN)6

3–/4– at a scan rate of 
50 mV s-1

3.2. Electrochemical behavior of modified electrodes

After studying the electrochemical characterization of the modified electrodes, it was 

determined that the best amperometric response of the biosensor can be achieved using the ITO-

RUT-CH film-modified GCE. For this purpose, after the HRP was immobilized on the ITO-

RUT-CH/GCE surface, cyclic voltammetry was used to examine the electrochemical 

performance and electrocatalytic response of the biosensor to H2O2 in PBS. 

(A) (B)
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Fig. 4. (A) CVs of HRP/ITO-RUT-CH/GCE; (a) in the absence of H2O2 (⸻) and (b) in the 
presence of 0.5 mM H2O2 (- - -), (B) CVs of HRP/ITO-RUT-CH/GCE in PBS with different 
H2O2 concentrations (from a to f: 0.0, 0.05, 0.15, 0.5, 1.2, and 2.0 mM) and (C) CVs of (a,b) 
HRP/ITO-CH/GCE (⸻, - - -) and (c,d) HRP/ITO-RUT-CH/GCE (⸻, - - -)  in PBS in the absence 
(a,c), and the presence (b,d) of 0.5 mM H2O2; scan rate: 5mVs−1 (in 0.05 M pH:7.5 PBS 
containing 0.1 M KCl).

The cyclic voltammogram (CV) of the HRP/ITO-RUT-CH/GCE, obtained in 0.05 M 

PBS (pH:7.5) and containing 0.1 M KCl, shows an oxidation peak at -0.15 V and a reduction 

peak at -0.23V. These peaks can correspond to the redox behavior of RUT. It was previously 

reported that RUT was used as an artificial electron acceptor [38, 55, 56].

Fig. 4A shows the CVs of the HRP/ITO-RUT-CH/GCE with and without the addition 

of H2O2. In the absence of H2O2, the couple peaks of RUT can only be seen from the 

voltammogram. When H2O2 is added to the above solution, the cathodic peak increases 

dramatically, while a reduction in the anodic peak is confirmed in the CVs. This situation 

a

f

(B)(A)

(C)
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demonstrates that RUT can be catalyzed to mediate an electron transfer between H2O2 and the 

electrode surface-active center of the enzyme [57–59]. As shown in Fig. 4B, when the 

concentration of H2O2 is increased from 0.0 to 2.0 mM in the buffer solution, the catalytic 

current also gradually increases. The results from Fig. 4A and 4B confirm that the increased 

current response to H2O2 at the HRP/ITO-RUT-CH/GCE was obtained. These results prove that 

the ITO-RUT-CH nanocomposite modified electrode has strong electrocatalytic activity 

towards the H2O2 current response [60–62]. 

The catalytic effect of each material on the composite was studied (Fig. 4C). The ITO-

CH composite was able to supply an efficient catalyze reaction. When RUT acted as a mediator 

for the ITO nanoparticles dispersed in CH, a better catalytic current response was shown 

compared to that of the HRP/ITO-CH/GCE. According to the obtained results, it is clear that 

RUT could play a crucial role in facilitating the rate of electron transfer between the HRP and 

the electrode’s surface [61, 63]. The reaction mechanism of the electrocatalytic reduction of 

H2O2 is provided in Özdemir et al. [55]. RUT not only enhances electrocatalytic reaction 

activity but also reduces the working potential for the electrocatalytic reduction of H2O2 to 

minimize the effects of interferences [29, 38].

3.3 Optimization of ITO nanoparticles and RUT composition using the CCD model

The electrode composition was investigated to determine the high level of analytical 

performance shown by the biosensor. Therefore, each material on the electrode’s surface 

modification was optimized by the 22 CCD model [64, 65]. In this work, the two-level factorial 

design was utilized for optimization. The factor levels were coded as high (+1) and low (-1) 

levels and a central point (0). The α value in the orthogonal and rotatable design was utilized 

as ±1.41. With this design, two independent variables, ITO nanoparticles and RUT, were 

examined at five levels with a replication at the central point using CCD. In total, 13 

experiments with the HRP/ITO-RUT-CH/GCE, corresponding to all the possible combinations, 

were set. The amperometric current recorded at a constant H2O2 concentration to obtain a 

response for the examination of the experimental design in Supplementary Table S1. 
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Table 1. ANOVA of the central composite design for the optimization of ITO nanoparticles 
and RUT amounts

Source Sum of squares
(SS)

Degree of freedom
(df)

Mean square
(MS) F-value p-value

Prob˃F
Model 1162.74 5 232.55 18.46 0.0007 significant

:ITO1x 106.16 1 106.16 8.43 0.0229

:RUT2x 138.48 1 138.48 10.99 0.0128

21xx 156.25 1 156.25 12.40 0.0097
2
1x 561.91 1 561.91 44.60 0.0003

2
2x 292.78 1 292.78 23.24 0.0019

Residual 88.19 7 12.60
Lack of 
fit

70.99 3 23.66 5.50 0.0665 not significant

Pure 
error

17.20 4 4.30

Cor total 1250.92 12
To analyze the effects of parameters and their interactions, the obtained output data in 

the CCD was calculated by the analysis of variance (ANOVA) (Table 1). The model was 

evaluated with an F test for ANOVA [66]. The Probability˃F-value of less than 0.05 in Table 

1 indicates that the model is significant. The model F-value is 18.46 and the p-value is much 

smaller than 0.05, which indicates that the model is statistically significant. The lack-of-fit F-

value of 5.50 and p-value of 0.0665 (p > 0.05) are not significant at a 95% confidence level, 

indicating that the model is acceptable for the experimental data. The results obtained in 22 

CCD presented that the model terms of , , , , and  are described as significant 1x 2x 21xx 2
1x 2

2x

factors at a 95.0% confidence level.

The coefficient of determination (R2) value was determined as 0.9295. This value was 

an acceptable regression between experimental and predicted values.  The second-order model 

[Eq. (3)] in coded form was designed based on analysis of the data in Table 1 (x1:ITO; x2:RUT):

              (3)

Fig. 5 shows the three-dimensional (3D) response surface plots related to the interaction 

of factors on the amperometric current response result. One of the factors was changed and the 

other one was fixed; the optimum factor was determined according to the obtained highest 

current response. When ITO nanoparticles or RUT amounts are increased, the current response 

is also enhanced. Further increasing the amount of ITO nanoparticles or RUT causes a reduction 

in the biosensor’s response, indicating a strong relationship between the variables and the 

amperometric response current. The optimum amperometric response was obtained with 5.9 

ITO mg/mL and 3.4 RUT mg/mL. The optimum values obtained are used in all experiments.

21
2
2

2
121 25.649.699.816.464.360.43ˆ xxxxxxy 
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Fig. 5. 3D response surface plots of peak current as a function of A: ITO nanoparticles and B: 
RUT amounts 
3.4 Amperometric response to H2O2 

After obtaining the optimum electrode composition results, amperometric studies were 

performed at room temperature and stirred in 0.05 M PBS at the applied potential of -0.25V vs. 

Ag/AgCl. Fig. S1-A shows the amperometric responses of the (a) HRP/ITO-RUT-CH/GCE, 

(b) HRP/ITO-CH/GCE, and (c) HRP/GCE, examined by the successive addition of H2O2 

aliquots to the buffer solution. When the calibration plots of these biosensors were compared, 

the sensitivity of the HRP/ITO-RUT-CH/GCE was approximately 1.5 times higher than that of 

the HRP/ITO-CH/GCE and 3.5 times higher than of the HRP/GCE. The best sensitivity was 

obtained with both ITO nanoparticles and RUT. The HRP/ITO-RUT-CH/GCE response to 

H2O2 was linear between 0.05 and 0.72 mM with a sensitivity of 7.5 µAmM-1 cm-2 (0.53 

µA/mM). The LOD of the biosensor was found to be 0.008 mM for the HRP/ITO-RUT-

CH/GCE. The LOD values are better than those of most bio(sensors) reported in the literature. 

When the catalase enzyme was immobilized onto the GCE surface by crosslinking with 

glutaraldehyde and BSA [17], the biosensor exhibited a low sensitivity of 1.23 μAmM-1cm-2 

with a detection limit of 0.28 mM for H2O2. Yang et al. [67] proposed an H2O2 inhibition 

biosensor based on a cysteamine self-assembled monolayer modified Au electrode, with a LOD 

of 0.2 mM. Al-Hardan et al. [68] improved a non-enzymatic H2O2 sensor based on zinc oxide 

nanorods; the LODs were found to be 0.04mM and 0.1435 mM, respectively. The 

immobilization of the HRP on the electrodes modified with Au-thin-film gold showed a 

detection limit of 0.016 mM [69]. Yuan et al. [70] developed the chitosan/2D layered double 

hydroxide composite biosensor with a detection limit of 0.0128 mM. The H2O2 
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bioelectrochemical sensor prepared CoMn2O4 nanoparticle modified graphite in a LOD of 0.04 

mM [71]. 

3.5 Optimization of experimental parameters for inhibition

3.5.1 Influence of H2O2 concentration

 The degree of enzyme inhibition was investigated by assessing the HRP activity at 

different H2O2 concentrations; this is because the response of the biosensor can vary between 

high and low substrate concentration levels. The influence of substrate concentration was tested 

at different levels between 0.25 mM and 1.0 mM H2O2 (Fig. S2-A). When the concentration of 

H2O2 was lower than 0.75 mM, the biosensor response was not sufficiently discernable and was 

almost equal to the inhibition by Pb2+. However, when the substrate concentration was too high, 

the degree of inhibition decreased due to a blockage in the enzyme active center [34, 65]. 

Therefore, a concentration of 0.75 mM H2O2 was selected as the optimum substrate 

concentration to obtain the best results. The inhibition degree increased with the increasing 

levels of a substrate; these results are in concordance with the literature reports [72].

The apparent Michaelis–Menten constant ( ), which shows the improved catalytic app
mK

activity of the HRP to H2O2, was calculated using the Lineweaver–Burk equation (Fig. S1-B) 

[73]. The value  was found to be 0.23 mM for the HRP/ITO-RUT-CH/GCE. This value is app
mK

lower than those of previously reported studies [19, 42, 62, 67, 74, 75]. The concentration of 

H2O2 also corresponds with 0.75 mM (˃2 ), which was used to evaluate the maximum app
mK

activity of the HRP before and after inhibition [76].  The optimum concentration was selected 

as 0.75 mM for further studies.

3.5.2 Influence of enzyme amounts, pH, and working potential

The amount of enzyme is an important parameter that influences the enzymatic activity 

of the biosensor [17, 40]. Hence, in this study, to investigate the effect of enzyme amounts on 

enzymatic activity under inhibition circumstances, different HRP concentrations (1.0–30.0 

mg/mL HRP) were used for biosensor construction (Fig. S2-B). The optimization of enzyme 

loading was evaluated using different HRP-immobilized electrodes; this was done after adding 

heavy metals (Pb2+
, Ni2+, Cd2+) as an inhibitor, in the presence of a constant concentration of 

H2O2 (0.75 mM). As shown in Fig. S2-B, when the amount of HRP increases, the degree of 

inhibition increases to 8.0 mg/mL HRP. The highest degree of inhibition was found to be 8.0 

mg/mL HRP immobilized on the ITO-RUT-CH/GCE surface; this concentration was used in 

further studies.
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The pH value has a significant role in the selectivity of the biosensor and enzyme 

inhibition, because enzyme activity is highly dependent on pH [77]. An optimum pH was 

examined within a range of 6.0–9.0  in the presence of 0.1 mM Pb2+ (Fig. S2-C). As shown in 

Fig. S2-C, the amperometric current response increases with the pH level, until the pH is 6.5, 

and is then reduced. It is known that OH- ions participate in the reaction between RUT and 

H2O2. This current change was linked to the change in RUT structure of the acidic and basic 

medium [55]. So, the optimum pH for the inhibition of the enzyme electrode was pH 6.5. 

To investigate the influence of working potential on the amperometric response of the 

HRP/ITO-RUT-CH/GCE, the biosensor response towards H2O2 was recorded at different 

applied potentials between -0.10 and -0.30 (Fig. S2-D) due to the anodic and cathodic peaks of 

RUT (Fig. 4A). The maximum amperometric response was obtained at -0.30 V, but the lower 

working potential of -0.25 V vs. Ag/AgCl was selected to reduce the effects of interference 

species in real samples [42]. 

3.6 Performance parameters of the HRP/ITO-RUT-CH/GCE inhibition biosensor

3.6.1 Inhibition studies of Pb2+, Ni2+, and Cd2+

Heavy metals, used as an inhibitor of the HRP, have been previously reported in the 

literature [17, 19, 36, 40, 42, 78, 79]. To determine the inhibitory effect of Pb2+, Ni2+, and Cd2+ 

ions, the CVs of the HRP/ITO-RUT-CH/GCE were examined at different stages (Fig. 6). The 

CVs of the biosensor were observed in 0.05 M PBS with and without the addition of 0.75 mM 

H2O2 (Fig. 6a-b). Fig. 6c shows that adding 10-4 M Pb2+ causes the catalytic current to reduce 

significantly.. This indicates that heavy metals inhibited the HRP effectively. It was concluded 

that the HRP/ITO-RUT-CH/GCE could be used to evaluate the concentration of heavy metal 

ions by inhibition [62, 80].
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Fig. 6. CVs of the HRP/ITO-RUT-CH/GCE (a) the electrode in 0.05 M PBS (blue line) (b) the 
same as (a) containing 0.75mM H2O2 (green line); (c) the same as (b) with 10-4 M 100 µL Pb2+ 
added (red line); scan rate: 5mVs−1 (in 0.05 M pH:7.5 PBS containing 0.1 M KCl).

The mechanism and constant of inhibition were achieved using Dixon plots [81] and 

Cornish-Bowden plots [82] at three different concentrations of each of the heavy metal ions 

(Pb2+, Ni2+, Cd2+) (Fig. 7). The type of enzyme inhibition and dissociation constant of the 

enzyme–inhibitor substrate complex (Ki
’) of each metal was determined from Fig. 7. The three 

parallel lines in the Dixon plots (Fig. 7 A1, A2, and A3) indicated the uncompetitive inhibition 

of the HRP by Pb2+, Ni2+, and Cd2+. 
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Fig. 7. (A) The Dixon plots and (B) Cornish-Bowden plots of the effect of Pb2+ (A1, B1); Ni2+ 
(A2,B2) and Cd2+ (A3, B3) three different concentrations of  H2O2 (0.15; 0.30 and 0.60 mM) 
on the HRP (error bars represent the standard deviation of three measurements). 

The Cornish-Bowden plot (Fig. 7 B1, B2, and B3) shows that the inhibition is 

uncompetitive because the three lines intercept in the second quadrant of the x-axis. From an 

evaluation of the two plots, it was confirmed that the mechanism of inhibition is uncompetitive. 

In this type of inhibition, an enzyme inhibitor, Pb2+, Ni2+, or Cd2+, binds only to the enzyme-

substrate complex. The resulting complex (enzyme-substrate-inhibitor) binds to the enzyme 

irreversibly and inhibits the activity of the enzyme. Thus, a decrease in amperometric response 

is observed after the addition of the inhibitor [82, 83]. The calculated Ki
’ values for three metal 

ions are 0.56 µM (Pb2+), 0.29 µM (Ni2+), and 0.27 µM (Cd2+). The uncompetitive inhibition of 

the HRP by Pb2+and Cd2+ confirms the obtained data in the literature reports [19, 40]. 

The amperometric response of the HRP/ITO-RUT-CH/GCE to Pb2+, Ni2+ and Cd2+ with 

the addition of 0.75 mM H2O2 was investigated under optimized working conditions (Fig. 8A). 

The curve in Fig. 8A indicates that the degree of the HRP inhibition increased with the rising 

concentrations of heavy metal ions. The curve in Fig. 8B, C and D show the biosensor’s 

amperometric response (i–t) to these heavy metals. The concentration of added heavy metal 

ions (Pb2+, Ni2+ or Cd2+) lead to the inhibition of enzyme activity, so a decrease in current was 

observed [36]. The inhibition calibration curves of the HRP/ITO-RUT-CH/GCE were 

performed within the range of 0.009–0.301 µM with a LOD of 8 nM for Pb2+, 0.011–0.368 µM 

with a LOD of 3 nM for Ni2+, and 0.008-0.372 µM with a LOD of 1 nM µM for Cd2+ (Fig. S3). 

The LOD of the biosensor was found to have a signal-to-noise ratio of 3 and was calculated 

according to the 3sb/m criterion,, where m is the slope of the lowest calibration graph and sb is 
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the standard deviation (n = 10) of the signals from 0.009 µM, 0.011 µM, and 0.0077 µM for 

Pb2+, Ni2+, and Cd2+, respectively [84, 85]. 

In this study, the sensitivity values were calculated from the calibration curves and 

determined to be + 11.97 µAµM-1cm-2 (0.85 µAµM-1), 10.84 µAµM-1 cm-2 (0.77 µAµM-1), and 

10.99 µAµM-1cm-2 (0.78 µAµM-1) for Pb2+, Ni2+, and Cd2+, respectively. The obtained 

sensitivity values are better than most of the inhibition biosensors in the literature reports. 

Guascito et al. [48], enhanced an inhibition biosensor with a sensitivity of 0.229 µAµM-1cm-2 

for Cd2+ and 0.051 µAµM-1cm-2 for Ni2+. GOx enzyme inhibition sensors prepared cobalt or 

copper hexacyanoferrate modified carbon film electrodes with a sensitivity of 17.6 nAµM-1cm-2 

for Cd2+ and 0.75 nAµM-1cm-2 Ni2+ [86]. Ayenimo et al. [87] developed the ultrathin PPy-GOx 

biosensor with a sensitivity of 1.0 µAµM-1cm-2 for Pb2+ and 0.50 µAµM-1cm-2 for Cd2+. Gumpu 

et al. [88] showed an inhibition biosensor with a sensitivity of 124.7 µAµM-1cm-2 for Cd2+.
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Fig. 8. (A) Inhibition calibration curve for the determination of (a)Pb2+ (• • •), (b)Ni2+ (° ° °), and 
(c)Cd2+  (♦ ♦ ♦) with the addition of 0.75 mM H2O2 (error bars represent the standard deviation 
of three measurements). Chronoamperometric response to (B) Pb2+, (C) Ni2+ and (D) Cd2+ at 
HRP/ITO-RUT-CH/GCE inhibition biosensor. Applied potential of -0.25V vs. Ag/AgCl (in 
0.05 M pH:6.5 PBS).

Table 2. Analytical performance characteristics of an enzyme inhibition-based amperometric 
biosensor for the determination of Pb2+, Ni2+, and Cd2+

Biosensor composition Heavy 
metal 

Inhibition 
type

Applied potential/
pH

Linear range, 
nM

LOD, 
nM

Ref.

PQQ-GDH Cd2+

Pb2+ non-
competitive

+0.25 V/6.0 1.5х105–1.5х106

1.5х105–3.5х106

1.5х104 [89]

SPE/urease-glutamic 
dehydrogenase

Cd2+

Pb2+

-
+0.30 V/8.0

8.9х102–2.7х105

ND

2.5 х103

ND

[90]

Pt/PPD/GOx Cd2+

Ni2+

-
+0.70 V/7.0

2 х104-1.5 х105

3.5 х104-4.4 х105

3000

4800

[48]

Pt-UME/Sucrose Cd2+

Pb2+

reversible 

irreversible 
+0.35 V/5.5

25–125

50–250

25

30

[91]

Screen-printed seramic 

electrode/Urease

Cd2+ -
+0.28 V/8.1

0–178 - [92]

PANI-HRP Cd2+

Pb2+

non-
competitive -0.20 V/7.02

42-490 

23-270 

0.8 

0.2

[42]

CoHCF/GOx
CuHCF/GOx

Cd2+

Ni2+
competitive

-0.45 V/7.0

-0.35V/7.0

1500-6000

20000-1.2х103

1200

4800

[86]

HRP/MT-MWCNT Pb2+ reversible
mixed

-0.30 V/7.0 440–2650 12 [79]

PPy-GOx Cd2+

Pb2+

competitive

mixed +0.70 V/7.0
4000–26000 

1600–7700

4000

1600

[87]

GOx/PBGDES/MWCNT Cd2+

Pb2+

competitive

uncompetitive
-0.40 V/7.0

10–80

10–120

1.75

2.70

[40]

GOx–Nb–SWCNT Pb2+ competitive
+0.58 V/7.0

3000–25000 - [93]

(D)
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H2O2
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GOx/Co3O4 Pb2+

Ni2+

Cd2+
competitive +0.50 V/7.0

2413–36198
8519–161867
4447–111199

241
851
445

[94]

Ru(II)-tris(bipy)-
GO/AChE

Cd2+ competitive 
and mixed 
inhibition

+0.223 V/6.0
20–700 70 [88]

ChOx/MWCNT Pb2+ competitive
-0.35 V/8.5

0.1–10 0.04 [95]

HRP/ITO-RUT-CH Pb2+

Ni2+

Cd2+

uncompetitive -0.25 V/6.5
9.6–301
11–368
7.7–372

8.0
3.0
1.0

This 
work

MT-MWCNT:maize tassel multiwalled carbon nanotube; CoHCF: cobalt hexacyanoferrate; CuHCF: copper hexacyanoferrate; GOx: glucose 
oxidase enzyme; PANI: poly(aniline); PPy: polypyrrole; PBGDES: poly(brilliant green)–deep eutectic solvent; PQQ:pyrroloquinoline quinone; 
GDH: glucose dehydrogenase; UME:Ultra-microelectrode; PPD: poly-o-phenylenediamine; SPE:scree-printed electrode; Nb–SWCNT: single-
walled carbon nanotubes/Nile blue; RuO2: ruthenium(IV) oxide; GO: graphene oxide; AChE:acetylcholineesterase; ChOx: choline oxidase; 
ND: not detected.

3.6.2 Performance parameters

The interference effect of possible species (Ca2+, Mg2+, Zn2+, Na+, K+, Fe2+, Hg2+, and 

Mn2+) on the biosensor response was tested in the tap water matrix. For the assay of each of the 

metal ions (Pb2+, Ni2+, and Cd2+), it was observed that there was no important effect on the 

initial response of analytes in the presence of 20-fold Ca2+, Mg2+, Zn2+, Na+, and K+ (less than 

10%). Similarly, no significant influence on the biosensor response was observed in the 

presence of two-fold Fe2+, Hg2+, or Mn2+ interference species (less than 10%). The stability and 

reproducibility of the HRP/ITO-RUT-CH/GCE were investigated under optimized inhibition 

circumstances. The stability of the biosensor was evaluated by measuring the response of Pb2+, 

Ni2+, and Cd2+ in the presence of 0.75 mM H2O2. After two weeks, the biosensor lost only 19%, 

13%, and 11% of the initial response towards Pb2+, Ni2+, and Cd2+, respectively. It is thought 

that  the stability of biosensor decreases after two weeksdue to the reduction in the activity of 

the enzyme after each measurement. Following each measure,  the biosensor was dipped in a 

0.5-mM EDTA solution to regenerate within 100 s[13]. When the biosensor was not used, it 

was stored at 4°C. The five electrodes were prepared in the same manner utilized for the 

reproducibility of the biosensor. The relative standard deviation (RSD) value was found to be 

4.2% for Pb2+, 1.6% for Ni2+, and 3.8% for Cd2+. The results revealed that the biosensor showed 

good selectivity, stability, and reproducibility for Pb2+, Ni2+, and Cd2+. All biosensors responded 

rapidly to changes in the Pb2+, Ni2+, and Cd2+concentration, reaching 95% of the steady-state 

current in less than 10 s. Moreover, the Nafion layer contributed to the stability of the electrode 

by preventing the enzyme from leaking [35].

3.6.3 Application of the biosensor

The applicability of the enzyme inhibition biosensor for the determination of Pb2+, Ni2+, 

and Cd2+ in tap water was demonstrated by the standard addition method. The tap water sample 



20

was also assayed using AAS. The results of the AAS showed that the levels of Pb2+, Ni2+, and 

Cd2+ were below the detection limit in the water sample taken from the tap. Therefore, a tap 

water sample was prepared with the addition of 9.53 ppm Pb2+, 2.98 ppm Ni2+, and 4.83 ppm 

Cd2+. Standard addition method was used to determine the content of each metal ion in spiked 

tap water sample. Tap water sample was spiked with four different concentrations of standard 

metal solution of Pb2+, Ni2+ or Cd2+ and a multiple addition calibration curve was obtained. The 

concentration for each heavy metal ion concentration in spiked sample was calculated from this 

calibration curve, Table 3. The maximum allowed limits of Pb2+, Ni2+, and Cd2+ in drinking 

water have been specified by the WHO [4]. The developed biosensor was able to determine the 

concentration of heavy metals below the maximum contaminant levels presented by the WHO. 

The recovery values were obtained, and the results are shown in Table 3.  The results obtained 

by the proposed biosensor method and AAS were statistically compared by a t-test at a 95% 

confidence level. Table 3 shows that the obtained tcritical value is higher than the t value. When 

the results obtained from both methods were compared, there was no statistically significant 

difference. This phenomenon showed that the presented biosensor could be applied to the 

detection of Pb2+, Ni2+, and Cd2+ in real water samples.

Table 3. Recovery of Pb2+, Ni2+, and Cd2+ in a tap water sample
Amperometric Biosensor AAS

Heavy Metal Levels present 
(ppb) AAS 

Added 
(ppb)

Found
(ppb)

Recovery 
(%)

Added 
(ppb)

Found
(ppb)

Recovery 
(%)

t

Pb2+ ND 9.53 9.37 ± 0.46 98.3 ± 4.7 9.53 9.41 ± 0.39 101.8 ± 9.8 0.30
Ni2+ ND 2.98 3.04 ± 0.14 102.0 ± 4.8 2.98 2.91 ± 0.37 97.6±12.1 2.12
Cd2+ ND 4.83 4.83 ± 0.18 99.8 ± 3.7 4.83 4.98 ± 0.20 104.8 ± 9.5 1.52

* Results are expressed as  (for n=3, tcritical=2.78); ND: not detected.x ±
ts
N

4. Conclusions
An amperometric biosensor for the determination of Pb2+, Ni2+, and Cd2+, based on the 

inhibition of the HRP, was successfully developed using ITO-RUT-CH film modified GCE. 

The ITO-RUT-CH film exhibited a synergistic catalytic effect between the ITO nanoparticles 

and RUT, which can be attributed to the facilitation of the electron transfer between the active 

center of the HRP and the electrode’s surface. The amount of ITO nanoparticles and RUT were 

optimized through a central composite design, with founding values of 5.9 mg/mL for ITO 

nanoparticles and 3.4 mg/mL for RUT. The HRP/ITO-RUT-CH/GCE inhibition biosensor 

showed good analytical performance, such as fast response, good operational stability, high 

reproducibility, good selectivity and sensitivity, and low detection limit, compared with those 
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in the literature. The inhibition of the HRP/ITO-RUT-CH/GCE biosensor in the presence of 

sequential aliquots Pb2+, Ni2+, and Cd2+ were examined in tap water for the first time. The HRP 

inhibition biosensor allowed good sensitivity and the selective analysis of Pb2+, Ni2+, and Cd2+ 

in a tap water matrix, which indicated that the proposed biosensor could be used as a promising 

analytical approach for monitoring trace metals in different water sources. Furthermore, 

because the enzyme electrode showed a superior electrocatalytic reduction in H2O2, the 

biosensor can be used as an alternative for the determination of H2O2 compared with other 

reported H2O2 bio(sensors).
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Highlights

 A novel HRP inhibition biosensor based on ITO, RUT and CH were fabricated

 The amounts of ITO and RUT were optimized using a central composite design

 Heavy metals were successfully determined in sample with nanomolar detection limits

 The results obtained from the presented method had good agreement with AAS results


