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Abstract: The detection of hydrogen peroxide is of great importance in the environmental field. For
this, a homogeneous technique has been developed here for sensitive and rapid quantification of
hydrogen peroxide. In this technique, hemoglobin was used as a bioreceptor, where heme groups
acted as electroactive centers to catalyze hydrogen peroxide reduction. The chemiluminescence
reagent luminol is also a peroxidase substrate and can be oxidized by hemoglobin—thus generating a
CL signal. The principle of the designed biosensor was based on the competition between hydrogen
peroxide and luminol towards hemoglobin. Under optimized conditions, the chemiluminescent
signal decreased with increasing hemoglobin concentrations within the linear range of 0.5 to 12 mM,
with a correlation coefficient R2 of 0.99762. The limit of detection was calculated to be as low as
0.308 mM. The selectivity of the biosensor was successfully demonstrated against different interferents.
The developed strategy provides a one step, simple, and low-cost bioanalytical method which can be
applied for the monitoring of other peroxidase substrates.

Keywords: chemiluminescence; hydrogen peroxide; hemoglobin; one-step analysis; environmental
monitoring

1. Introduction

In recent decades, biosensors have emerged as valuable tools in various fields: health-
care, environmental monitoring, food safety, agriculture, and biosecurity. They are con-
sidered miniature analytical devices that have the ability to detect and quantify specific
biological or chemical substances via a biological recognition element coupled with ad-
vanced sensing technologies. Additionally, compared to complex analysis methods, biosen-
sor technology is considered a simple, rapid, and cost-effective tool with high potential
performance [1]. This technology is able to provide real-time, accurate, and sensitive detec-
tion for a wide range of analytes ranging from small molecules to proteins. In medicine,
biosensors enable the early detection of diseases by detecting biomarkers, the facilitating of
appropriate interventions, and improved treatment effects. In parallel, for environmental
monitoring, biosensors provide a cost-effective and efficient platform for the detection and
quantification of pollutants in air, water, and soil. By utilizing specific enzymes, antibodies,
or microorganisms, biosensors can detect contaminants such as heavy metals, pesticides,
and toxins, enabling the rapid identification and remediation of polluted sites [2–4]. For
this, biosensors have been the subject of numerous research works that have aimed to
develop diagnostic devices with attractive performance levels [5]. Recently, the use of
proteins as elements of bio-recognition has reduced the cost of biosensors compared to
biological molecules such as antibodies and enzymes [6].

Hydrogen peroxide (H2O2) is a strong oxidizing agent, considered one of the most
reactive oxygen species, that is widely used in several areas of human activity (healthcare,
antiseptic, antimicrobial, and chemical industries) [7]. It is considered a crucial interme-
diate in various biological and environmental processes [8]. Naturally, H2O2 exists in
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living organisms as a reactive metabolic product of oxygen produced by mitochondria, the
endoplasmic reticulum, and different enzymes. It plays a critical role in several biological
processes including cell signaling, the immune response, and oxidative stress [9]. The
normal values of H2O2 concentrations in the different body fluids can differ. For example,
in blood plasma, the normal range is estimated to be between 1 and 5 µM, with increased
concentrations (up to 50 µM) observed in many chronic and infectious diseases [10]. Ab-
normal levels of H2O2 can induce several diseases such as cancer, cardiovascular disorders,
and neurodegenerative diseases [11,12]. At the cellular level, the accumulation of hydrogen
peroxide can trigger inflammation and lead to apoptosis, and when its concentration in the
blood reaches toxic levels, it can cause bioenergetic system failure and certain pathological
disorders [13]. Moreover, H2O2 is a product of several enzymatic reactions and can be used
as a biomarker for detecting various biological condition disorders [14]. It is also implicated
in metabolic pathways that utilize oxidases, peroxidases, cyclooxygenase, lipoxygenase,
myeloperoxidase, catalase, and other enzymes [15]. Hydrogen peroxide is also involved
in environmental processes such as water treatment, wastewater management, and soil
remediation [16]. Hence, monitoring H2O2 levels in these systems is essential for assessing
the effectiveness of treatment methods, ensuring compliance with regulatory standards,
and evaluating the environmental impact of various activities. In parallel, since H2O2 is
a highly reactive and potentially hazardous chemical, its quantification in laboratories,
industrial facilities, and storage areas helps ensure safety and prevent incidents associated
with its mishandling or leakage [16]. Therefore, hydrogen peroxide is considered an im-
portant analyte to monitor due to its significance in clinical diagnosis and its importance
in environmental monitoring and industrial systems. Several analytical techniques have
been used for H2O2 analysis, including high-performance liquid chromatography, fluo-
rimetry, and spectrometry [17]. However, these techniques require complex processes and
sophisticated equipment [18]. In addition, many biosensors have been developed for H2O2
detection, but most of them are based on the use of natural enzymes, which is laborious,
time consuming, and expensive—limiting their widespread application [19]. Therefore,
the development of simple, rapid, nonenzymatic biosensors is highly recommended to
overcome these limitations.

Horseradish peroxidase (HRP)-based biosensors have emerged as a prominent and
widely used platform for hydrogen peroxide detection [20–22]. HRP—a heme-containing
enzyme—offers the ability to catalyze the oxidation of H2O2, making it an ideal candidate
for biosensing applications [23,24]. The enzymatic reaction between HRP and H2O2 results
in the production of a measurable (colorimetric, fluorescent, etc.) compound, enabling
the quantification and analysis of hydrogen peroxide concentrations [25,26]. HRP can be
modified and integrated into different detection platforms such as electrochemical, optical,
and immunoassay-based systems, allowing for versatile and adaptable applications [27,28].
Despite their widespread use, HRP-based biosensors for hydrogen peroxide (H2O2) detec-
tion suffer from certain limitations [29]. The high cost associated with HRP will restrict its
accessibility and negatively affect the feasibility of large-scale production [30]. Additionally,
the susceptibility of HRP to be inhibited or interfered with various substances commonly
found in complex sample matrices limit the use of HRP-based biosensors. This limitation
presents challenges in real-world applications, where samples may contain interfering
substances that will negatively affect the reliability and accuracy of H2O2 detection [31].
Overcoming these interferences often requires additional sample preparation steps or
complex calibration procedures, further complicating the analytical process. Furthermore,
the reaction rate between HRP and H2O2 may not be always optimal, leading to either
slow response times or erroneous results. All these barriers may hinder real-time moni-
toring applications, limiting the utility of HRP-based biosensors [32,33]. Additionally, it
is worth noting that HRP-based biosensors have been extensively studied and optimized
over the years, leading to improvements in their performance and reliability [34–36]. How-
ever, the aforementioned limitations still persist and create challenges in the biosensors’
practical applications.
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Hemoglobin (Hb) is a protein composed of four polypeptides chains (two-α and two-
β), each containing one electroactive iron heme group. It is found in human erythrocytes
(red blood cells) with a molar mass of approximately 67,000 g/mol [37,38]. Since each
heme can bind to an oxygen molecule, Hb tetramers can bind up to four oxygen molecules.
Several studies have focused on understanding the electrochemical behavior of heme
proteins to investigate their properties and biological activities. Hb is principally used as
an ideal model for the study of electron transfer reactions of heme [39,40]. Even though Hb
is not considered as a biological electron transfer carrier, it has demonstrated its enzymatic-
like catalytic activity. Moreover, since Hb exhibits good electrocatalytic activity for the
reduction of different peroxidase substrates, it can replace peroxidase in the fabrication of
non-enzymatic biosensors [41,42]. For this, Hb has been utilized as an HRP substitute for
H2O2 detection due to its similar structure to peroxides, excellent stability, reasonable cost,
and well-documented structure [43,44].

Hb is commonly used as a bioreceptor to develop H2O2 biosensors, as it can catalyze
the reduction of H2O2, and chemically re-oxidized [44,45]. However, most of reported
Hb based biosensors for H2O2 detection use electrochemical detection [46–48]. This latter
method suffers from a slow electron transfer and a high overpotential, which can negatively
influence the sensing performance and lead to a slow response time [49]. In addition, Hb
immobilization has faced certain limitations and challenges. The stability of the immobi-
lized Hb may be negatively affected, leading to reduced sensitivity and accuracy [50,51]. In
addition, electrochemical Hb-based biosensors rely on the direct electron transfer between
the immobilized Hb and the electrode for hydrogen detection. However, other electroactive
molecules present in the sample—such as ascorbic acid, uric acid, or certain drugs—can
compete for the electrode surface, leading to non-specific responses and false readings.
This interference issue challenges the selectivity and specificity of the biosensors, and
can lead to additional steps such as sample pre-treatment or advanced signal processing
algorithms to reduce these interferences [52–54]. Moreover, the immobilization process can
be complex and require optimization for achieving efficient Hb attachment and preserving
its catalytic activity [55]. Various immobilization techniques—such as physical adsorption,
covalent binding, or entrapment—have been explored [56]. However, finding the optimal
immobilization strategy that ensures both high activity retention and stability remains a big
challenge [57,58]. Furthermore, the limited reproducibility of the immobilization process
can restrict its practical applications. Achieving appropriate and strong immobilization
of Hb on multiple electrodes or in large-scale manufacturing can be challenging [59,60].
In addition, heterogeneous sensing assays are time consuming, laborious, expensive, and
require multiple steps of modification and coating procedures [61,62]. For this, significant
efforts have been made to principally overcome these limitations, increasing the electron
transfer rate, decreasing the overpotential, and providing a suitable microenvironment to
enhance electrocatalytic H2O2 detection [46,48,53]. Recently, homogenous assays have pre-
sented high potential due to their simplicity, ease of fabrication, and high throughput [63].
In this context, optical biosensors have attracted more attention due to their simplicity and
homogeneous detection. These homogenous assays based on fluorescence, chemilumines-
cence, or bioluminescence do not require complicated probe immobilization or laborious
procedures—thus allowing a one-step, rapid, and direct detection of analytes [64,65].

Optical detection methods are principally based on the use of light for sensing and
analysis procedures. Optical detection techniques offer numerous advantages, including
high sensitivity, rapid analysis, and a non-destructive nature. Chemiluminescence is a
simple detection method based on the emission of light produced by a chemical reaction
in the presence of chemiluminescence reagents (luminol, iso-luminol, etc.) and without
the use of an external light source [66,67]. The low-cost luminol–H2O2 chemiluminescent
(CL) reaction is the most commonly used system in CL analysis; it produces a strong CL
reaction at a wavelength of 425 nm, under appropriate experimental conditions [68]. CL
reactions have a wide range of analytical applications in various fields (environmental
monitoring systems, food analysis, and diagnosis of disease) [69,70]. The wide use of this
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method is principally attributed to its high sensitivity, rapidity, important signal-to-noise
ratio, and wide dynamic range. Moreover, the absence of the excitation light source makes
this technique simple and cost-effective compared to optical methods [71,72]. Furthermore,
it is noteworthy to mention that in the literature, there are only a few studies that use
chemiluminescence detection based on hemoglobin for H2O2 detection [73]. Based on
these advantages, CL reactions have been used, in this work, to develop a non-enzymatic
biosensor for H2O2 detection, using Hb as a bioreceptor.

In the present study, Hb has been used as a bioreceptor to develop a H2O2 biosensor.
The originality of this work lies in the competition of the target and luminol solution toward
Hb, which showed a high peroxidase-like activity for H2O2. The detection principle is
mainly based on chemiluminescence signal diminution in the presence of H2O2. The H2O2
reacts with the Hb, which is essential for the luminol reaction—thus leading to a lower
chemiluminescence signal. Additionally, since the reaction of Hb with H2O2 and luminol
is not time-consuming, the developed assay is considered a rapid one-step bioanalytical
platform for hydrogen peroxide detection.

2. Materials and Methods
2.1. Reagents and Apparatus

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) was purchased from Bio-Rad
(Hercules, CA, USA) Hemoglobin from bovine blood, hydrogen peroxide, glucose, fruc-
tose, galactose, phenol, dopamine, ascorbic acid, sodium phosphate dibasic (Na2HPO4),
and sodium phosphate monobasic (NaH2PO4) were purchased from Sigma−Aldrich
(Saint-Louis, MO, USA). Phosphate buffer solution (PBS 0.01 M) was prepared using
Na2HPO4 and NaH2PO4. Hb solution (3 µg mL−1) was prepared using PBS buffer (0.01 M,
pH 7.4). All luminescence measurements were recorded at 425 nm using a microplate
reader (PerkinElmer EnSpire, Waltham, MA, USA), employing a 96-well microplate.

2.2. Preparation of the Chemiluminescent Biosensor for the Detection of H2O2

A 96-well microplate was used to perform the developed assay. For that, 25 µL of Hb
solution (3 µg mL−1) was added to each well, followed by 25 µL of different concentrations
of H2O2. After incubation, 25 µL of luminol solution was also added. Then, the chemilumi-
nescence intensity was measured at an emission wavelength of 425 nm; all the experiments
were repeated 3 times under the optimized detection conditions.

2.3. Interference Studies

In order to assess the selectivity of the proposed technique for H2O2 detection, some
interfering species (Ascorbic Acid, Galactose, Glucose, Fructose, Dopamine and Phenol)
were tested. This assay was conducted under the same procedure as for H2O2 detection.
In brief, 25 µL of each interferent (0.1 mM) was incubated with 25 µL of Hb solution
(3 µg mL−1) in each well of the microplate. Then, 25 µL of luminol solution was added,
and the luminescence intensity was measured at 425 nm.

2.4. Hydrogen Peroxide Detection in Real Samples

In order to confirm the response of our system in real samples, Hb solution
(3 µg mL−1) was incubated with water samples spiked with known concentrations of
H2O2 (0.5, 2, 4, 12 mM). The chemiluminescence detection of H2O2 was performed using
the same procedure mentioned above.

3. Results and Discussion
3.1. Principle of the Developed Assay

In this study, Hb, containing four iron heme groups, acted as a catalyst for our target
(H2O2) and for luminol in the CL reaction. This chemiluminescence reagent is also a
peroxidase substrate and can be oxidized by hemoglobin to generate a signal [74,75]. For
this, the designed biosensor was based on the competition between hydrogen peroxide
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and luminol towards hemoglobin (Figure 1). Two control groups were tested to confirm
the feasibility of the developed assay. In the presence of luminol alone, the obtained
chemiluminescence signal was minimal and negligible, because luminol by itself does not
have the ability to produce significant chemiluminescence. However, in the presence of
Hb, the obtained chemiluminescence signal was very high, which indicates the interaction
between Hb and luminol.
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Figure 1. (A): The reaction of hydrogen peroxide with hemoglobin. (B): Chemiluminescence oxidation
of luminol by hemoglobin. * shows the excited state of the molecule [76,77].

In the absence of the target, luminol will be oxidized by the total amount of Hb
present, resulting in a strong chemiluminescence signal. However, in the presence of
H2O2, the latter will be oxidized by hemoglobin—thus leaving a reduced number of active
sites for the chemiluminescence reaction and a weaker signal. Hence, the CL signal of
the Luminol/H2O2 system decreased when the Hb reacted with the target (H2O2) and
switched to its oxidized form (Figure 2). Based on this principle, hydrogen peroxide
can be easily quantified by measuring the chemiluminescence signal generated by the
Hemoglobin/luminol reaction. Given its simplicity, the proposed bioassay can be per-
formed in a few minutes in homogeneous conditions, requiring only one step.
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3.2. Optimization of Incubation Time

The reaction time for the H2O2 and hemoglobin has an important effect on the chemi-
luminescence intensity. Therefore, the effect of the incubation time was investigated by
incubating the Hb solution (3 µg mL−1) with H2O2 (12 mM) for different periods of time
(15, 20, 30, 40 min). After each incubation time, luminol solution was added and the CL
intensity was measured at 425 nm. The obtained results show that the difference in the
chemiluminescence signal (I0 (Signal in the absence of Hb) − I1 (Signal in the presence of
Hb)) reached a plateau after 20 min of incubation. After this, the signal started to decrease
to almost 60,000 after 40 min. Therefore, 20 min was selected as the optimal time for the
H2O2–Hb reaction.

3.3. Detection of Hydrogen Peroxide

The analytical performance of the proposed chemiluminescent assay was assessed
under the optimized detection conditions (incubation time: 20 min, Hb concentration:
3 µg mL−1). In this study, chemiluminescence detection was based on the reaction between
the Hb heme groups and the H2O2, in the presence of luminol solution as a CL reagent.
Figure 3 shows that the chemiluminescence signal decreased gradually with increases in
H2O2 concentration, which indicates that the CL intensity was strongly dependent on
the H2O2 concentration. The decrease in the chemiluminescence intensity was mainly
due to the competition between the H2O2 and luminol solution towards hemoglobin.
The calibration curve presenting the chemiluminescence intensity as a function of H2O2
concentrations is illustrated in Figure 3.
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The results show that the chemiluminescence response was linearly proportional
to the concentration of H2O2 in the range of 0.5–12 mM. The regression equation was
Y= −324,967.5X + 410,043.5 (Y: chemiluminescence intensity, X: log H2O2 concentra-
tion), with a coefficient of determination (R2) of 0.99762. The relative standard deviation
(RSD) of H2O2 detection in the linear range was less than 4% (n = 3), demonstrating the
good reproducibility of the developed assay. The limit of detection was calculated to be
0.308 mM using 3σ/S, where S is the slope and σ is standard deviation of the blank.

It is very important to note that most of hydrogen peroxide biosensors reported in
the literature are based on electrochemical detection, using Hb as a bioreceptor [40,47,53].
However, the active sites of Hb are deeply buried in the polypeptide chain structure. In
addition, since most of the developed biosensors involve chemical modifications and the
use of mediators and nanomaterials, Hb electrocatalytic activity will be negatively affected
after its immobilization [78–81]. For example, Mashitah M. Yusoff and co-workers co-
immobilized Hb (2 mg mL−1) with Tin (IV) oxide (SnO2)-polyaniline (PANI) nanofibers on
a glassy carbon electrode surface for hydrogen peroxide detection. Despite the obtained
LOD, the use of SnO2-PANI composite for Hb immobilization affects its catalytic activity
and makes this platform laborious and time-consuming [82]. Moslem Mansour Lakouraj
and his colleagues also developed an electrochemical biosensor based on the immobiliza-
tion of hemoglobin (Hb) onto the surface of a glassy carbon electrode (GCE), modified with
a nanocomposite made from polypyrrole@poly (styrene-alt-maleic anhydride) grafted with
4-aminobenzenesulfonate. The developed platform was highly sensitive, but it required
different immobilization steps for the Hb, which hindered its electrocatalytic activity [83].
In addition, Ali Saad Elewi et al. immobilized Hb (6 mg mL−1) on a screen-printed car-
bon electrode modified with gold nanoparticles for hydrogen peroxide detection [53].
Moreover, Mehdi Baghayeri et al. immobilized Hb (20 mg mL−1) onto a Palladium@Fe3O4-
MWCNT nanocomposite modified glassy carbon electrode [84]. Likewise, Wei Sun and
his co-workers successfully synthesized an FeS@ molybdenum disulfide (MoS2) nanocom-
posite to immobilize Hb (15 mg mL−1) for Hydrogen peroxide detection [85]. All of these
electrochemical biosensors required the synthesis of nanocomposites/nanomaterials, in-
volving sophisticated designs for the multi-step operations and required high temperatures,
which is time consuming. While most of the developed Hb-based biosensors present a
low LOD, only a few can maintain the intrinsic activity of immobilized Hb. Moreover,
compared to electrochemical sensors that require heterogenous detection methods, optical
sensing platforms are principally based on homogenous assays that avoid immobilization
steps, as well as the coating and washing steps required in the majority of heterogeneous
assays [53,82,86].

To overcome these limitations, we have developed a one-step homogenous assay. The
platform is rapid, cost effective, and maintains the electrocatalytic activity of Hb, as it
does not require any immobilization or complicated steps. Moreover, compared to the
already developed biosensors that use high concentrations of Hb (>2 mg mL−1), this work
involves only the use of 3 µg mL−1 of Hb, which is economic. To the best of our knowledge,
this is the first report describing a simple, label-free, homogenous assay based on Hb as a
bioreceptor for the chemiluminescence detection of H2O2.

Overall, the development of Hb-based H2O2 biosensors using the chemiluminescence
detection method represents a significant breakthrough in the field of biosensing. On the
other hand, the use of Hb as an enzyme substitute offers cost-effectiveness and stability. This
combination of factors makes these biosensors highly attractive for various applications in
different fields.

3.4. Selectivity and Reproducibility of the Developed H2O2 Biosensor

Selectivity is considered one of the key features in the development of a good sensing
platform, as the presence of many interferents in real samples will affect the accuracy of
the detection system. For this, the selectivity of the proposed homogenous assay was
investigated using different potential interfering species, including glucose, fructose, galac-
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tose, dopamine, phenol, and ascorbic acid. For this interference study, a concentration
of 2 mM was chosen for H2O2 and the interferents. As can be observed in Figure 4, the
obtained results show that, in the presence of interferents, the difference in the signal
intensity ((I0 (Signal in the absence of analyte) − I1 (Signal in the presence of analyte))
was very low—indicating the reaction of the total amount of Hb with the luminol solution.
However, in the presence of the hydrogen peroxide, the difference in the signal was highly
significant—confirming the specific interaction of Hb toward H2O2. These results confirm
the high selectivity of our biosensor for H2O2 detection. This latter can be attributed to
the high catalytic activity of Hb toward the target, indicating its potential application in
complex matrices.
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conditions: Hb 3 µg mL−1, λ = 425 nm, the chemiluminescence signal difference = I0 − I1 (I0 (Signal
in the absence of the analyte), I1 (Signal in the presence of the analyte). n = 3.

Besides the good performance of the homogenous assay, reproducibility is one of the
key issues in developing a reliable sensor. For this purpose, four wells of the microplate
were prepared separately to measure the same concentration of H2O2. After this, the
chemiluminescence signal measurements of the prepared wells were recorded. The results
showed that the difference between the signals was not significant, with an RSD of 3.1%.
These results confirmed that the developed platform is selective and highly reproducible.

3.5. Real Sample Analysis

In order to validate the performance of the developed platform, water samples spiked
with known concentrations of H2O2 (0.5, 2, 4, 12 mM) were prepared. As shown in Table 1,
recovery rates ranging from 90% to 133% were obtained, with good RSDs in the range
of 0.29–2.36%. These satisfactory experimental results indicate the good accuracy and
applicability of this homogenous assay for H2O2 detection and environmental monitoring.
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Table 1. Determination and recovery results of H2O2 in water samples (n = 3).

Sample
H2O2

Concentration
(mM)

Concentration
Found (mM)

Recovery
Percentage % RSD% (n = 3)

Water

0.5 0.45 90 0.97
2 2.67 133.5 2.36
4 4.81 120.25 1.43
12 12.36 103 0.29

4. Conclusions

In conclusion, while HRP-based biosensors have proven valuable in H2O2 detection,
they also suffer from certain limitations. Their high cost, limited stability, and susceptibility
to interference are significant problems that hinder their widespread application. There-
fore, in this work, a homogenous chemiluminescent assay was developed for hydrogen
peroxide detection using Hb as a bioreceptor. The development of hydrogen peroxide
biosensors based on hemoglobin utilizing the chemiluminescence detection method holds
great promise for numerous applications. The chemiluminescence detection method em-
ployed for this platform provides several benefits, including its simplicity, rapidity, excellent
selectivity, and wide dynamic range. In addition, the use of Hb as a substitute for HRP
offers several advantages—most notably its cost-effectiveness and stability in solution.
Moreover, Hb exhibits remarkable enzyme-like catalytic activity, and extensive research
has documented its bio-electrocatalytic ability for reducing H2O2—thus making it an excel-
lent candidate for the development of H2O2 biosensors. This article has highlighted the
significant advancements in this field and emphasized the potential of Hb as a valuable
alternative to the commonly used enzyme horseradish peroxidase (HRP) in the fabrication
of H2O2 biosensors. Since H2O2 and luminol reagent are peroxidase substrates, their
competition towards Hb was used as the principle of detection in this technique. The
proposed biosensor showed good sensing performance for nonenzymatic H2O2 detection
in the range of 0.5–12 mM, with high selectivity and reproducibility. The applicability of
the developed device was assessed in the presence of a real water sample. This method
offers a reliable approach for detecting H2O2 with a wide range of potential applications,
such as clinical diagnostics, environmental monitoring, and food safety.

The development of Hb-based H2O2 biosensors may lead to further research and
innovation. By optimizing the Hb concentrations, exploring novel chemiluminescent
substrates, and enhancing the overall biosensor performance, researchers can continue
to refine and advance this technology. It is expected that Hb-based H2O2 biosensors will
continue to evolve, leading to improved performance, increased reliability, and expanded
application possibilities. The future holds great promise for the development and utilization
of these biosensors, enabling the overcoming of critical challenges and contributing to
advancements in healthcare and environmental monitoring.

Author Contributions: Conceptualization, A.T. and A.R.; Methodology: A.T., I.A.M. and R.M.;
Software, A.T.; Validation, A.R., A.T. and J.L.M.; Formal Analysis, A.T. and A.R.; Investigation, J.L.M.
and A.R.; Resources, A.R.; Data Curation, R.M. and A.T.; Writing—Original Draft Preparation, R.M.,
A.T. and A.R.; Writing—Review and Editing, A.T. and A.R.; Visualization, A.T.; Supervision, J.L.M.,
and A.R.; Project Administration, J.L.M. and A.R.; Funding Acquisition, A.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Chemosensors 2023, 11, 455 10 of 13

Acknowledgments: This work was supported by Bioengineering Laboratory, Higher National School
of Biotechnology, Constantine, Algeria. We thank the National Biotechnology Research Center for
providing the microplate reader.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Naresh, V.; Lee, N. A review on biosensors and recent development of nanostructured materials-enabled biosensors. Sensors 2021,

21, 1109. [CrossRef] [PubMed]
2. Rotariu, L.; Lagarde, F.; Jaffrezic-Renault, N.; Bala, C. Electrochemical biosensors for fast detection of food contaminants–trends

and perspective. TrAC Trends Anal. Chem. 2016, 79, 80–87. [CrossRef]
3. Khanmohammadi, A.; Jalili Ghazizadeh, A.; Hashemi, P.; Afkhami, A.; Arduini, F.; Bagheri, H. An overview to electrochemical

biosensors and sensors for the detection of environmental contaminants. J. Iran. Chem. Soc. 2020, 17, 2429–2447. [CrossRef]
4. Fang, L.; Liao, X.; Jia, B.; Shi, L.; Kang, L.; Zhou, L.; Kong, W. Recent progress in immunosensors for pesticides. Biosens. Bioelectron.

2020, 164, 112255. [CrossRef] [PubMed]
5. Thomas, S.; Saji, K.J.; Jayaraj, M.K. Chapter 5—An introduction to biosensors. In Nanomaterials for Sensing and Optoelectronic

Applications; Jayaraj, M.K., Subha, P.P., Thomas, S., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 91–107. [CrossRef]
6. Huang, X.; Zhu, Y.; Kianfar, E. Nano Biosensors: Properties, applications and electrochemical techniques. J. Mater. Res. Technol.

2021, 12, 1649–1672. [CrossRef]
7. Andrés, C.M.; de la Lastra, J.M.P.; Juan, C.A.; Plou, F.J.; Pérez-Lebeña, E. Chemistry of Hydrogen Peroxide Formation and

Elimination in Mammalian Cells, and Its Role in Various Pathologies. Stresses 2022, 2, 256–274. [CrossRef]
8. Shamkhalichenar, H.; Choi, J.-W. Non-enzymatic hydrogen peroxide electrochemical sensors based on reduced graphene oxide. J.

Electrochem. Soc. 2020, 167, 037531. [CrossRef]
9. Giorgio, M.; Trinei, M.; Migliaccio, E.; Pelicci, P.G. Hydrogen peroxide: A metabolic by-product or a common mediator of ageing

signals? Nat. Rev. Mol. Cell Biol. 2007, 8, 722–728. [CrossRef]
10. Forman, H.J.; Bernardo, A.; Davies, K.J. What is the concentration of hydrogen peroxide in blood and plasma? Arch. Biochem.

Biophys. 2016, 603, 48–53. [CrossRef]
11. Rojkind, M.; Domínguez-Rosales, J.A.; Nieto, N.; Greenwel, P. Role of hydrogen peroxide and oxidative stress in healing responses.

Cell. Mol. Life Sci. CMLS 2002, 59, 1872–1891. [CrossRef]
12. Lean, J.M.; Jagger, C.J.; Kirstein, B.; Fuller, K.; Chambers, T. Hydrogen peroxide is essential for estrogen-deficiency bone loss and

osteoclast formation. Endocrinology 2005, 146, 728–735. [CrossRef] [PubMed]
13. Sies, H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox Biol.

2017, 11, 613–619. [CrossRef] [PubMed]
14. Andre, C.; Kim, S.W.; Yu, X.-H.; Shanklin, J. Fusing catalase to an alkane-producing enzyme maintains enzymatic activity by

converting the inhibitory byproduct H2O2 to the cosubstrate O2. Proc. Natl. Acad. Sci. USA 2013, 110, 3191–3196. [CrossRef]
[PubMed]

15. Meier, J.; Hofferber, E.M.; Stapleton, J.A.; Iverson, N.M. Hydrogen peroxide sensors for biomedical applications. Chemosensors
2019, 7, 64. [CrossRef]

16. Samanta, C. Direct synthesis of hydrogen peroxide from hydrogen and oxygen: An overview of recent developments in the
process. Appl. Catal. A Gen. 2008, 350, 133–149. [CrossRef]

17. Nasir, M.; Nawaz, M.H.; Latif, U.; Yaqub, M.; Hayat, A.; Rahim, A. An overview on enzyme-mimicking nanomaterials for use in
electrochemical and optical assays. Microchim. Acta 2017, 184, 323–342. [CrossRef]

18. Zhao, H.; Qiu, X.; Su, E.; Huang, L.; Zai, Y.; Liu, Y.; Chen, H.; Wang, Z.; Chen, Z.; Li, S.; et al. Multiple chemiluminescence
immunoassay detection of the concentration ratio of glycosylated hemoglobin A1c to total hemoglobin in whole blood samples.
Anal. Chim. Acta 2022, 1192, 339379. [CrossRef] [PubMed]

19. Cui, L.; Yin, H.; Dong, J.; Fan, H.; Liu, T.; Ju, P.; Ai, S. A mimic peroxidase biosensor based on calcined layered double hydroxide
for detection of H2O2. Biosens. Bioelectron. 2011, 26, 3278–3283. [CrossRef]

20. Bocanegra-Rodríguez, S.; Jornet-Martínez, N.; Molins-Legua, C.; Campíns-Falcó, P. New reusable solid biosensor with covalent im-
mobilization of the horseradish peroxidase enzyme: In situ liberation studies of hydrogen peroxide by portable chemiluminescent
determination. ACS Omega 2020, 5, 2419–2427. [CrossRef]

21. Devaraj, M.; Rajendran, S.; Jebaranjitham, J.N.; Ranjithkumar, D.; Sathiyaraj, M.; Manokaran, J.; Sundaravadivel, E.; Santhanalak-
shmi, J.; Ponce, L.C. Horseradish peroxidase-immobilized graphene oxide-chitosan gold nanocomposites as highly sensitive
electrochemical biosensor for detection of hydrogen peroxide. J. Electrochem. Soc. 2020, 167, 147517. [CrossRef]

22. Behrouzifar, F.; Shahidi, S.-A.; Chekin, F.; Hosseini, S.; Ghorbani-HasanSaraei, A. Colorimetric assay based on horseradish
peroxidase/reduced graphene oxide hybrid for sensitive detection of hydrogen peroxide in beverages. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2021, 257, 119761. [CrossRef] [PubMed]

23. Sharma, N.; Mishra, P.K.; Yoo, C.M.; Jung, M.; Mun, J.Y.; Rhee, H.W. A multifunctional peroxidase-based reaction for imaging,
sensing and networking of spatial biology. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2023, 1870, 119428. [CrossRef] [PubMed]

https://doi.org/10.3390/s21041109
https://www.ncbi.nlm.nih.gov/pubmed/33562639
https://doi.org/10.1016/j.trac.2015.12.017
https://doi.org/10.1007/s13738-020-01940-z
https://doi.org/10.1016/j.bios.2020.112255
https://www.ncbi.nlm.nih.gov/pubmed/32479338
https://doi.org/10.1016/B978-0-12-824008-3.00013-8
https://doi.org/10.1016/j.jmrt.2021.03.048
https://doi.org/10.3390/stresses2030019
https://doi.org/10.1149/1945-7111/ab644a
https://doi.org/10.1038/nrm2240
https://doi.org/10.1016/j.abb.2016.05.005
https://doi.org/10.1007/PL00012511
https://doi.org/10.1210/en.2004-1021
https://www.ncbi.nlm.nih.gov/pubmed/15528306
https://doi.org/10.1016/j.redox.2016.12.035
https://www.ncbi.nlm.nih.gov/pubmed/28110218
https://doi.org/10.1073/pnas.1218769110
https://www.ncbi.nlm.nih.gov/pubmed/23391732
https://doi.org/10.3390/chemosensors7040064
https://doi.org/10.1016/j.apcata.2008.07.043
https://doi.org/10.1007/s00604-016-2036-8
https://doi.org/10.1016/j.aca.2021.339379
https://www.ncbi.nlm.nih.gov/pubmed/35057955
https://doi.org/10.1016/j.bios.2010.12.043
https://doi.org/10.1021/acsomega.9b03958
https://doi.org/10.1149/1945-7111/abc35e
https://doi.org/10.1016/j.saa.2021.119761
https://www.ncbi.nlm.nih.gov/pubmed/33845390
https://doi.org/10.1016/j.bbamcr.2022.119428
https://www.ncbi.nlm.nih.gov/pubmed/36610614


Chemosensors 2023, 11, 455 11 of 13

24. Mousavi, S.M.; Hashemi, S.A.; Iman Moezzi, S.M.; Ravan, N.; Gholami, A.; Lai, C.W.; Chiang, W.-H.; Omidifar, N.; Yousefi, K.;
Behbudi, G. Recent advances in enzymes for the bioremediation of pollutants. Biochem. Res. Int. 2021, 2021, 5599204. [CrossRef]
[PubMed]

25. Gupta, P.K.; Son, S.E.; Seong, G.H. L-Cysteine-Meditated Self-Assembled PtRu Derived Bimetallic Metal–Carbon Hybrid: An
Excellent Peroxidase Mimics for Colorimetric and Fluorometric Detection of Hydrogen Peroxide and Cholesterol. Adv. Mater.
Interfaces 2021, 8, 2101115. [CrossRef]

26. Ye, S.; Hu, J.J.; Zhao, Q.A.; Yang, D. Fluorescent probes for in vitro and in vivo quantification of hydrogen peroxide. Chem. Sci.
2020, 11, 11989–11997. [CrossRef]

27. Gao, Y.; Zhou, D.; Xu, Q.; Li, J.; Luo, W.; Yang, J.; Pan, Y.; Huang, T.; Wang, Y.; He, B. Metal–Organic Framework-Mediated
Bioorthogonal Reaction to Immobilize Bacteria for Ultrasensitive Fluorescence Counting Immunoassays. ACS Appl. Mater.
Interfaces 2023, 15, 5010–5018. [CrossRef]

28. Wignarajah, S.; Chianella, I.; Tothill, I.E. Development of Electrochemical Immunosensors for HER-1 and HER-2 Analysis in
Serum for Breast Cancer Patients. Biosensors 2023, 13, 355. [CrossRef]

29. Colmati, F.; Sgobbi, L.F.; Teixeira, G.F.; Vilela, R.S.; Martins, T.D.; Figueiredo, G.O. Electrochemical biosensors containing pure
enzymes or crude extracts as enzyme sources for pesticides and phenolic compounds with pharmacological property detection
and quantification. In Biosensors for Environmental Monitoring; IntechOpen: London, UK, 2019.

30. Wang, H.; Guan, R.; Fan, C.; Zhu, D.; Li, G. A hydrogen peroxide biosensor based on the bioelectrocatalysis of hemoglobin
incorporated in a kieselgubr film. Sens. Actuators B Chem. 2002, 84, 214–218. [CrossRef]

31. Vial, L.; Dumy, P. Artificial enzyme-based biosensors. New J. Chem. 2009, 33, 939–946. [CrossRef]
32. Bazin, I.; Tria, S.A.; Hayat, A.; Marty, J.-L. New biorecognition molecules in biosensors for the detection of toxins. Biosens.

Bioelectron. 2017, 87, 285–298. [CrossRef]
33. Gaudin, V. Advances in biosensor development for the screening of antibiotic residues in food products of animal origin–A

comprehensive review. Biosens. Bioelectron. 2017, 90, 363–377. [CrossRef] [PubMed]
34. Spadiut, O.; Herwig, C. Production and purification of the multifunctional enzyme horseradish peroxidase. Pharm. Bioprocess.

2013, 1, 283. [CrossRef] [PubMed]
35. Kumar, A.; Malhotra, R.; Malhotra, B.; Grover, S. Co-immobilization of cholesterol oxidase and horseradish peroxidase in a

sol–gel film. Anal. Chim. Acta 2000, 414, 43–50. [CrossRef]
36. Jiang, Y.; Tang, W.; Gao, J.; Zhou, L.; He, Y. Immobilization of horseradish peroxidase in phospholipid-templated titania and its

applications in phenolic compounds and dye removal. Enzym. Microb. Technol. 2014, 55, 1–6. [CrossRef] [PubMed]
37. Sun, J.-Y.; Huang, K.-J.; Zhao, S.-F.; Fan, Y.; Wu, Z.-W. Direct electrochemistry and electrocatalysis of hemoglobin on chitosan-room

temperature ionic liquid-TiO2-graphene nanocomposite film modified electrode. Bioelectrochemistry 2011, 82, 125–130. [CrossRef]
[PubMed]

38. Fan, C.; Wang, H.; Sun, S.; Zhu, D.; Wagner, G.; Li, G. Electron-Transfer Reactivity and Enzymatic Activity of Hemoglobin in a SP
Sephadex Membrane. Anal. Chem. 2001, 73, 2850–2854. [CrossRef] [PubMed]

39. Zhang, Z.; Chouchane, S.; Magliozzo, R.S.; Rusling, J.F. Direct Voltammetry and Catalysis with Mycobacterium t uberculosis
Catalase− Peroxidase, Peroxidases, and Catalase in Lipid Films. Anal. Chem. 2002, 74, 163–170. [CrossRef] [PubMed]

40. Saleh Ahammad, A. Hydrogen peroxide biosensors based on horseradish peroxidase and hemoglobin. J. Biosens. Bioelectron.
2013, 9, 2.

41. Yin, Y.; Gao, C.; Xiao, Q.; Lin, G.; Lin, Z.; Cai, Z.; Yang, H. Protein-metal organic framework hybrid composites with intrinsic
peroxidase-like activity as a colorimetric biosensing platform. ACS Appl. Mater. Interfaces 2016, 8, 29052–29061. [CrossRef]

42. Reeder, B.J. Redox and peroxidase activities of the hemoglobin superfamily: Relevance to health and disease. Antioxid. Redox
Signal. 2017, 26, 763–776. [CrossRef]

43. Shi, F.; Wang, W.; Gong, S.; Lei, B.; Li, G.; Lin, X.; Sun, Z.; Sun, W. Application of Titanium Dioxide Nanowires for the Direct
Electrochemistry of Hemoglobin and Electrocatalysis. J. Chin. Chem. Soc. 2015, 62, 554–561. [CrossRef]

44. Zhao, C.; Wan, L.; Jiang, L.; Wang, Q.; Jiao, K. Highly sensitive and selective cholesterol biosensor based on direct electron transfer
of hemoglobin. Anal. Biochem. 2008, 383, 25–30. [CrossRef] [PubMed]

45. Gao, R.; Song, Y.; Gao, Y.; Yang, X.; Bao, S.-J. Stable hemoglobin-based biosensor based on coordination-assisted microfluidic
technology for hydrogen peroxide determination. Sens. Actuators Rep. 2023, 5, 100146. [CrossRef]

46. Ahmad, T.; Iqbal, A.; Halim, S.A.; Uddin, J.; Khan, A.; El Deeb, S.; Al-Harrasi, A. Recent advances in Electrochemical sensing of
hydrogen peroxide (H2O2) released from cancer cells. Nanomaterials 2022, 12, 1475. [CrossRef] [PubMed]

47. Chen, W.; Cai, S.; Ren, Q.-Q.; Wen, W.; Zhao, Y.-D. Recent advances in electrochemical sensing for hydrogen peroxide: A review.
Analyst 2012, 137, 49–58. [CrossRef] [PubMed]

48. Chen, S.; Yuan, R.; Chai, Y.; Hu, F. Electrochemical sensing of hydrogen peroxide using metal nanoparticles: A review. Microchim.
Acta 2013, 180, 15–32. [CrossRef]

49. Jiang, L.-C.; Zhang, W.-D. Electrodeposition of TiO2 Nanoparticles on Multiwalled Carbon Nanotube Arrays for Hydrogen
Peroxide Sensing. Electroanal. Int. J. Devoted Fundam. Pract. Asp. Electroanal. 2009, 21, 988–993. [CrossRef]

50. Xu, B.; Zhi, C.; Shi, P. Latest advances in MXene biosensors. J. Phys. Mater. 2020, 3, 031001. [CrossRef]
51. Venezia, V.; Sannino, F.; Costantini, A.; Silvestri, B.; Cimino, S.; Califano, V. Mesoporous silica nanoparticles for β-glucosidase

immobilization by templating with a green material: Tannic acid. Microporous Mesoporous Mater. 2020, 302, 110203. [CrossRef]

https://doi.org/10.1155/2021/5599204
https://www.ncbi.nlm.nih.gov/pubmed/34401207
https://doi.org/10.1002/admi.202101115
https://doi.org/10.1039/D0SC04888G
https://doi.org/10.1021/acsami.2c21350
https://doi.org/10.3390/bios13030355
https://doi.org/10.1016/S0925-4005(02)00027-8
https://doi.org/10.1039/b822966j
https://doi.org/10.1016/j.bios.2016.06.083
https://doi.org/10.1016/j.bios.2016.12.005
https://www.ncbi.nlm.nih.gov/pubmed/27940240
https://doi.org/10.4155/pbp.13.23
https://www.ncbi.nlm.nih.gov/pubmed/24683473
https://doi.org/10.1016/S0003-2670(00)00792-3
https://doi.org/10.1016/j.enzmictec.2013.11.005
https://www.ncbi.nlm.nih.gov/pubmed/24411438
https://doi.org/10.1016/j.bioelechem.2011.06.007
https://www.ncbi.nlm.nih.gov/pubmed/21795123
https://doi.org/10.1021/ac001397s
https://www.ncbi.nlm.nih.gov/pubmed/11467526
https://doi.org/10.1021/ac010701u
https://www.ncbi.nlm.nih.gov/pubmed/11795785
https://doi.org/10.1021/acsami.6b09893
https://doi.org/10.1089/ars.2016.6803
https://doi.org/10.1002/jccs.201400373
https://doi.org/10.1016/j.ab.2008.08.022
https://www.ncbi.nlm.nih.gov/pubmed/18783720
https://doi.org/10.1016/j.snr.2023.100146
https://doi.org/10.3390/nano12091475
https://www.ncbi.nlm.nih.gov/pubmed/35564184
https://doi.org/10.1039/C1AN15738H
https://www.ncbi.nlm.nih.gov/pubmed/22081036
https://doi.org/10.1007/s00604-012-0904-4
https://doi.org/10.1002/elan.200804502
https://doi.org/10.1088/2515-7639/ab8f78
https://doi.org/10.1016/j.micromeso.2020.110203


Chemosensors 2023, 11, 455 12 of 13

52. Han, G.-C.; Su, X.; Hou, J.; Ferranco, A.; Feng, X.-Z.; Zeng, R.; Chen, Z.; Kraatz, H.-B. Disposable electrochemical sensors for
hemoglobin detection based on ferrocenoyl cysteine conjugates modified electrode. Sens. Actuators B Chem. 2019, 282, 130–136.
[CrossRef]

53. Elewi, A.S.; Al-Shammaree, S.A.W.; Al Sammarraie, A.K.M.A. Hydrogen peroxide biosensor based on hemoglobin-modified gold
nanoparticles–screen printed carbon electrode. Sens. Bio-Sens. Res. 2020, 28, 100340. [CrossRef]

54. Ding, Y.; Jia, W.; Zhang, H.; Li, B.; Gu, Z.; Lei, Y. Carbonized hemoglobin nanofibers for enhanced H2O2 detection. Electroanalysis
2010, 22, 1911–1917. [CrossRef]

55. Karav, S.; Cohen, J.L.; Barile, D.; de Moura Bell, J.M.L.N. Recent advances in immobilization strategies for glycosidases. Biotechnol.
Prog. 2017, 33, 104–112. [CrossRef] [PubMed]

56. Filho, D.G.; Silva, A.G.; Guidini, C.Z. Lipases: Sources, immobilization methods, and industrial applications. Appl. Microbiol.
Biotechnol. Adv. 2019, 103, 7399–7423.
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