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a b s t r a c t

Hydrogen peroxide (H2O2) is a very simple bioactive small molecule. In living organisms, H2O2 plays an

important role in intracellular signaling. It is involved in many physiological processes including cellular

physiology, intracellular signaling, oxidative damage and disease progression. The tumor microenviron-

ment enriched with H2O2. Several electrochemical sensors have been developed and some have been put

on the market. Such electrochemical sensors provide efficient, cost-effective, rapid and highly selective

method of H2O2 detection. So far, much progress has been made in the designing of materials and con-

struction of H2O2 sensors. This review describes the advances in the application of H2O2 electrochemical

sensors in cell detection. Enzyme-based sensors have been applied in diverse applications. In addition,

recent advancements in nanotechnology have improved the development of nanozymes-based sensors.

The application of noble metals, metal oxides, polymers, carbon materials and other two-dimensional

materials in the design of H2O2 sensors are discussed in detail. Moreover, the bio-stimulant types of

H2O2 sensor are summarized. Finally, the challenges and future perspectives in the application of H2O2

electrochemical sensors in biological detection are discussed.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Hydrogen peroxide is a simple compound in nature, but as a

highly oxidizing agent, it is mainly used as a disinfect, playing an

important role in pharmaceutical, clinical, environmental, food, and

other applications [1–3]. H2O2 is a member of the ROS family, and

is relatively stable [4,5]. Therefore, it not only plays a catalytic role,

but also in cell toxicity [6]. Scientists report that H2O2 is an impor-

tant metabolite, which plays critical role in the cellular metabolism

in humans. As a messenger molecule, H2O2 participates in the ini-

tiation of a variety of cellular effects. Besides, it can interact with

biological macromolecules in cells, and cause peroxidation of lipids

of the cell membrane, proteins and enzyme denaturation in the

cells, and DNA damage [4,6,7]. Therefore, maintaining normal lev-

els of H2O2 concentration is key to realize the normal physiologi-

cal activity of cells. Otherwise, if allowed to accumulate, it can lead

to cardiovascular diseases, cancer, and neurodegenerative diseases

and other major diseases [5,6,8]. Thus, considerable attention is be-

ing paid to be the biological role of H2O2 in vivo [9,10]. Traditional

hydrogen peroxide detection technologies, such as chemical titra-

tion [11], fluorescence [12,13], chemiluminescence [14,15], spec-
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trophotometry [16] and high performance liquid chromatography

[17,18], are complex, expensive and time-consuming [19]. However,

since H2O2 is an electroactive molecule, that can be oxidized or

reduced on the sensor electrode [20], electrochemical sensors can

provide a simple, rapid, sensitive and economically effective means

of detecting H2O2.

Electrochemical sensors can be categorized into enzymatic sen-

sors and nano-enzymatic sensors based on the presence or ab-

sence of enzymes [20,21]. Enzymatic sensors are characterized

by high catalytic activity and substrate specificity. However, they

have low stability, can be easily denatured and high cost, which

raises some serious difficulties, thus limiting their practical appli-

cation [22,23]. Therefore, with the rapid development of nanoma-

terials, nano-enzymatic sensors also known as non-enzymatic sen-

sors have been in the research limelight, whereby the enzymes are

replaced with low-cost and solid inorganic nano-catalysts [24–26].

Compared with natural enzyme sensors, non-enzymatic sensors

have the advantages of simple preparation, convenient operation,

good stability, high sensitivity, and low cost, and are widely used

in environmental monitoring, food safety detection, and biomedi-

cal fields [25,27-29]. However, there is currently no published re-

view focusing on the application of electrochemical sensors in the

detection of hydrogen peroxide in cells or tissues [30]. Therefore,

this review focuses on the construction materials for using in enzy-
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Scheme 1. Schematic illustration of various types of H2O2 electrochemical sensor.

matic electrochemical sensing of H2O2 (Scheme 1). Besides, the re-

view also pays attention to nano-enzymatic H2O2 electrochemical

biosensors, including numerous new types of noble metal nanoma-

terials, metal oxides, polymers, carbon, and other materials, which

can form nanocomposites. The types, advantages, and disadvan-

tages of stimulants are also summarized in this review. Lastly, the

problem associated with the development of H2O2 electrochem-

ical sensors, including portability, reliability, miniaturization, and

detection sensitivity are discussed. The future prospects of H2O2

electrochemical sensors are prospected.

2. Enzymatic H2O2 electrochemical sensors

Enzymatic biosensors were the first biosensors to be developed

and they have widespread biomedical applications. Enzymes play

a prominent role in biosensors because they are specific, efficient,

and with high sensitivity. Horseradish peroxidase (HRP) [31], cy-

tochrome c (Cyt c) [32,33], and catalase (CAT) [34] are an impor-

tant group of metalloproteins, with a catalytic active center, which

is based on the structure of iron porphyrin [35]. Peroxidases have

a wide range of sensing applications [36]. However, there are no

more sensors that satisfy the H2O2 sensor in cells due to their in-

stability and low reproducibility. Enzymes require to be immobi-

lized on support materials [37,38].

G. Bai et al. [39] fabricated a new electrochemical H2O2

biosensor by immobilizing HRP onto dendritic mesoporous sil-

ica nanoparticles (HRP/DMSNs) and reported a detection limit of

0.11 μmol/L. The HRP/DMSNs/GCE was found to detect H2O2 re-

leased from PC12 cells. Mesoporous materials were used to im-

mobilize HRP, while chitosan-wrapped single-walled carbon nan-

otubes were used for the immobilization of HRP [40]. M. Mur-

phy et al. [41] also prepared a carboxyl functionalized ionic liq-

uid (TP-HA[TFSI]) through covalent immobilization of Cyt c on

TPP-HA[TFSI]/MWCNT, which was found to enhance stability and

conductivity. Enzymes can also be immobilized on support ma-

terials with different structures and functions. M. Lian et al.

group [42] reported an enzymatic H2O2 sensor that was fab-

ricated using self-assembled peptide nanofibrous hydrogel (N-

fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF)) embedded

on HRP (Fig. 1A). The H2O2 released from HeLa cells was adhered

to HPR/Fmoc-FF hydrogel modified GCE (Figs. 1B and C). The above

studies mainly focused on immobilizing enzymes through covalent

linking and polymer entrapment.

In summary, research on enzymatic H2O2 biosensors is funda-

mental. However, some of the disadvantages of enzymatic biosen-

sors are the high cost, and that the enzymatic reaction is limited

by diffusion. Besides, the interaction between enzymes and sup-

port materials has some influence on the sensing performance.

Currently, few studies are reporting the role of enzymatic sensors

in biological detection especially cell detection, which may be at-

tributed to the low sensitivity and stability. Some strategies could

Fig. 1. (A) Stepwise fabrication of the bio-interface toward enzyme-based electro-

chemical sensor based HRP/Fmoc-FF hydrogel. (B) SEM of HeLa cells adhesion to

enzymatic based sensor. (C) Amperometric responses of enzymatic based sensor

in HeLa cells with addition of PMA. Copied with permission [42]. Copyright 2016,

American Chemical Society.

be considered to overcome these drawbacks, for example, the size

of the support materials and immobilization of enzymes may in-

fluence the catalytic effect of enzymatic H2O2 biosensors. Further-

more, the recent development of nanotechnology, and the use of

nano-enzymes offers the possibility to overcome these limitations.

3. Nano-enzymatic H2O2 electrochemical sensors

With the rapid development of nano-technology and nano-

materials, nano-structural materials have been used in the de-

velopment of nano-enzymatic biosensors. For example, the first

Fe3O4 nanoparticles to be developed were peroxidase mimetics in

2007 [43]. For biosensor application, several nanomaterials, includ-

ing noble metals, metal oxides, carbon nanomaterials, and nano-

structured polymer have been used [44]. Here, we only discuss a

few typical nanomaterials based on nano-enzymatic H2O2 biosen-

sors for application in cell detection. Combined with the previous

work [45], H2O2 electro-reduction mechanism for nano-enzymatic

based H2O2 sensor on the surface of nanomaterial is generally

summarized in following equations:

H2O2 + e− → OHad + OH−

OHad + e− → OH−

2OH− + 2H+ → 2H2O
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Fig. 2. (A) Schematic diagram of H2O2 electrochemical sensor based on AuCuNW/G. (B) Amperometric responses of this sensor in Raw 264.7 cells with addition of CHAPS.

Copied with permission [56]. Copyright 2015, American Chemical Society.

3.1. Noble metal-based H2O2 sensors

Compared with natural enzymatic biosensors, electrochemical

sensors based on noble metal nanoparticles can amplify the sens-

ing signal, which improves the sensitivity of the electrochemical

sensor [46–48]. Therefore, we focus on the unique characteris-

tics of a variety of noble metal nanoparticles and their bimetal-

lic, trimetallic nanomaterials and nanocomposites, which are used

to develop biomedical sensing platforms with high selectivity and

sensitivity.

3.1.1. Au nanomaterials

Gold nanoparticles have a high specific surface area, good sta-

bility, a simple preparation method, high catalytic activity, and

excellent biological safety [49–51]. Therefore, the electrochemical

sensors and biosensor platforms constructed using this method

has higher stability [52]. These characteristics contribute to the

construction of electrochemical sensors with stable comprehensive

performance and high reliability [53,54]. S.K. Maji et al. [55] pre-

sented a novel hybrid material AuNP-encapsulated periodic meso-

porous silica (PMS) coated with reduced graphene oxide (RGO-

PMS@AuNPs) for detection of H2O2 released from cells. A noncon-

ductive PMS was formed in a sandwich-like structure on RGO, and

processed semiconductor ability. RGO-PMS@AuNPs based H2O2

sensor showed satisfactory results, in human urine and living cells

(HeLa and HepG2). H2O2 biosensor based on the AuCuNWs cat-

alyst has also been reported to have unique catalytic properties

with a low determination limit (2 nmol/L) due to the bimetallic

mechanism. As shown in Fig. 2 [56], the sensor successfully de-

tected H2O2 from Raw 264.7 cells, indicating possible biological

applications. Y. Zhang et al. [57] synthesized gold nanocages us-

ing a simple one-pot method, and without the use of solid tem-

plate or Au seed. AuNCs were found to have good electrochem-

ical performance and a large specific surface area. Besides, elec-

trochemical experiments showed that AuNCs/GCE had high elec-

trocatalytic activity for H2O2 reduction. The sensor also had good

anti-interference ability to uric acid, ascorbic acid, glucose, ethanol,

and glycine. Gold nanocage material are simple to prepare and of

low cost making them more attractive in sensor application. J. Hu

et al. [58] reported H2O2 electrochemical sensors based on MoS2-

Au-Ag. MoS2 as support material has a uniform lamellar structure

which enhances the electrode conductivity. MoS2-Au-Ag-modified

GCE can detect H2O2 from MCF-7 cells and RPE-1 cells. Y. Zhang

et al. [59] synthesized AuNFs modified IL functionalized GF with

3D hierarchical porous structure. The nanohybrid paper sensors ex-

hibit excellent sensing performance toward H2O2. Authors applied

the sensor to track H2O2 from HBL-100, MDA-MB-231 and MCF-

7 cells for application in radiotherapy treatment, which was ex-

panded application of H2O2 sensors. These studies indicate that

materials with a larger specific surface area can be obtained by ad-

justing the micro morphology of gold nanoparticles, which is con-

ducive to improving the space and efficiency of electron transfer.

In addition, gold nanoparticles have high molar absorptivity, which

can also be used to develop a visual hydrogen peroxide sensor.

3.1.2. Pt nanomaterials

Pt-based nanomaterials have attracted extensive interest in the

field of electrochemical biosensors due to their unique electrical

and electrocatalytic properties [60]. Pt-based nanocomposites pro-

vide effective electrode materials for the expansion of their novel

characteristics, and can be used to develop reliable, rapid, and

accurate biosensors for the detection of various biomarkers and

early detection of diseases [61–63]. J.X. Liu et al. [64] reported

a dendrimer-encapsulated Pt nanoparticle and carbon nanotubes

(Pt-DENs/CNTs) non-enzymatic H2O2 sensor. The sensor was found

to have outstanding catalytic activity under the applied voltage

(–0.15 V). Pt-DENs/CNTs sensors can be used to monitor H2O2 re-

leased from MCF-7 cells. A highly sensitive H2O2 sensor was con-

structed using similar synergetic mechanism is utilized to pre-

pare graphene-Pt nanocomposites for measuring the H2O2 released

from living cells [65]. A highly sensitive H2O2 sensor was con-

structed with Pt-Au bimetallic nanoparticles on reduced graphene

sheets hybrid films [66]. The proposed sensor was found to have

a low detection limit of 0.31 μmol/L in PC12 cells, thus provid-

ing a promising alternative H2O2 detection method. H2O2 sensor

is modified by PtNPs@polyazure that can detect H2O2 from the

bGB5 plant cells in real-time [67]. This sensor consists of a screen-

printed carbon electrode (SPCE), and not a traditional GCE. Fur-

thermore, this sensor can be reused after a simple cleaning, thus

suitable for the development of an efficient and cheap commercial

H2O2 biosensor. Y. Sun et al. [68] reported a H2O2 sensor based on

novel graphene-supported intermetallic PtPb nanoplates nanocom-

posite, which has a very low detection limit of 2 nmol/L with a

wide linear detection range of 2 nmol/L to 2.5 mmol/L. From Fig.

3, H2O2 detection was realized in Raw 264.7 cells. Pt nanomaterials

can therefore be considered as outstanding electroanalytical mate-

rial for nonenzymatic H2O2 sensors. Furthermore, our group devel-

oped PtNi nanoparticle-doped N-reduced graphene oxide (PtNi-N-

rGO) nanocomposite modified GCE which exhibits the lower poten-

tial (−0.6 V) [69]. This sensing can capture H2O2 from the cancer

cells and tissues. From the application point of view, H2O2 sensor

will be used as a complementary pathology laboratory for tumor

diagnosis.

3.1.3. Ag nanomaterials

Ag nanomaterials have the characteristics of high conductiv-

ity, the amplified response signal, and biological safety [70–72].

Therefore, electrochemical sensors based on silver nanoparticles

(AgNPs) have great potential for biomedical applications [73]. The

sensitivity and stability of the electrochemical biosensor platform

mainly depend on the dispersion of AgNPs in the network or ma-

trix [70,73].
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Fig. 3. (A) TEM and HRTEM of PtPb nanoplates. (B) Schematic representation of

H2O2 electrochemical sensor modified with PtPb/G. Copied with permission [68].

Copyright 2017, American Chemical Society.

D. Yang et al. [74] developed Ag NPs doped mesoporous silica

nanoparticles (mSiO2)-based H2O2 sensor for simultaneous detec-

tion of H2O2 in PC12 cells. Y. Yang et al. [75] developed 3D foam

networks Ag-wire that not only exhibited efficient electronic deliv-

ery but also satisfactory sensitivity, due to the Ag-wire foam with

hierarchical porous-structure. Besides, a microfluidic chip H2O2

sensor was constructed based on this foam for simultaneous de-

tection of K562 cancer cells. In comparison with monometallic no-

ble metal, bimetallic nanomaterials have used as electrocatalysts

for detection H2O2 duo to their higher electronic effect. P. Balasub-

ramanian et al. [76] prepared AgAu-MWCNTs nanohybrid materi-

als and constructed a novel amperometric sensor. They successfully

applied to monitor H2O2 expelled from the PC12 cells. Bimetal-

lic AgAu nanoparticles distributed on the MWCNTs which caused

broader electroactive surface area and greater electron transfer

rate. This sensor had the lowest detection limit (0.23 nmol/L) for

H2O2 in-situ monitoring (Fig. 4).

3.1.4. Pd nanomaterials

Pd nanoparticles have attracted much attention due to their

high catalytic and sensing properties [60]. Compared with pre-

cious metals such as platinum and gold, the abundance of palla-

dium is relatively high, which makes palladium a cheap alterna-

tive for various electrochemical and biosensor platform applica-

tions [77]. Due to the unique electronic properties of palladium,

palladium nanocomposites and bimetallic nanoparticles have been

widely studied, to improve catalytic performance and sensing se-

lectivity.

L. Yao et al. [78] prepared a novel porous Pd nanostructure us-

ing the soft micellar template of TMB interacting with surfactant

CTAB. As shown in Fig. 5 [78], the average size of the porous Pd

nanoparticles was 2 nm, which was evenly dispersed on the tem-

plate. The sensor was used for the highly sensitive H2O2 electro-

chemical detection. The detection limit was 0.25 μmol/L, and the

linear range was 0.25-900 μmol/L. Finally, the sensor was used to

detect the H2O2 released by MDA-MB-435 cells under the voltage

of −0.34 V. K.G. Nikolaev et al. [79] prepared a PdAu bimetallic

electrochemical sensor by directional electrochemical nanowire as-

sembly (DENA). The sensor was used to test H2O2 released from

HL-1 cells utilizing the synergistic catalytic capacity of Pd and Au.

The new multi-sensor detection platform utilized different electro-

chemical components of DENA developed on a single chip. These

studies demonstrate that Pd nanoparticles have excellent catalytic

activity, and are cheaper than Pt and Au nanoparticles. At the same

time, the detection limit of the sensor is lower, making them ideal

electrode materials for the sensor. In summary, different noble

metal nanoparticles based electrochemical sensors have different

roles depending on their cost, application and impact on the envi-

ronment.

3.2. Metallic oxide-based H2O2 sensors

Metal oxide nanomaterials are widely used in electrochemistry,

soft magnetism, catalysis, sensors and other fields [80]. And they

can significantly improve the sensitivity and overall performance

of sensors due to their small particle size, large specific surface

area, strong electrocatalytic activity, and low cost. Besides, they

are widely used as effective electrocatalytic materials for various

analyte sensors in biological and biomedical fields [80]. Various

metal oxide nanoparticles have been used in bioelectrical cataly-

sis, including cobalt oxide (Co3O4), nickel oxide (NiO), cerium ox-

ide (CeO2), copper oxide (CuO), titanium oxide (TiO2), zinc oxide

(ZnO) and manganese oxide (MnO).

3.2.1. Magnetic oxides

Common magnetic nanomaterials, such as Fe3O4, Fe2O3, Co3O4,

NiO, have high specific surface area and superior electron trans-

fer behavior, thus, they are ideal nanomaterials for electrochemical

biosensors [81–85].

Y. Zhao et al. [86] prepared ultrasmall Fe3O4 decorated on

three-dimensional graphene (3DG) nanocomposites by the hy-

drothermal method, and constructed as a nano-enzymic H2O2 sen-

sor. The 3DG networks provided a relatively large surface area

and high conductivity but Fe3O4 QDs with 5-7 nm size pro-

cessed the catalyze roles. This biosensor could monitor H2O2

from A549 cells. J. Xie et al. [87] prepared 2D holey CuCo2O4

(2D HCCO) nanocomposites, and use them to construct the H2O2

electrochemical platform with CeO2. The H2O2 biosensor based

CeO2/HCCO/MWCNTs was successfully fabricated and used to mon-

itor H2O2 released from Hela cells. The holey HCCO-based biosen-

sors have shown great potential in early cancer diagnosis. L.H.

Nonaka et al. [88] prepared rGO-MnFe2O4 composites using an

aerosol-assisted capillary compression process to construct H2O2

sensors. A. Ding et al. [89] developed MnO nanoparticles on the

surface of carbon nanofibers (CNF) which were found to offer more

active sites and higher electrocatalytic activity. P. Balasubramanian

[90] reported an H2O2 electrochemical sensor based on Mn2CuO4

(MCO) microspheres prepared by the solvothermal method. This

sensor could assay cellular H2O2 in the presence of CHAPS (Fig.

6). This sensor was used to detect H2O2 from A375 cells, which

demonstrated potential biomedical application. These H2O2 sen-

sors have the best performance due to the synergistic effect be-

tween different components.

3.2.2. Other metallic oxides

Other metallic oxides, including ZnO, SnO2, and TiO2, can be

used to improve the physical and chemical properties of nanocom-

posites [91–94]. For example, a biocompatible C-dot-wrapped ZnO

nanoparticle based H2O2 sensor has been reported [95]. This

biosensor has reliable reproducibility and low detection limit (2.4

nmol/L), possesses sensitive and selective photoelectrochemical

performance, due to the wrapping with C-dots. Similarly, it can

be used for detecting H2O2 from HeLa cells. Titanium dioxide

nanotubes (TNTs) are chemically stable, biocompatible, and with
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Fig. 4. (A) Schematic representation of H2O2 sensor. (B) I-t curve and calibration plot of H2O2 sensor with different of H2O2 concentration and I-t response of sensor at the

addition of K+ in PC-12 cells. Copied with permission [76]. Copyright 2020, Elsevier.

Fig. 5. (A) Illustration of Pd nanostructures and TEM images of porous Pd nanostructures. (B) Selectivity experiment and H2O2 response in MDA-MB-435 cells. Copied with

permission [78]. Copyright 2017, American Chemical Society.

strong adhesion to the Ti substrate. Although TNTs have bio-

sensing performance, the large band gap can weaken electron

transfer. N. Khaliq et al. [96] designed and synthesized Au/CdS

QDs/TNTs, which has a hybrid structure with fast electron transfer,

high selectivity, and high specific surface area due to TNTs deco-

rated with dispersed CdS QDs and Au NPs layer (Fig. 7). The differ-

ent redox potential results in a voltage-induced switchable biosen-

sor, which can detect H2O2 in human blood serum.

3.3. Polymer-based H2O2 sensors

Polymer-based electrochemical sensors and biosensor platforms

are widely used in detection because they are easy to realize

biomolecule functionalization and long-term stability. Polymer-

based sensors based on conducting polymers (CPs) and dendrimers

have high sensitivity and selectivity, and can be used to detect

DNA, enzymes, proteins, antigens, and metabolites [80,97]. The

main advantages of polymers are the encapsulation of metal nano-

materials, which can increase conductivity. Different kinds of poly-

mers are discussed in the development of H2O2 electrochemical

sensors.

3.3.1. Conducting polymers

CPs are a large class of polymer nano-materials that are doped

by chemical or electrochemical methods to change the insulating

state into a conductive state. A.J. Heeger et al. discovered the first

conducting polymer, CIS polyacetylene in 1974 [98]. CPs widely

used in sensing including polyaniline (PANI), polypyrrole (PPy), and

poly(3,4-ethylenedioxythiophene) (PEDOT) [99–102]. M.H. Naveen

et al. [103] designed a simple method to prepare porous materi-

als AuNi@pTBA dendrite catalyst, with conductive polymer tributyl

acrylate (PtBA) as the base layer, electrodeposited on the conduc-
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Fig. 6. Schematic diagram of the MCO synthesis and sensor fabrication. Copied with permission [90]. Copyright 2018, American Chemical Society.

Fig. 7. Schematic diagram of the fabrication the Au/CdS QDS/TNTs biosensing platform and the oxidation mechanism. Copied with permission [96]. Copyright 2021, American

Chemical Society.

tive polymer, and finally performed dealloying treatment, to im-

prove the performance of the catalyst. As shown in Fig. 8 [103], the

porous dendrite morphology was uniform. The sensor was used to

monitor H2O2 released by normal and tumor cells. In vitro studies

showed that the composite had no obvious cytotoxicity to cells.

However, the conductive polymer had some defects such as poor

processability and solubility, thus, needed to be modified, but it is

a promising sensor material.

3.3.2. Dendritic macromolecules

Dendritic macromolecules are synthetic polymers with a highly

branched molecular structure, which is considered as a nanostruc-

ture. Electrochemical sensors/biosensors platform based on den-

drimers are widely used due to their unique structural charac-

teristics, including structural consistency, chemical stability, and

low cytotoxicity. Different classifications of dendrimers are used

in the fabrication of electrochemical sensors [104]. Notably, M.

Elancheziyan et al. [105] synthesized PAMAM dendrimer encap-

sulated with AuNPs. The PAMAM dendrimer act as supporting

materials in sensor fabrication of Hb modified electrode using

nanocomposite. The PAMAM biosensor was used in the detection

of H2O2 at a broad linear range of 20 μmol/L to 950.22 μmol/L.

M. Baghayeri et al. [106] researched and designed a nanocompos-

ite graphene oxide composite Fe3O4 to form magnetic graphene.

Graphene and polyamide dendrimer with an active terminal amine

group formed GO-Fe3O4-PAMAM through covalent binding. The ex-

istence of amine groups on the surface can provide amply bind-

ing sites for Pd nanoparticles. The unique hyperbranched struc-

ture of PAMAM was also favorable to the uniform dispersion of

Pd nanoparticles. The electrocatalytic activity of the modified elec-

trode was effectively improved. However, the sensors typically de-

tect H2O2 in real water samples but not in cells, which may limit
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Fig. 8. (A) Preparation of the dealloyed-AuNi@pTBA electrode. (B) I-t response of sensor in normal cells, A549 cancer cells and without cells. Copied with permission [103].

Copyright 2016, John Wiley and Sons.

their application in disease diagnosis. PPI dendrimer also acts as

a nano-mediator and it is used as an electrochemical biosensor

[104]. E. Murugan et al. [107] reported poly(propylene imine) as

supporting materials encapsulated with ruthenium nanoparticles

for detecting H2O2 in the range of 100 μmol/L to 5 mmol/L. Few

studies have reported the use of PPI dendrimer-based sensors in

H2O2 detection, and this indicates the great application potential

of PPI dendrimer-based sensors in H2O2 electrochemical sensors

for use in biological detection.

3.3.3. Molecularly imprinted polymer

Molecularly imprinted polymer (MIP) is a polymer obtained by

polymerizing template molecules, functional monomers, crosslink-

ers and initiators in solvent, and then removing the template

molecules using certain methods [108,109]. The obtained polymer

is referred to as MIP and has the characteristics of stable molecular

shape and spatial structure [110,111]. The biosensor platform based

on MIPs has been used to detect a variety of biological and organic

molecules, including drugs, pesticides, amino acids and peptides

[112–117]. These applications have confirmed that it is conducive

to the selectivity of functional groups in the process of molec-

ular imprinting. Y.H. Cao et al. [118,119] used the microemulsion

method and molecularly imprinted technology to prepare imprint-

ing Hb on the surface of Fe3O4@SiO2 magnetic imprinted nanopar-

ticles (MMIPS NPs) and constructed a Hb based enzyme hydrogen

peroxide sensor. But this sensor was not used furtherly system-

atic research in cells detection. Interestingly, compared with non-

magnetic imprinted materials, the catalytic current of the magnetic

imprinted materials increased by 14.3%. This was due to the use of

magnetically imprinted nanoparticles to make Hb and produce O2

through the decomposition of H2O2. The result is that the sensor

can enhance the H2O2-sensitizing effects.

3.4. Carbon based H2O2 sensors

Carbon-based nanomaterials have emerged in recent years, such

as carbon nanotubes (CNTs), graphene, carbon quantum dots (CDs)

and ordered mesoporous carbon (OMCs) [120–122]. Carbon-based

electrochemical sensors have been widely developed due to their

low cost, chemical stability, and good electron transfer kinetics.

3.4.1. Carbon nanotubes

Carbon nanotubes (CNTs) were firstly reported in 1991

[123] and are characterized by many incredible properties in terms

of their structure, function, and morphology. The structure is a hol-

low cylindrical tube with a special length diameter ratio composed

of a sp2 hybrid graphite sheet [124]. Therefore, CNTs can be divided

into SWNTs and MWNTs based on the number of graphite layers

[125] and have been widely used in many fields, such as electron-

ics [126], energy [127], aerospace [128], military [127], biomedicine

[129] and biosensors [130,131]. Therefore, several scholars have

carried out exploratory studies on how to improve the perfor-

mance of electrochemical sensing and biosensor platforms using

CNTs [132–134]. M. Eguílaz et al. [135] reviewed H2O2 electro-

chemical sensing-based CNTs developed between 2016 and 2018.

However, this review did not include all recent biological detection

studies. J. Bai group [136] prepared H2O2 sensors comprising of

CDs and MWCNTs. More importantly, CDs/MWCNTs/GCE exhibited

significant synergistic effect, and with a better detection limit. The

H2O2 released from HeLa cells was tracked with satisfactory re-

sults. This is a general strategy for the fabrication of carbon-based

H2O2 biosensors. Similarly, H. Tavakkoli et al. [137] designed an

H2O2 electrochemical sensor using multiwalled carbon nanotubes

and zein nanoparticles. CNTs can be intermixed with zein proteins

to form GCE, to provide higher electrocatalytic performance for an
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Fig. 9. (A) Schematic diagram of the preparation process of nano-Au/CNTs/PDMS

stretchable film. (B) I-t responses of normal sensor and stretchable sensor in cells

and without cells with addition of PMA. Copied with permission [138]. Copyright

2021. American Chemical Society.

H2O2 sensor. This sensor can respond to H2O2 in the 0.049 μmol/L

to 22 μmol/L concentration range and can distinguish between

cancer cells (HepG2) and normal cells (HDF). J. Li group [138] re-

ported a novel electrochemical platform based on sandwich-like

nanostructured nano-Au/CNTs/PDMS film. This sensor had excel-

lent stretchable and flexible properties attributed to the transfer

CNTs on flexible PDMS and then deposition of nano-Au on the CNT

surface (Fig. 9). These H2O2 mechanical flexible sensors can moni-

tor H2O2 released from HeLa and HUVEC cells.

3.4.2. Graphene

Graphene is one kind of two-dimensional carbon material with

infinite extension and has a hexagonal lattice similar to a hon-

eycomb structure [139,140]. The unique structure makes it to be

highly sensitive, selective and with excellent electrocatalytic activ-

ity [141]. Compared with carbon nanotubes, graphene has the ad-

vantages of easy processing and low cost [142]. Numerous studies

have been devoted to the applications of graphene and graphene-

based nanocomposites in electrochemical sensing and biosensors

[143,144]. Y. Sun et al. [145] developed a highly sensitive and

selective H2O2 sensor for monitoring normal cell activity. PtNi

NWS/rGO composites were fabricated through ultrasonic physi-

cal self-assembly using rGO and synthesized PtNi nanowires. The

nanowires were loaded on graphene network structure and assem-

bled into PtNi NWS/rGO composites. The linear range of the elec-

trochemical response of the material was very wide (1 nmol/L–5.3

mmol/L), and the detection limit was as low as 0.3 nmol/L. The

sensor performance was superior compared with conventional sen-

sors because PtNi nanowires in PtNi NWS /rGO composites pro-

vided high-density active centers. The amperometric potential was

−0.6 V (vs. Ag/AgCl) and can be used to detect H2O2 released from

RAW 264.7 cells. B. Patella et al. [146] developed an H2O2 sen-

sor by electro co-deposition methods, using a solution containing

GO and KAuCl4 for electrodeposition rGO/Au-NPs-based on poly-

ethylene-terephthalate foil (ITO-PET). The developed sensor could

detect H2O2 from THP-1 cells and be verified by flow cytometry.

The detection correlation shows that an H2O2 sensor is valuable

approach in telemedicine for H2O2 monitoring. T. Zhang [147] used

a two-step process to prepare N and S co-doped NS-GQD/G hy-

brid nanosheets (Fig. 10). The developed H2O2 sensor was designed

based on the hybrid nanosheets with high specific surface area

and numerous doping sites. The highlighted studies reveal the high

performance of H2O2 sensors in detection of H2O2 in cells.

3.4.3. Mesoporous carbon

The first mesoporous carbon (OMCs) was discovered by profes-

sor Ryoo in 1999 [148]. Since then, a lot of basic research work has

been done on the applications of mesoporous carbon [149–151].

Due to their special ordered structure and remarkable properties,

such as periodic mesoporous structure, high specific surface area

and large pore volume, OMCs have been widely used in electro-

catalysis [152–154]. T. Wang et al. [155] reported a facile H2O2 sen-

sor based on MnO nanoparticles on mesoporous carbon (MnO@C),

prepared by the thermal calcination method. 10 nm MnONPs pro-

vided efficient catalytic properties in nanocomposites, while the

mesoporous carbon served as a matrix for enhancing charge trans-

port. A H2O2 sensor was constructed using MnO@C nanocompos-

ites on Ti foil and was successfully used for cellular H2O2 detection

in normal (293T) and tumor cells (HeLa).

3.4.4. Carbon quantum dots

Carbon quantum dots (CQDs) are known as spherical nanopar-

ticles with less than 10 nm in size [156,157]. CQDs are newly dis-

covered carbon nanomaterials, which have attracted great atten-

tion over recent years due to their excellent properties in physi-

cal and chemical capabilities, such as good water solubility, low-

toxicity, photostability, and good stability [158–160]. With further

research on CQDs, they are considered a good choice for the devel-

opment of sensors due to their stronger catalytic activity, which is

suitable for improving the electrocatalytic activity of nanocompos-

ites [161]. J.S. Kumar et al. [162] prepared CuO@CQDs@CHNS with

a core shell structure through facile hydrothermal method. This

nanocomposite was used for H2O2 sensing with detection limit of

2.4 nmol/L. Similarly, H2O2 non-enzymatic electrochemical sensor

based CQDs/octahedral cuprous oxide (Cu2O) nanocomposites were

designed by Y. Li et al. [163]. The amount of CQDs was usually dec-

orated on the supporting materials, which has exhibited a signifi-

cant synergistic electrocatalytic activity for H2O2 sensing. However,

the vast majority of studies have focused on fluorescent sensors

or probes, due to their unique optical properties and easy surface

functionalization [164].

3.5. Other material based H2O2 sensors

With the rapid development of other 2D materials, including

metal organic frameworks (MOF) [165], Bi2Te3 [166], MoS2 [167],

and Ti3C2, they have also shown great potential in sensing appli-

cations [168,169].

3.5.1. MoS2
Transition metal disulfide compounds (TMDC) are a large class

of two-dimensional crystal materials. The general chemical formula

is MX2, where M is a transition metal (molybdenum, tungsten, nio-

bium, etc.), and X is a chalcogenide element. This material presents

an X-M-X sandwich structure, and the layers are connected by van

der Waals force. MoS2 is a member of TMDC, and the Mo layer (S-

Mo-S) sandwiched between the two S layers is laminated by weak

van der Waals forces interactions, to form a unique graphene-like

structure. The indirect band gap of MoS2 is 1.30 eV, therefore, it is

widely used as active material in energy storage, solar cells, catal-

ysis, and other fields [170–172]. H2O2 biosensor-based ultrasmall

MoS2 nanoparticles have an extremely sensitive ability to detect

H2O2 [172,173]. This biosensor has a low limit determination at
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Fig. 10. (A) Schematic illustration of the NS-GQD/G nanocomposite and CVs performance of sensor. (B) I-t curve, calibration curve and application of NS-GQD/G based sensor.

Copied with permission [147]. Copyright 2017. American Chemical Society.

2.5 nmol/L. Under the stimulation of fMLP, it can detect H2O2 from

Raw 264.7 cells. L. Zhu et al. [174] prepared PtW/MoS2 nanocom-

posites by in-situ growth method, with a good catalytic effect on

H2O2. Therefore, a combination of PtW nanocrystals and MoS2
nanosheets enhances the adsorption and catalysis of H2O2 on the

surface of sensing materials and further improves comprehensive

performance of the sensor. Finally, the H2O2 sensor constructed

using this material was applied to detect the H2O2 released by

4T1 breast cancer cells. P. Wei et al. [175] investigated H2O2 sens-

ing of Pt/cMIL-68/MoS2/GCE. They selected MoS2 nanosheets as the

supporting materials because of the large surface area and electri-

cal conductivity. Calcined MOF and PtNPs have better electrocat-

alytic performances. The developed sensor was found to be suit-

able for monitoring H2O2 released in MCF-7 cells. MoS2 are of in-

terest because of their easy preparation and relatively large sur-

face area. B. Dou et al. [176] developed a trimetallic hybrid Au-

Pd-Pt nanoflower-decorated MoS2 nanosheet-based H2O2 biosen-

sor (Fig. 11). The Au-Pd-Pt/MoS2 nanocomposites were synthesized

via a simple wet-chemistry technique. The superior performance

of the sensor was attributed to the synergistic effect of the highly

dispersed Au-Pd-Pt nanoflowers on MoS2 nanosheets. The sensor

had the ability to in situ monitor of H2O2 from MCF-7 cancer cells.

3.5.2. Ti3C2
Two-dimensional (2D) transition metal carbides or nitrides

(MXenes) are mainly used in optical, energy storage and sensor

application [177,178]. Ti3C2 has been extensively researched due

to its high conductivity and surface properties [179,180]. Y. Dang

et al. [181] fabricated the non-enzymatic H2O2 biosensor based on

Prussian blue nanoparticles (PB NPs) intercalated Ti3C2 nanosheets.

PB/Ti3C2/GCE showed the satisfactory sensitivity and stability, due

to the synergistic effect between PB and Ti3C2. PB/Ti3C2 achieved

real-time detection of H2O2 from HeLa cells. S. Neampet et al.

[182] prepared Pt/PANI/MXene nanocomposites and constructed an

H2O2 sensor with a modified a SPCE. MXene as the supporting ma-

terials can enhance the specific surface area, incorporation of PANI

in MXene can improve conductivity, while, Pt particles effectively

accelerate the electron transfer. This synergistic effect enhances the

stability and reliability of the H2O2 sensor.

3.5.3. MOFs

MOFs are a new class of materials prepared through self-

assembly of organic ligands and metal ions [183]. In recent years,

the applications of MOFs in ion exchange, separation science,

sensors, gas storage, energy storage, and other fields, has been

extensively studied [184–186]. Indeed, MOFs with good electro-

catalytic properties for electroanalysis have been designed and

synthesized [185,187]. J. Lu research group [188] fabricated a

H2O2 biosensor based on gold nanoflowers-encapsulated molybde-

num disulfide and magnetic metal-organic framework nanozymes

(AuNFs/Fe3O4@ZIF-8-MoS2). They found that incorporation of MoS2
nanosheets and AuNFs enhanced the stability, conductivity and

catalytic performance of Fe3O4@ZIF-8. Moreover, this biosensor

was able to detect H2O2 in H9C2 cells under AA stimulation. Else-

where, a novel Cu-based metal-organic framework (Cu-MOF) has

been prepared for the construction of AuNPs-NH2/Cu-MOF com-

posite [189]. The framework was used to modify GCE to detect

H2O2 in HeLa cells. Some scholars have designed more convenient

H2O2 sensor and are suitable for cell biological detection [190].

The D. Sun research group [191] studied the morphology and per-

formance of co-containing zeolite imidazolate framework-67 (ZIF-

67). They build an electrochemical sensor based on the one-step

electrodeposition of Ag nanostructures on ZIF-67 (Fig. 12). This

sensor showed good performance in detection of H2O2 in HepG2

cells.

In summary, nano materials have stimulated the development

of nano-enzymatic H2O2 sensor quickly in recent years. Different

kind of nano materials have different roles. The selection of suit-

able supported materials and loading method are key points for

sensor sensing materials. Two-dimensional nano materials such as

carbon, polymer, MoS2, MOFs and MXenes nanomaterials mainly

play good roles as supported materials. But these materials have
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Fig. 11. (A) Schematic illustration for one-step synthesis of Au-Pd-Pt/MoS2 nanocomposites. (B) TEM image of nanocomposites and application of H2O2 sensor. Copied with

permission [176]. Copyright 2018, American Chemical Society.

Fig. 12. (A) Schematic diagram of synthesis procedure for different ZIF-67 and application in living cells detection by fabricated H2O2 sensor. (B) I-t curves and application

of Ag/H-ZIF-67 based sensor. Copied with permission [191]. Copyright 2020, American Chemical Society.
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Table 1

Sensing of H2O2 released from different cells with different stimulant agents by enzymatic and non-enzymatic electrochemical sensor.

Sensors Electrode LOD (μmol/L) Stimulant agents Cells Ref.

Enzymatic

sensor

TiO2/cyt c 0.26 PMA Hep G2 [33]

HRP/DMSNs 0.11 AA PC12 [39]

HRP/Fmoc-FF hydrogel 0.018 PMA HeLa [42]

Nano-

enzymatic

sensor

AuCuNWE 0.002 CHAPS Raw 264.7 [56]

Pt-DENs/CNTs 0.8 AA MCF-7 [64]

Pt-Au/rGSs 0.31 LPS PC12 [66]

PtNi-N-rGO 0.0028 fMLP 4T1, LLC, CT26, MDA-MB-231, PC3, A549,

Daudi, T24, HCT116, SNU16 HepG2

[69]

AgAu-MWCNTs 0.00059 K+ PC12 [76]

CNF-MnO/GC 0.0012 Zymosan A375 [89]

the ABEI-Ag@PAni-PA 0.0033 PMA A375 [97]

AuNi@pTBA 0.005 PMA A549 [103]

CDs/MWCNTs 0.25 CdTe QDs HeLa [136]

GC/ZNB/fMWCNTs 0.035 PMA HepG2, HDF [137]

nano-Au/CNTs/PDMS 0.008 PMA HeLa, HUVEC [138]

NS-GQD/G 0.026 CdTe QDs Raw 264.7 [147]

MnO@C 2 PMA 293T, HeLa [155]

PtW/MoS2 0.005 fMLP 4T1 [174]

Au-Pd-Pt/MoS2 0.0003 PMA MCF-7 [176]

PB/Ti3C2 0.2 fMLP HeLa [181]

AuNFs/Fe3O4@ZIF-8-MoS2 0.9 AA H9C2 [188]

Ag/H-ZIF-67 1.1 AA HepG2 [191]

PdCu/CB 0.054 fMLP Raw 264.7 [197]

agglomeration bottleneck and their synthesis is time consuming

and demand special conditions. Therefore, more effective synthe-

sis methods could be needed. Different noble metal and metal-

lic oxide nanoparticles have different morphologies, such as dots,

tubes, fibers, and spheres, which have different the surface area

and conductivity. Modifying the morphology of nanoparticles can

achieved high selectivity and sensing performance. However, no-

ble metal nanocomposites have limitation of higher cost, so this

limitation could be overcome by designing bimetallic or trimetal-

lic nanomaterials. Metal oxides also have some disadvantages like

poor conductivity and structural instability. For example, metal ox-

ides doped with noble metal, which can give better conductivity

and electro-catalytic activity. In spite of the bottleneck that re-

main, we expect that future innovative research on nanomaterials

for sensors will improve their shortcomings.

4. Stimulant agents of H2O2 sensors

Whether it is an enzymatic sensor or nano-enzymatic sensor,

H2O2 in cells must be stimulated to form respiratory bursts and

release H2O2 from cells [192]. No review has been conducted to

summarize the stimulant agents of H2O2 sensors. The A. Ding re-

search group [89] used Zymosan (0.5–2 g/L) as a stimulant to

trigger the generation of H2O2 in cancer cells. Another research

group [64] used ascorbic acid (AA, 2×10−6 mol/L) as a stimu-

lant to initiate H2O2 from living cancer cells. AA is water- and

fat-soluble and can move to specific places to cause occur oxida-

tive damage in cells [193]. K+ also was selected as a stimulant for

H2O2 sensor based on AgAu-MWCNTs [76]. CdTe QDs was used

as a stimulus, which can induce cell death by generating H2O2

due to CdTe QDs as toxic molecules [136]. The N. Wang research

group [56] used 0.3×10−6 mol/L CHAPS (3-[(3-cholamidopropyl)

dimethylammonio]-1-propanesulfonate) as a stimulant for H2O2

released from Raw 264.7 cells due to CHAPS as one the impor-

tant ingredients of lysis buffer. G. Yu group [66] utilized 5 μg/mL

lipopolysaccharide (LPS) to induce H2O2 released from cells. Be-

cause some paper reported that LPS induced oxidative burst was

found to be of mitochondrial origin [194,195]. Phorbol myris-

tate acetate (PMA) as a H2O2 inducer was employed to stimu-

late cells [97]. Although PMA can activate PKC directly [196], it

is a strong poisonous chemical agent. N-Formylmethionyl-leucyl-

phenylalanine (fMLP) is used as a stimulant for detection of H2O2

in cells [197,198]. fMLP is considered as chemotactic peptide be-

cause it induces various responses in cells, including adhesion, mi-

gration and phagocytosis of cells. However, fMLP also has its short-

coming of being expensive. Collectively, different kinds of stim-

ulants have similar effect in these studies (Table 1). Researchers

should aim to develop safe, cheap, and environmentally-friendly

stimulants that will be useful for real-time analysis of H2O2 sen-

sors.

5. Conclusion and future outlook

In summary, we reviewed advances in the application of hy-

drogen peroxide electrochemical sensors in the last five years.

Progress achieved in sensor development has been spurred by the

use of many nanomaterials. In terms of enzyme-based H2O2 elec-

trochemical sensor, some problems are key impediments to the

development of this field, such as high costs and immobilization

of enzymes. This review discussed nano-enzymatic H2O2 electro-

chemical biosensors, including nanomaterials of noble metal, metal

oxide, polymer, carbon, and other materials, which tend to form

nanocomposites. Nano-composites are widely applied in sensor de-

velopment because they have synergistic effect and cause more de-

fect sites. Finally, a summary of stimulants of H2O2 sensors is pro-

vided. In addition, the principle and application of different stimu-

lant agents are highlighted.

Several challenges exist which hinder the design of more repro-

ducible H2O2 electrochemical sensors. For instance, conventional

glassy carbon electrodes are not suitable for practical application

and convenient batch testing. Nevertheless, for clinical cells or tis-

sues samples, they need disposable and ensure the reproducibil-

ity of the results. In the future, Screen printed electrodes should

be developed. In addition, the structure, morphology and compo-

sition of nanocomposites influence the performance of sensors. In

the future, it is necessary to integrate a sensor material evalua-

tion platform to determine whether the nanocomposites meet the

application standards. Furthermore, there is need to apply minia-

turization and intelligent systems to design electrochemical instru-

ments that require little operational skills which will improve dis-

ease diagnosis. Finally, simple and cheap nanomaterials with good

performance for sensors should be developed. In conclusion, fu-
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ture research should aim to develop effective diagnostic methods

for cancer and other diseases.
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