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 Glucose is not only the main energy source of living cells but also an important metabolic 
intermediate product of organisms. Its detection and analysis are of great significance in the 
diagnosis and treatment of human diseases, especially diabetes. We discuss the progress in 
research on electrochemical enzyme-free glucose sensors in recent years and the electrochemical 
mechanism and glucose-sensing properties of various materials, including metals, metal oxides, 
and carbon nanomaterials and their nanocomposites. Finally, the prospects for the development 
of enzyme-free glucose sensors are outlined.

1. Introduction

 Glucose plays a vital role in biology, not only as a major source of energy for living cells, but 
also as a metabolic intermediate in living organisms. The rapid and sensitive detection of glucose 
level has very important applications in clinical medical examinations, food safety analysis, 
biological fermentation control, and other fields, among which glucose detection in the blood is 
the most important. Abnormal levels of glucose in the blood can lead to many serious diseases, 
such as diabetes. According to the International Diabetes Federation, there were 415 million 
people with diabetes all over the world in 2015. It is predicted that by 2045, there will be 629 
million people with diabetes worldwide. If not effectively controlled, diabetes can lead to stroke, 
coronary heart disease, blindness, and other complications. Therefore, as the only standard for 
the clinical diagnosis of diabetes, the detection of blood glucose is particularly important.
 Over the past few decades, several glucose detection methods have been established, 
including acoustic, magnetic, optical, thermal, and electrochemical methods. In particular, 
electrochemical methods have been widely studied owing to their advantages of real-time 
detection, fast response, high reliability, low cost, easy operation, and miniaturization.(1) A 
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glucose sensor is mainly composed of a modified electrode and a transducer. The modified 
electrode selectively catalyzes the oxidation reaction of glucose on the electrode surface, and the 
transducer converts the chemical signal from the reaction into an electrical signal, which can be 
displayed by the instrument. Electrochemical glucose sensors can be roughly divided into two 
categories according to whether the modified electrode contains glucose oxidase (GOx), namely, 
enzymatic glucose sensors and enzyme-free glucose sensors. Sixty years after the first 
enzymatic glucose sensor reported by Clark and Lyons in 1962,(2) third-generation enzymatic 
glucose sensors are now being produced. The enzymatic glucose sensor is the most common 
glucose sensor at present, with good sensitivity, selectivity, and rapid response. This biosensor 
has been successfully commercialized since the 1980s and is now widely used in clinical 
diagnosis and personal health management. However, owing to the easy deactivation of enzymes 
and the effects of external conditions, including temperature, humidity, pH, and chemical 
environment, the stability of enzymatic glucose sensors is poor, as is their life, which is only 
about 30–40 days.(3,4) Moreover, the difficulty in fixing GOx and its high cost also limit its 
application.(5) Therefore, enzyme-free glucose sensors, which do not use any biological enzymes, 
have caught people’s interests owing to their high stability, good reproducibility, ability to be 
manufactured in mass, and easy miniaturization.(6–10) Enzyme-free glucose sensors use sensitive 
nanomaterials directly loaded on the electrode surface to catalyze the reactions of glucose and 
can overcome the traditional dependence on enzyme activity. Owing to the rapid development of 
nanomaterials as well as other fields, enzyme-free glucose sensors have been developed fast.(11–

15) We briefly summarize the development of these devices and elaborate on the opportunities 
and challenges presented by their practical application. 

2. Latest Developments in Enzyme-Free Glucose Sensors

 Many types of materials are involved in the design of enzyme-free glucose sensors, such as 
metals (Pt, Au, Ag, Ni, Cu), metal compounds (NiO, CuO, Co3O4), composites (Ni/Au, CuO/
NiO), carbon materials, and others. These materials individually or in combination provide 
various advantages in the construction of enzyme-free glucose sensors, thereby improving their 
performance. The following sections introduce the progress in enzyme-free glucose sensors 
based on these materials. 

2.1 Enzyme-free glucose sensors based on metals

 Except for alkali metals, most metals are good conductors of heat and electricity. The 
properties of various metals differ greatly in terms of the metal–metal bond strength . At present, 
noble metals, such as Au and Pt, and transition metals, such as Co and Ni, are widely used in the 
design of enzyme-free glucose sensors.
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2.1.1 Enzyme-free glucose sensors based on noble metals

 Noble metals, the most commonly used sensitive materials by far, have stable physical and 
chemical properties and are good catalysts for glucose oxidation. The introduction of noble 
metals greatly improves the performance of glucose sensors. Therefore, noble metals such as Pt, 
Au, and Ag have been extensively studied.

2.1.1.1  Enzyme-free glucose sensors based on Pt

 The noble metal Pt has excellent catalytic and electrochemical properties, resulting in its 
wide use in the catalytic, chemical, and electronics industries,(16) and it has excellent catalytic 
capacity for glucose in neutral and alkaline solutions. Malhotra et al. fabricated a simple non-
enzymatic glucose sensor by immobilizing Pt particles on polyvinylferrocene-coated Pt 
electrodes (Pt/PVF/Pt). The Pt/PVF/Pt sensor showed a short response time of less than 3 s; its 
response was linear over a glucose concentration range of 0.1–11.0 mM. The sensitivity of the 
sensor was 327 μA mM−1 cm−2 with a low detection limit of 0.026 mM.(17) Although great 
progress has been made with enzyme-free glucose sensors based on Pt, they have several 
drawbacks that limit their applications. For example, in the presence of chloride ions in an 
electrolyte, the oxidation capacity of Pt for glucose decreases. Moreover, it is not as selective as 
GOx and is susceptible to interference by ascorbic acid (AA) and other agents. To overcome 
these shortcomings, different structures of noble metals, such as nanoparticles (NPs), nanowires, 
nanosheets, and nanoflowers, have been reported to increase the specific surface area and 
roughness. Multidimensional structures can not only provide effective mass transfer for the 
reactant molecules by increasing the active area but also improve the electron transfer rate. For 
instance, Chen et al. prepared Pt microsphere composites by electrodeposition, and the 
sensitivity of an enzyme-free glucose sensor based on these composites was 288.86 μAmM−1cm−2 
in the linear range of 0–5 mM.(18) In addition, Yang et al. prepared multimodal nanoporous PtCu 
using a two-step method. An enzyme-free glucose sensor was prepared using a nanoporous 
PtCu-modified glassy carbon electrode (GCE), with a low detection limit of 0.1 μM and a linear 
range of 0.01–1.7 mM.(19) Wang et al. prepared Au@Pt core-shell nanoparticles integrated with 
carbon materials to construct a sensing interface for the enzyme-free electrochemical detection 
of glucose. This three-dimensional sensor interface was applied to detect glucose without 
enzymes at a markedly negative potential (at about −0.013 V vs Ag/AgCl), demonstrating a low 
detection limit of 42 nM and a wide linear range of 50 nm–2.5 mM.(20) Wang et al. developed an 
enzyme-free glucose sensor based on Ag&Pt hollow nanoparticles supported on TiO2 
nanotubes.(21) A wide range of Pt or Pt composite nanomaterials have been used in research on 
enzyme-free glucose sensors, which exhibit advantages such as excellent sensitivity to and good 
compatibility with biomolecules. 
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2.1.1.2  Enzyme-free glucose sensors based on Au

 Owing to its outstanding electrochemical properties, excellent biocompatibility, and 
nontoxicity, and good stability, Au has been widely used in enzyme-free glucose sensors, 
resulting in an amplification of signals and an improvement in sensitivity.(15,22–27) However, the 
chemisorption ability of a Au electrode is lower than that of a Pt electrode. Under neutral and 
alkaline conditions, Au electrodes can be affected by chloride ions, and amino acids can bind to 
their surface, thus affecting the progress of the electrooxidation reaction. Owing to the poor 
chemical absorption of glucose on the surface of Au electrodes, the use of Au-based materials 
has been explored. The results show that the electrocatalysis of glucose oxidation is related to the 
specific surface area of Au electrodes. The larger the specific surface area, the greater the 
catalytic oxidation activity. Shen et al. prepared Au foam by electrodeposition with a dynamic 
gas template on a Au NP/Si substrate.(23) The enzyme-free glucose sensor prepared from the Au 
foam showed ultrasensitivity, high selectivity, and long-term stability in the quantitative 
detection of glucose and achieved a low detection limit of 0.14 μM over a wide linear range of 
0.5 μM–12 mM. Zhong et al. developed a sensitive enzyme-free glucose sensing platform 
employing 3D hierarchical porous Au networks (HPANs) as electrocatalysts for glucose 
oxidization.(28) The HPAN-based electrochemical glucose sensor could be driven at a low 
potential (+0.1 V) and showed an outstanding performance for glucose determination within two 
linear ranges of 1–500 μM and 4.0–12 mM, a limit of detection of 0.2 μM, and a short response 
time of less than 2 s. In our previous work, we also demonstrated an ultrasensitive enzyme-free 
glucose sensor based on Ni/Au bilayer nanowire arrays, achieving an ultrahigh sensitivity of 
5154.84 μA mM−1 cm−2 in the range of 50 μM–10 mM and a sensitivity of 1750.16 μA mM−1 
cm−2 in the range of 10–65 mM.(25)

 The preparation method for Au nanomaterials is simple, and their morphology and size are 
easily controlled. Owing to their excellent electrochemical properties, the combination of Au 
nanomaterials and other materials, such as metals, metal oxides, or metal hydroxides, their 
catalytic performance and stability can be greatly improved. Moreover, when Au nanomaterials 
combine with enzymes, they can not only improve the stability of enzymes but also further 
improve their own performance, resulting in improved biosensors.

2.1.1.3 Enzyme-free glucose sensors based on Ag

 Ag nanomaterials have high extinction coefficient, electric field intensity, and physical 
adsorption capacity, show the highest electrical and thermal conductivities among all metals, 
and have relatively stable chemical properties. The technique of using Ag NPs in enzyme-free 
glucose sensors is being rapidly developed, owing to their great potential for sensing.(12,29–33) 
Arif et al. prepared an enzyme-free glucose sensor composed of a metal organic framework 
(MOF) composite decorated with Ag@TiO2 nanoparticles.(12) The sensor based on Ag@TiO2@
MOF showed a high sensitivity of 0.788 μA μM−1 cm−2 with a linear concentration range of 48 
μM–1 mM, a response time of 5 s, and an excellent detection limit of 0.99 μM. Gao et al. 
developed a highly sensitive enzyme-free glucose sensor via surface-enhanced Raman 
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spectroscopy (SERS) detection and electrochemical analysis based on Ag nanodendrites/Cu 
mesh that exhibited high SERS sensitivity and electrocatalytic activity.(31) Jadoon et al. 
investigated the sensing ability of a Ag-coronene complex for the enzyme-free electrochemical 
detection of glucose and H2O2.(33) Ag can be used not only in electrochemical enzyme-free 
glucose sensors but also in fluorescence glucose sensors. Han et al. developed a reliable and 
sensitive sensor for H2O2 and glucose detection based on the fluorescence enhancement effect 
when guanine-rich DNA sequences are in proximity to DNA-silver nanoclusters.(34) Their 
experimental results showed a linear relationship between the intensity and concentration of 
both H2O2 and glucose levels. 
 In summary, electrochemical biosensors prepared with noble metals show excellent 
comprehensive sensing performance with improved linear range, detection limit, selectivity, 
sensitivity, and stability. In addition to Pt, Au, and Ag, other noble metals such as Pd can be used 
as sensitive materials for enzyme-free glucose sensors.

2.1.2 Enzyme-free glucose sensors based on transition metals

 Although noble metals can effectively accelerate electron transfer and improve the sensitivity 
of glucose sensors, they have a high cost, a narrow detection range, and poor glucose absorption 
which results in a low selectivity. In the detection process, the interface of noble metals is prone 
to poisoning, which adversely affects detection. Transition metals, by contrast, are cheap and can 
catalyze the oxidation of glucose directly, over a wide detection range. Therefore, transition 
metals are often used as highly efficient catalysts in the design of electrochemical biosensors. 
According to the literature, the transition metals most commonly used in enzyme-free glucose 
sensors are Ni, Co, and Cu.

2.1.2.1  Enzyme-free glucose sensors based on Ni

 Nickel (Ni) is a common transition metal and has been widely used in glucose 
sensors,(10,13,35–38) because it has excellent electrochemical performance and high stability for 
glucose oxidation in an alkaline medium; in addition, it is not affected by the presence of 
chloride ions. Hu et al. designed a novel nanocomposite enzyme-free glucose sensor by 
fabricating hierarchically nanostructured metal nickel on titania nanowire arrays. Owing to the 
large surface area of the hierarchically nanostructured Ni and fast electron transfer of the TiO2 
nanowire array electrode, the electrodes exhibited a high sensitivity of 1472 μA mM−1 cm−2 with 
a linear range of 0.2–2 mM, a short response time within 5 s, and a low detection limit of 10 μM, 
in detecting glucose concentration.(36) However, Ni-modified electrodes also have many defects. 
For example, not only glucose but also other small molecules can be oxidized by 
Ni nanomaterials, resulting in poor selectivity for glucose. In addition, the narrow detection 
range of glucose and the low electron transfer efficiency limit the application of Ni. Glucose 
undergoes electrooxidation on the surface of Ni-based materials, with electron transfer between 
Ni3+/Ni2+ redox pairs, independent of the original form of the Ni-based materials. Different from 
Au and Pt electrodes, the surface of Ni electrodes is immediately oxidized to a hydroxide at a 
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certain potential. Wang et al. used a chemical deposition technique to prepare a new 3D 
integrated electrode of amorphous Ni-B NPs grown on Ni foam (Ni-B/NF), thereby establishing 
an enzyme-free glucose sensor with excellent catalytic activity, a good sensitivity of 
8.25 mAmM−1cm−2, a low detection limit of 5 μM, and a response time shorter than 10 s in the 
detection range of 4 μM–14.5 mM.(38)

2.1.2.2  Enzyme-free glucose sensors based on Cu

 Copper (Cu) is also a popular catalytic material for glucose detection because of its low cost, 
nontoxicity, and high electrochemical activity. Identical to Ni-based materials, Cu-based 
materials, such as Cu,(39–45) CuO,(46–50) Cu2O,(51–54) Cu(OH)2,(55) CuS,(56,57) and others, can be 
used for the electrocatalysis of glucose. Cu-based materials participate in the oxidation of 
glucose oxidation in various forms, such as nanocubes, nanorods, nanowires, nanosheets, and 
nanoflowers. Copper nanowires are usually used in electrochemical glucose sensors because of 
their high aspect ratio. Na et al. prepared an enzyme-free glucose sensor using Cu nanowires 
synthesized using a hydrothermal method. The device based on Cu nanowires achieved a low 
detection limit of 1 nM.(39) To prevent further oxidation of Cu and improve the performance of 
glucose sensors, Ye et al. proposed the use of a carbon shell structure wrapped around Cu 
nanocubes as a sensor.(40) The enzyme-free glucose sensor achieved an ultrahigh sensitivity of 
2565 μAmM−1cm−2 and a detection limit of 21.35 μM in the linear range of 0.04–40 mM.

2.1.2.3  Enzyme-free glucose sensors based on Co

 Co-based materials are commonly used in the design of enzyme-free glucose sensors. Unlike 
Ni and Cu, Co has multiple valence states; therefore, the reaction mechanism is slightly more 
complicated. Various Co-based materials, including Co alloys,(35,58,59) Co3O4,(60–67) and 
Co(OH)2,(68,69) have been used in nanostructured enzyme-free glucose sensors. Chu et al. 
fabricated a novel nonenzymatic glucose sensor based on a prism-like bimetallic alkaline 
carboxylate (CoNi-MIM). The electrochemical glucose oxidation by the sensor had a markedly 
high sensitivity of 5024.4 μA mM−1 cm−2, a low detection limit of 56.1 nM, and a linear response 
of up to a concentration of 14.3 mM.(35) Wang et al. synthesized a glucose electrocatalyst by 
loading Co3O4 nanoclusters onto 3D kenaf stem-derived carbon and established an enzyme-free 
glucose sensor with a low detection limit of 26 μM and a linear range of 0.088–7 mM.(67) Wang 
et al. fabricated an enzyme-free glucose sensor based on Co(OH)F nanoflower/carbon cloth 
prepared using a microplasma-based synthesis method; the sensor had  a high sensitivity of 1806 
μAmM−1cm−2 and a low detection limit of 0.75 μM.(69) Xie et al. reported the development of a 
cobalt nitride nanowire array on Ti mesh as an efficient catalyst electrode for glucose oxidation 
in alkaline solutions and H2O2 reduction in neutral solutions; they constructed enzyme-free 
glucose sensors with a high sensitivity of 3325.6 μAmM−1cm−2 in the linear range of 0.1 μM–2.5 
mM and a low detection limit of 50 nM.(70) 
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2.1.3 Enzyme-free glucose sensors based on other metals

 Except for the common noble metals (Pt, Au, Ag) and transition metals (Cu, Ni, Co), most 
other metals have not been studied for use in enzyme-free glucose sensors because of their 
relatively poor electrocatalytic activity. However, several metals, such as Pd,(54,71–73) Fe,(74,75) 
and Mn, show a relatively high electrocatalytic activity and have also been studied. Wang et al. 
studied the sequential and transient electrocatalysis of D-glucose oxidation reactions using core-
shell Pd@Pt particles.(73) Raza and Ahmad used Fe-doped ZnO to detect glucose on screen-
printed electrodes, and the detection limit obtained was as low as 0.3 μM.(75) Gao et al. used 
Mn-doped NiO to construct an electrochemical sensor with a high sensitivity of 3212.52 
μAmM−1cm−2 and a low detection limit of 0.8 mM.(76)

 Moreover, how to overcome the defects and combine the advantages of noble metals and 
transition metals to prepare enzyme-free glucose sensors with high sensitivity, high selectivity, 
and low cost is an area of intense research interest.  Enzyme-free glucose sensors based on alloy 
electrodes have not only integrated the advantages of each metal in the alloy but have also 
greatly improved the selectivity of glucose detection. Noh et al. prepared Au-M(M: Zn, Ni, and 
Co) alloy nanomaterials and demonstrated that the Au-Zn nanocomposite had the best catalytic 
performance for glucose oxidation and oxygen reduction.(77) Hsieh et al. fabricated an enzyme-
free Ni-Au alloy nanowire electrochemical glucose sensor.(78) Li et al. chose to synthesize a Ni-
Ag hybrid NP layer on SWCNTs as an electrocatalyst for glucose oxidation and then obtained a 
glucose sensor with high sensitivity and low detection rate.(37)

 The working potential, sensitivity, selectivity, electrolyte solution, linear range, and detection 
limit of each metal-based enzyme-free glucose sensor are summarized in Table 1.

Table 1
Comparison of enzyme-free glucose sensors based on different metals.

Material
Working 
Potential 

(V)

Electrolyte 
solution

Linear range 
(mM) LOD (μM) Sensitivity 

(μAmM−1cm−2) Selectivity Ref.

Pt-MWCNTs/CSF 0.65 0.01 M PBS 0–5 0.05 288.86 AA, UA, AP (18)
Nanoporous PtCu 0.4 PBS 0.01–2 0.1 3.16 AA, AA, DA (19)
Au foam 0.1 0.3 M NaOH 5 × 10−4–12 0.14 — AA, UA, AP, DA (23)
Au@MIPs — 0.1 M PBS 10−7–10−5 3 × 10−6 — AA, UA, DA (26)
3D HPANs 0.23 0.2 M NaOH 4–12 0.2 — AA, UA, DA, AP (28)
Ag@TiO2@MOF 0.4 0.1 M NaOH 0.048–1 0.99 0.788 AA, UA, DA (12)
Ni@ TiO2 NWs — — 0.2–2 10 1472 — (36)

3D Ni-B/NF 0.55 0.2 M NaOH 5 × 10−3–2.66 5 8250 AA, UA, DA, 
Suc, Mal, Lac (38)

Cu NWs 0.65 0.1 M NaOH — 1 × 10−3 — NaCl,  AA, UA, 
DA, Suc,  (39)

Cu@C nanocubes 0.6 0.4 M NaOH 0.04–40 21.35 2565 AA, UA, DA, 
NaCl, Gly, Try (40)

CoNi-MIM 0.55 0.2 M NaOH Up to 14.3 5.61 × 10−2 5024.4
Urea, NaCl, KCl, 

AA, UA, Fru, 
Lcy, AP

(35)

NWs: nanowires, AA: ascorbic acid, UA: uric acid, DA: dopamine, AP: acetaminophen, Suc: sucrose, Mal: maltose, Lac: 
lactose, Fru: fructose, Gly: glycine, Try: tryptophan, and Lcy: L-cysteine.
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2.2 Enzyme-free glucose sensors based on metal oxides

 Noble metals and their alloys were first used as active materials for enzyme-free glucose 
sensor electrodes. The performance of glucose sensors based on noble metals as active materials 
is close to or even higher than that of third-generation enzyme glucose sensors in widespread 
use. However, there are several shortcomings that limit the application of noble metals in 
enzyme-free glucose sensors. First, the high price of noble metals increases the cost of glucose 
sensors. Second, when the electrocatalytic oxidation reaction between the electrode and glucose 
occurs, the intermediate products of the reaction accumulate in large quantities on the surface of 
the noble metal electrode, resulting in electrode poisoning, which impedes a continuous reaction 
and greatly reduces the linear range of the electrode.(79) Moreover, noble metals are also 
susceptible to the toxicity of Cl−, which limits their stability.(21) In contrast, transition metal 
oxides, such as CuO, Co3O4, and NiO, have a significant cost advantage over noble metals due to 
their natural abundance. Transition metal oxides mainly catalyze glucose oxidation by valence 
transitions, which are usually reversible reactions. Therefore, the loss of active materials is 
almost negligible in the course of their use, avoiding electrode poisoning and greatly improving 
the stability of the electrode and the reproducibility of its response. In recent years, metal oxides 
have experienced renewed research interest because of their advantages, such as low cost, high 
stability, sensitivity, and fast response. 

2.2.1 Enzyme-free glucose sensors based on NiO

 Nickel oxide (NiO) has low toxicity, adequate natural abundance, low cost, excellent 
electrochemical activity, and stability; thus, it is expected to be used as a sensitive material for 
glucose sensors. Nickel oxide has also been extensively studied for its glucose oxidation 
properties in alkaline solutions. As early as the 1970s, carbohydrate oxidation on nickel oxide in 
an alkaline environment was studied by cyclic voltammetry.(80) Later, Shamsipur et al. reported 
an electrooxidation method used to deposit Ni oxide on MWCNTs and detect glucose in an 
alkaline environment.(81) Although relatively low performance was achieved (the detection limit 
was 0.16 mM and the linear range is 0.2 to 12 mM), this study was ground-breaking on the use 
of NiO to detect glucose. Subsequently, a series of NiO nanomaterials have been studied and 
prepared for use in enzyme-free glucose sensors. Ibupoto et al. prepared hollow cage NiO 
nanostructures (NiOHCs) using a hydrothermal method.(82) The sensitivity of the NiOHCs to 
glucose was 288.87 μAmM−1cm−2, their detection limit was 0.1 μM, and a wide linear range of 
0.1–5.0 mM and excellent repeatability were observed. Zhou et al. synthesized NiO NPs on 
carbon cloth (NiO/CC) via a flame method and used it as an enzyme-free sensor for the detection 
of glucose.(83) This enzyme-free glucose sensor exhibited a response time as short as 3 s, a wide 
detection range of 5 μM–2 mM, a LOD of 7.45 nM, and a sensitive response of 
4025 μA mM−1 cm−2. Mugheri et al. presented a novel route towards the synthesis of NiO 
nanostructures via hydrothermal methodology assisted by a variety of amino acids.(84) The 
developed sensors based on NiO nanostructures demonstrated promising results in terms of 
sensitivity, selectivity, and stability, with a maximum sensitivity of 4930 μA mM−1 cm−2 and a 
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LOD of 0.01 μM. Yang et al. grew nanoflower-shaped Mn-doped NiO nanocomposites with high 
catalytic performance and excellent conductivity on 3D flexible carbon fiber cloth via 
hydrothermal and calcination methods to construct an efficient, flexible glucose-sensitive 
detection electrode, avoiding interference due to the oxidization of species present in real 
samples at higher redox potentials.(85) Other widely explored materials can also be compounded 
with NiO for enzyme-free glucose detection, for example, carbon materials. Subash et al. 
reported the ultrasonication–assisted synthesis of nickel oxide NPs anchored on graphene oxide 
nanosheets (NiO/GO).(86) The electrochemical results demonstrated that the NiO/GO-modified 
GCE had a higher electrocatalytic activity towards the oxidation of glucose than graphene 
oxide- and NiO-modified electrodes, achieving a lower detection limit of 0.17 μM in the range of 
0.62 μM–2.4 mM.
 Compared with Ni metal, NiO is low-cost and environmentally friendly, and displays fast 
redox kinetics, making it suitable for glucose detection. Since the mechanism of an enzyme-free 
glucose sensor depends on the redox pair of Ni(III)/Ni(II) on the electrode surface, the exposure 
of electrocatalytic active sites is highly beneficial in enhancing the sensing performance. 
However, NiO has poor conductivity, as do other metal oxides, and it is expected that Ni-based 
materials with high porosity or large specific surface area may be applied to enzyme-free 
glucose sensors to improve the charge transfer capability.

2.2.2 Enzyme-free glucose sensors based on copper oxide (CuO) and cuprous oxide 
(Cu2O)

 Some pioneering studies have examined oxidation products on Cu electrodes covered with 
oxides in potassium hydroxide aqueous solutions by the dynamic scanning of potentials.(87) 
Cu(II) can be oxidized to Cu(III) in an alkaline environment and can be used to detect a variety 
of compounds, such as monosaccharides and disaccharides. Xie and Huber used the sensing 
properties of hydroxyl radicals to activate the active sites of metal oxides (CuO•OH) and studied 
the catalytic activity and response sensitivity of Cu2O-modified GCEs in  0.1 M NaOH 
electrolyte.(88) They found that the actual sensing material of the electrochemical reaction was 
CuO produced by Cu2O in an alkaline environment. In these early studies, the sensing 
mechanism of CuO or Cu2O for monosaccharides and disaccharides was thoroughly explored 
and verified. The necessary steps to detect glucose involve the formation of hydroxyl and 
CuxO•OH intermediates, which act as catalysts for carbohydrate oxidation in an alkaline 
aqueous environment. Since then, many reports have appeared on enzyme-free glucose sensors 
based on CuO and Cu2O, primarily focusing on improving the sensitivity, linear range, detection 
limit, and selectivity.(48–50,89–91) Identical to other metal oxides, CuO and Cu2O have poor 
conductivity; therefore, carbon materials, such as carbon nanofibers, SWCNTs, MWCNTs, and 
graphene (GE), have been used to improve sensitivity by enhancing electron transfer. These 
studies further validated the sensing mechanism of hydroxide ions by activating CuO and then 
triggering glucose oxidation through intermediates. Owing to their flexible structure, large 
surface area, and large pore volume, MOFs have also been used recently in enzyme-free glucose 
sensors. An ultrasensitive enzyme-free glucose sensor was realized using an in situ synthesized 
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CuO NP-modified Ce MOF.(49) As a support material, MOFs have a large specific surface area, 
which can enhance the glucose oxidation reaction. The glucose sensor based on a CuO NP-
modified Ce MOF had a sensitivity of 2058.5 μAmM−1cm−2 in a linear range up to 8.6 mM. The 
sensing mechanism of the glucose sensor based on CuO NPs/Ce-MOF/GCE was proposed to 
involve the oxidation of Cu(II) to Cu(III), after which Cu(III) was further used as the catalyst for 
glucose oxidation.

2.2.3 Enzyme-free glucose sensors based on Co3O4

 In addition to the metal oxides described, Co oxides have also attracted considerable attention 
in the development of enzyme-free glucose sensors since the work of Ding et al.(66) Cobalt 
oxides, for example, cobalt tetroxide, have attracted much attention because of their excellent 
electrocatalytic activity. Cobalt oxides usually contain a certain redox couple and have excellent 
electrochemical performance. They have shown great potential in many applications, such as 
lithium-ion batteries, supercapacitors, and sensitive materials for sensors. Cobalt oxides with 
different shapes and 3D morphologies have been developed. Yang et al. demonstrated the 
preparation of hierarchical porous Co3O4@graphene microspheres by a one-step hydrothermal 
method to achieve a high electrocatalytic performance for enzyme-free biosensor applications.
(60) Gao et al. used a hydrothermal method to grow needle-shaped Co3O4 nanotube arrays 
(ANTAs) and modified them with TiO2 to prepare TiO2/Co3O4 ANTA electrodes.(62) Compared 
with that of the Co3O4 ANTA electrode, the catalytic oxidation current of the TiO2/Co3O4 
ANTA electrode increased by 44% with a sensitivity of 2008.82 μAmM−1cm−2 and a linear 
range up to 3 mM. The electrode also had excellent selectivity, reproducibility, and stability. Han 
et al. prepared Co-Co3O4/carbon nanotube/carbon foam nanocomposites by soaking melamine 
foam and then used the nanocomposites to construct an enzyme-free sensor to detect glucose in 
alkaline solutions.(92) The sensor showed a detection range of 1.2 μM–2.29 mM with a detection 
limit of 0.4 μM and a high sensitivity of 637.5 μA−1 cm−2. In our previous work, the synthesis 
and preparation methods for 3D layered Co3O4 nanobooks and cube-shaped Co3O4 NPs were 
studied.(65,93) The enzyme-free glucose sensors based on these materials showed high sensitivity 
and selectivity in the detection of glucose in human serum and saliva samples, thus confirming 
the potential for the application of Co3O4-based nanomaterials in the enzyme-free and 
noninvasive detection of glucose. 
 Similar to NiO and CuO, Co3O4 is also a poor conductor. The solutions to this problem 
include (1) the preparation of a special Co3O4 structure to increase the electrocatalytic activity 
potential and (2) the formation of a composite with metals, carbon materials, alloys, or other 
highly conductive materials to increase the conductivity, thus greatly improving the performance 
of glucose sensors. 

2.2.4 Enzyme-free glucose sensors based on ZnO 

 ZnO is a functional semiconductor with high chemical stability and mechanical plasticity, 
which can be used as an efficient electron conduction catalyst and has been widely used in 
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enzymatic biosensors.(94) In recent years, ZnO enzyme-free glucose sensors have also attracted 
wide attention.(79,95–97) Hsu et al. synthesized ZnO nanowires on a glass substrate using a 
hydrothermal process, and then decorated the nanowires with Pt nanoparticles to fabricate a 
working electrode for an enzyme-free glucose biosensor.(79) Mahmoud et al. prepared copper-
doped ZnO NPs by a sol–gel method.(95) The prepared Cu-ZnO sensor displayed high sensitivity 
and superior electrocatalytic activity in an ultralow linear detection range of 1 nM–10 μM with a 
detection limit of 1 nM. Although ZnO-based nanomaterials are promising electrocatalysts for 
glucose sensing, they still require relatively high working potentials, which may cause 
interference by, for example, AA and uric acid (UA) in real serum samples, leading to 
unexpected output signals. This behavior indicates that the selectivity of ZnO-based materials is 
a potential problem for high-performance glucose sensors.

2.2.5 Enzyme-free glucose sensor based on other metal oxides

 In addition to the metal oxides already discussed, several metal oxides have been explored as 
electrocatalysts for enzyme-free glucose sensors, such as Fe2O3, Mn3O4, and MnO2. Cao and 
Wang prepared Fe2O3 nanowire arrays and constructed an enzyme-free glucose sensor with a 
sensitivity of 726.9 μAmM−1cm−2 and a short response time of less than 6 s in the linear range of 
0.015–8 mM.(74) Wang et al. prepared a 3D Ni/MnO2 composite material using an electrochemical 
method.(98) The enzyme-free glucose sensor based on the 3D Ni/MnO2 composites had a 
sensitivity of 1.04 mAmM−1cm−2 in the linear range of 0.25–3500 μM. Si et al. grew Mn3O4 on 
3D graphene foam and constructed glucose and H2O2 sensors based on nanocomposites.(99) The 
synergistic effect produced by the electrochemical catalytic ability of Mn3O4 and the large 
specific surface area of 3D graphene foam resulted in the sensor having both a high sensitivity 
and a wide detection range. The sensitivities of the sensor to glucose and H2O2  were 
360 μAmM−1cm−2 and 1.03 mAmM−1cm−2, respectively, and the linear detection ranges were 
0.1–8 mM and 2 μM–6.5 mM, respectively.
 The working potential, sensitivity, selectivity, electrolyte solution, linear range, and detection 
limit of each metal oxide-based enzyme-free glucose sensor are summarized in Table 2.

2.3 Carbon-based enzyme-free glucose sensors

 With the development of technology, various new materials have injected vitality into the 
study of enzyme-free glucose sensors. Carbon nanomaterials as the carrier are particularly 
outstanding, because they are electrochemically inert but have significant electron conductivity, 
which can effectively promote rapid electron transfer from the analyte to the electrode surface. 
They are relatively mature in terms of the development of biosensors.
 Carbon nanomaterials usually refer to carbon nanotubes (CNTs), graphene, carbon 
nanofibers, graphene oxide (GO), and reduced graphene oxide (rGO), among which CNTs and 
graphene are most commonly used. Since CNTs were discovered by Iijima in 1991, they have 
received attention continuously because of their unique physical and chemical properties.(100) Ye 
et al. were pioneers in applying CNTs in enzyme-free glucose sensors and found that CNTs 
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improved the sensitivity of the electrodes to glucose detection.(101) Baghayeri et al. prepared Ag 
NPs on metformin–functionalized MWCNTs  using an electrochemical method. The enzyme-
free glucose sensor based on the composites achieved a low detection level of 0.3 nM and a short 
response time of less than 4 s in the linear range of 1.0 nM–350 μM.(29) Wang et al. also prepared 

Table 2
Comparison of enzyme-free glucose sensors based on different metal oxides.

Material
Working 
potential 

(V)

Electrolyte 
solution

Linear range 
(mM) LOD (μM) Sensitivity 

(μAmM−1cm−2) Selectivity Ref.

NiO/MWCNTs 0.6 0.1 M NaOH 0.2–12 160 — — (81)

NiOHCs 0.48 0.1 M NaOH 0.1–5 0.1 2476.4 AA, DA, 
UA (82)

NiO/CC 0.57 0.1 M NaOH 0.005–2 7.45 × 10−3 4025
AA, DA, 
UA, urea, 
Fru, NaCl

(83)

Mn-doped NiO 
nanoflowers 0.6 0.1 M NaOH 3–5166 0.28 —

AA, DA, 
ASA, 
Amp, 

NaCl, Gly

(85)

NiO/GO 0.5 0.1 M NaOH 6.2 × 10−4–2.4 1.7 × 10−2 0.33

AA, 
UA, DA, 
Suc, Fru, 
KNO3−

(86)

CuO/MWCNTs 0.4 0.1 M NaOH up to 1.2 0.2 2596
UA, DA, 
AA, Suc, 
Fru, Lac

(47)

CuO nanowire arrays 0.58 0.1 M NaOH 0.1–6 1 1950 AA, UA, 
AP (48)

CuO NPs/Ce-MOF 0.55 0.1M NaOH 5 × 10−6–8.6 2 × 10−3 2058.5 KCl, UA, 
DA, AA (49)

Ag-doped CuO 
microflowers 0.45 0.1 M KOH 0.01–6 0.01 1527 UA, DA, 

AA, NaCl (89)

Cu2O/Cu/carbon cloth 0.6 0.1 M KOH 1 × 10−3–1.555 6 × 10−2 6952 UA, DA, 
AA, Fru (90)

CuO nanorod/MOF 0.6 0.1 M NaOH up to 1.25 1 1523.5
AA, DA, 

UA, NaCl, 
KCl

(91)

Co3O4@Graphene 0.55 0.1 M NaOH 0.02–8 3.8 × 10−2 628 AA, DA, 
UA (60)

TiO2-modified Co3O4 
ANTAs 0.5 1 M NaOH up to 3 0.3396 2008.82 AA, UA (62)

Co3O4 nanobook 0.554 0.1 M NaOH up to 6 7.94 1068.85 DA, UA, 
AA, NaCl (65)

Co3O4 NPs 0.535 0.1 M NaOH up to 3 9.3 × 10−3 2495.79 AA, UA, 
AA, NaCl (93)

Cu-doped ZnO NPs — 0.1 M NaOH 1 × 10−6–0.01 1 × 10−3 — — (95)
Fe203 nanowire array 0.5 0.1 M Phophate 0.015–8 6 726.9 AA, DA (74)

3D Ni/MnO2 0.45 0.02 M NaOH 2.5 × 10−4–3.5 0.1 1040 AA, DA, 
UA (98)

Mn3O4 /3DGF 0.4 0.1 M NaOH 0.1–8 10 360 AA, AP, 
UA (99)

Ram: raminophenol, L-tyr: L-tyrosine, ASA: cetylsalicylic acid, Amp: acetaminophen, and Gly: glycine.
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Cu/MnO2/MWCNT nanocomposites using an electrochemical method. The resultant enzyme-
free glucose sensor achieved a sensitivity of 494 μAmM−1cm−2, a low detection limit of 0.17 μM, 
and a short response time of 3 s in the linear range of 0.64 μM–2 mM.(44)

 Graphene is a new two-dimensional carbon nanomaterial first obtained by mechanical 
stripping in 2004 and has been widely used in various fields since then. Graphene and its 
derivatives, including graphene, GO, and rGO, are promising electrode materials for enzyme-
free glucose sensors because of their unusual electrical and thermal conductivities, large specific 
surface area, lightproof properties, and excellent mechanical strength. Tran et al. prepared 
layered graphene nanocomposites encapsulated with Au NPs by chemical vapor deposition and 
used them to construct an enzyme-free glucose sensor.(102) The sensor had excellent 
electrocatalytic activity, a low detection limit of 1 μM, and a sensitivity of 0.195 μAmM−1cm−2 in 
the linear range of 6 μM–28.5 mM. In addition, the device  was not affected by AP, AA, and UA, 
and showed long-term stability. Xu et al. synthesized Ag-doped CuO microflowers on multilayer 
graphene (Ag-CuO@MLG) and studied their application to enzyme-free glucose detection.(89) 
The Ag-CuO@MLG electrode exhibited a sensitivity of 1527 μAmM−1cm−2 in a linear response 
range of 0.01–6.0 mM with excellent selectivity and long-term stability. Jiang et al. designed a 
novel non-enzymatic sensor based on a 3D nanostructured Co(OH)2/rGO film to detect glucose 
at a low alkalinity.(68)

2.4 Enzyme-free glucose sensors based on nanocomposites

 The materials used in recent years include not only simple metals or metal oxides but also 
composite materials, which integrate the beneficial properties of different materials. Glucose 
sensors based on nanocomposites have attracted wide attention owing to the synergistic effects 
of different materials, such as the high electrical conductivity of metals, the high selectivity of 
organic materials, and the high electrocatalytic activity of metal oxides. 

2.4.1 Enzyme-free glucose sensors based on metal/metal oxide nanocomposites

 Many nanocomposites combine the high conductivity of metals with the high electrocatalytic 
activity of metal oxides, thereby enabling the preparation of enzyme-free glucose sensors based 
on metal/metal oxide nanocomposites. Fang et al. reported a sensitive enzyme-free glucose 
sensor based on Cu/Cu2O composite nanoparticles decorated on a single carbon fiber by direct 
in situ electrochemical deposition.(51) The as-prepared electrode displayed superior catalytic 
performance and exhibited an ultrahigh sensitivity of 28071 μAmM−1cm−2 due to the 
combination of the advantages of Cu/Cu2O nanoparticles and the excellent conductivity of 
carbon fiber. Hsu et al. synthesized Au/ZnO core-shell nanostructures decorated with Au 
nanoparticles to fabricate an optical enzyme-free glucose sensor.(103) Jiang et al. fabricated a 
flexible sensor based on Au nanoparticle-modified copper hydroxide nanograss arrays on 
flexible carbon fiber cloth (Au@Cu(OH)2/CFC).(55) The excellent sensing properties were 
attributed to the collective effect of the superior electrochemical catalytic activity of Cu(OH)2 
nanograss arrays with a markedly increased electrochemically active surface area as well as the 
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mass transfer ability of Au. Yang et al. designed composite catalysts with Cu, Ni, and their 
oxides for the detection of glucose. The enhanced performance of a sensor based on the Cu-Ni/
CuO-NiO catalyst was considered to result from the synergistic effects between the two metals 
and their metal oxides.(104)

2.4.2 Enzyme-free glucose sensors based on metal/carbon nanocomposites

 The combination of metals and carbon materials has become one of the trends in the design 
of electrochemical glucose sensors. Carbon cloth, CNTs, graphene, GO, and rGO have been 
widely used in enzyme-glucose sensors to improve their performance. Li et al. synthesized 
PdPt/rGO nanocomposites by an ionic liquid–assisted one-pot method to construct a new 
enzyme-free glucose sensor.(105) Zhao et al. loaded Pt-Ni NPs onto MWCNTs by 
electrodeposition.(106) Li et al. developed bimetallic MCo NP-doped carbon nanofibers by 
electrospinning for enzyme-free glucose detection.(59) Li et al. synthetized SWCNT-sandwiched 
Ni-Ag hybrid NP layers as an electrocatalyst for glucose oxidation.(37) Nguyen et al. developed 
an enzyme-free glucose sensor using the one-step electrodeposition of Au and Ru NPs on the 
surface of CNT-based Pt NPs nanocomposites.(3) All these studies demonstrated the potential of 
metal/carbon nanocomposites to improve the performance of enzyme-free glucose sensors. It 
should be mentioned that the size of carbon nanomaterials also affects the performance of the 
sensor, in addition to the type and amount of metal used. Ye et al. synthesized Pt NPs on an 
electrospun carbon fiber and investigated the effect of the diameter of the carbon fiber on the 
amount of Pt load, revealing that the larger the curvature and the smaller the diameter of the 
carbon fiber, the more Pt atoms were loaded on the surface. Thus, an enzyme-free glucose 
sensor was constructed with the optimal Pt NP load, with a linear range of 0.3–17 mM and a 
detection limit of 33 μM.(107)

2.4.3 Enzyme-free glucose sensors based on metal oxide/carbon nanocomposites

 Transition metal oxides, such as NiO, CuO/Cu2O, and cobalt oxide, have the advantages of 
high natural abundance, excellent electrocatalytic activity, and the existence of electrochemical 
redox pairs, and have attracted much attention. However, a single-component transition metal 
oxide has a basic problem of low conductivity, and it is difficult for one to meet the needs of 
enzyme-free glucose sensors. To solve this problem, composites of transition metal oxides and 
other materials have become a target of research interest. Carbon nanomaterials, such as CNTs, 
graphene, GO, rGO, and ordered mesoporous carbon, have good electrical conductivity, stable 
chemical properties, wide electrochemical windows, high specific surface areas, and good 
biocompatibility, making them ideal carriers for sensitive materials. On one hand, the addition of 
carbon nanomaterials can increase the dispersion of sensitive materials and the specific surface 
area of the materials, thereby improving their electrocatalytic efficiency. On the other hand, 
carbon nanomaterials can accelerate electrochemical reactions through a synergistic effect with 
sensitive materials. Lin et al. prepared Co3O4 and MWCNT composites by a single-step 
solvothermal method and constructed an enzyme-free glucose sensor based on them.(64) Zhang 
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Table 3
Comparison of enzyme-free glucose sensors based on different nanocomposites.

Material
Working 
potential 

(V)

Electrolyte 
solution

Linear range 
(mM) LOD (μM) Sensitivity 

(μAmM−1cm−2) Selectivity Ref.

Cu/Cu2O NPs 0.6 0.1 M NaOH 1 × 10−3–7.8 7.8 28071
DA, AA, 

UA, D-Fru, 
Gal, LA

(51)

Au@Cu(OH)2/CFC 0.6 0.1 M KOH 0.1–3.3 2.7 × 10−2 7350

Mal, Fru, 
UA, AA, 
DA, Cys, 
4-AP, KCl 

and Na2SO4

(55)

Cu-Ni/CuO-NiO 0.7 0.1 M NaOH 0–0.35
0.35–9.85 5.4 × 10−2 2637.282

923.084

KCl, AA, 
DA, D-Fru, 
LA, D-Mal, 

UA

(104)

Bimetallic MCo 
NP-doped carbon 
nanofibers

0.6 0.1 M NaOH 0.02–11 1 507
DA, AA, 
UA, AP, 
GA, LA

(59)

Ni-Ag/SWCNTs — 0.1 M NaOH 0–2.5 0.084 2946 DA, AA, 
UA, AP (37)

PtPd NPs/rGO 0 0.1 M PBS 0.1–22 2 1.47 DA, AA, 
UA (105)

PtxNi1-x/MWCNTs −0.3 0.1 M PBS Up to 15 0.3 940

DA, AA, 
UA, AP, 

urea, Gal, 
Lac, Fru

(106)

et al. prepared a NiO-N-doped carbon/rGO nanocomposite using a hydrothermal method and 
constructed an enzyme-free glucose sensor that achieved an ultrahigh sensitivity of 
4254 μAmM−1cm−2 and an ultralow detection limit of 70.9 nM.(108) Pourbeyram et al. prepared a 
CuO/rGO nanocomposite and fabricated an enzyme-free glucose sensor, resulting in an 
ultrahigh sensitivity of 4760 μAmM−1cm−2 and an ultralow detection limit of 91 nM.(109) These 
results confirm that glucose sensors based on metal oxide/carbon nanocomposites can achieve 
excellent sensitivity, outstanding selectivity, and long-term stability.

2.4.4 Enzyme-free glucose sensor based on other nanocomposites

 In addition to the nanomaterials described, several other nanocomposites are being used to 
explore the construction of enzyme-free glucose sensors. Among them, MOFs have drawn much 
attention and have been widely used to construct glucose sensors in recent years, as the easily 
tunable metal ions and organic linkers enable them to produce multifunctional nanocomposites.(13) 
MOFs, such as Ni-MOF,(30,110,111) Cu-MOF,(41) Co-MOF,(112–115) and Ni-Co MOF,(58,116,117) and 
their derived composites, have all demonstrated outstanding performance for enzyme-free 
glucose detection.
 The working potential, sensitivity, selectivity, electrolyte solution, linear range, and detection 
limit of nanocomposite-based enzyme-free glucose sensors are summarized in Table 3.
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3. Conclusions

 We reviewed the progress in research on enzyme-free glucose sensors over recent years and 
discussed their mechanisms of action. The performance of most enzyme-free glucose sensors is 
primarily related to the sensing materials themselves. Current research focuses on developing 
and improving the preparation of the sensing materials. In early research, metals (such as Au, Ni, 
Pt, Ni, Co, and Cu) and their metal oxides have been used to fabricate enzyme-free glucose 
sensors. Later, composites, such as metal/metal oxide composites and carbon nanocomposites, 
have emerged as electrode materials with excellent electrocatalytic ability. At the same time, 

Table 3
(Continued) Comparison of enzyme-free glucose sensors based on different nanocomposites.

Material
Working 
potential 

(V)

Electrolyte 
solution

Linear range 
(mM) LOD (μM) Sensitivity 

(μAmM−1cm−2) Selectivity Ref.

Pt NPs/carbon fiber −0.05 0.1 M NaOH 0.3–17 33 2.03 AA, UA (107)

Au-Ru NPs/Pt NPs-
CNT −0.1 0.01 M PBS 1–10 68 23.47

AA, UA, 
AP, Fru, 
Suc, Lac

(3)

Co3O4-MWCNT 0.5 0.1 M NaOH 1 × 10−3–0.122 0.28 2550
DA, AA, 
K+, Na+, 

Mg2+, Ca2+
(64)

NiO-N-doped carbon@
rGO 0.5 0.1 M NaOH 5 × 10−4–0.02 7.09 × 10−2 4254 DA, AA, 

UA, KCl (108)

CuO NPs/rGO 0.45 0.1 M NaOH 1 × 10−4–0.15 0.091 4760 DA, AA, 
UA (109)

Ni-MOF 0.728 0.1 M NaOH 1 × 10−3–1.6 0.76 2859.95 — (111)

Au@Ni-BTC MOF 0.55 0.1 M NaOH 5 × 10−3–7.4 1.5 1447.1

urea, AA, 
Glu, proline, 

L-val, 
lysine, 

L-leu, NaCl

(13)

Cu-MOF/Cu foam 0.65 0.1 M NaOH 0.001–0.95 0.076 3.003 × 1010

AA, UA, 
DA, Fru, 
Lac, urea, 

NaCl

(41)

Cu@Co–MOF 0.6 0.01 M NaOH 0.005–0.4
0.4–1.8 1.6 282.89

113.15

D-Man, 
D-Fru, AA, 
DA, urea, 

UA

(114)

N-Co-MOF@PDA-Ag 0.55 0.1 M NaOH 1 × 10−3–2 0.5 183 AA, UA, 
Fru (115)

Ni-Co MOF 0.55 0.1 M NaOH 0.02–0.79 4.25 205.1
Lac, urea, 
DA, UA, 

AA, NaCl
(116)

Ni–Co MOF/Ag/rGO/
PU 0.5 0.1 M NaOH 0.01–0.66 3.28 425.9

DA, LA, 
NaCl, UA, 

Cys.
(117)

LA: lactic acid, GA: glutaric acid, Gal: galactose, Cys: cysteine, 4-AP: 4-acetamidophenol, Glu: glusate, L:val: L-valine, 
L-leu: L-leu, D-Man: D-Mannitol.
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research on nanomaterials has also promoted the rapid development of electrochemical enzyme-
free glucose sensors. Many new nanomaterials with specialized structures and excellent 
performance have been developed, providing broader concepts for the preparation of novel 
enzyme-free glucose sensors. 
 While encouraging progress has been made in recent years, there are many deficiencies still 
to be addressed. First, enzyme-free glucose sensors are still in the research stage, and the 
mechanism of glucose oxidation on various electrodes is still controversial, knowing that the 
mechanism is crucial to improving the performance of the sensor. Second, unlike the case with 
enzymatic glucose sensors, almost all enzyme-free sensitive materials cannot recognize glucose 
molecules as specifically as GOx, leading to poor specificity. Moreover, the contents of real-
world samples such as blood and sweat are very complex and many substances interfere with 
glucose detection. Other organics, proteins, ions from inorganic salt and other substances may 
strongly adsorb to the electrode surface and impact the sensitivity, selectivity, and stability of the 
glucose sensors. Third, the test conditions for enzyme-free glucose sensors are mainly phosphate 
buffer or alkaline solutions, which are considerably different from the actual conditions where 
the sensors are used. 
  In summary, enzyme-free glucose sensors still face huge challenges. The future development 
direction of these sensors may be carried out in these areas: (1) studies of specific recognition 
mechanisms of glucose and how to improve the specificity and selectivity of enzyme-free 
glucose sensors; (2) work on noninvasive and low-concentration glucose detection in biological 
fluids such as sweat,(116,117) saliva, and tears; and (3) the integration of efforts in the technology 
and miniaturization of sensors with other devices or systems. All these issues support the 
continuous effort to improve enzyme-free glucose sensors and to revolutionize the glucose 
biosensor industry.

Acknowledgments

 This work was supported by the National Natural Science Foundation of China 
(Nos. 61704157 and 62073299), the Research Project of Science and Technology in Henan 
Province (No. 222102210123), and the Project of Central Plains Science and Technology 
Innovation Leading Talents (No. 224200510026).

References

 1 H. Teymourian, A. Barfidokht, and J. Wang: Chem. Soc. Rev. 49 (2020) 7671. https://doi.org/10.1039/
d0cs00304b

 2 L. C. Clark, Jr. and C. Lyons: Ann. N. Y. Acad. Sci. 102 (1962) 29. https://doi.org/10.1111/j.1749-6632.1962.
tb13623.x

 3 T. N. H. Nguyen, X. Jin, J. K. Nolan, J. Xu, K. V. H. Le, S. Lam, Y. Wang, M. A. Alam, and H. Lee: Acs 
Biomater. Sci. Eng. 6 (2020) 5315. https://doi.org/10.1021/acsbiomaterials.0c00647

 4 V. T. Oanh, C. T. Xuan, L. M. Tu, N. X. Viet, and N. D. Hoa: J. Electrochem. Soc. 169 (2022). https://doi.
org/10.1149/1945-7111/aca053

 5 W. Drissi, M. L. Chelaghmia, M. Nacef, A. M. Affoune, H. Satha, R. Kihal, H. Fisli, C. Boukharouba, and M. 
Pontie: Electroanalysis 34 (2022) 1735. https://doi.org/10.1002/elan.202100701

 6 E. Rafatmah and B. Hemmateenejad: Sens. Actuators, B 304 (2020). https://doi.org/10.1016/j.snb.2019.127335

https://doi.org/10.1039/d0cs00304b
https://doi.org/10.1039/d0cs00304b
https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://doi.org/10.1021/acsbiomaterials.0c00647
https://doi.org/10.1149/1945-7111/aca053
https://doi.org/10.1149/1945-7111/aca053
https://doi.org/10.1002/elan.202100701
https://doi.org/10.1016/j.snb.2019.127335


1018 Sensors and Materials, Vol. 35, No. 3 (2023)

 7 A. Scandurra, F. Ruffino, S. Sanzaro, and M. G. Grimaldi: Sens. Actuators, B 301 (2019). https://doi.
org/10.1016/j.snb.2019.127113

 8 Q. Dong, H. Ryu, and Y. Lei: Electrochim. Acta 370 (2021). https://doi.org/10.1016/j.electacta.2021.137744
 9 V. Vinoth, N. Pugazhenthiran, R. Viswanathan Mangalaraja, A. Syed, N. Marraiki, H. Valdes, and S. Anandan: 

Analyst 145 (2020) 7898. https://doi.org/10.1039/d0an01526a
 10 A. Farid, A. S. Khan, M. Javid, M. Usman, I. A. Khan, A. ul Ahmad, Z. Fan, A. A. Khan, and L. Pan: J. Colloid 

Interface Sci. 624 (2022) 320. https://doi.org/10.1016/j.jcis.2022.05.137
 11 M. M. Alam and M. M. R. Howlader: Sens. Bio-Sens. Res. 34 (2021). https://doi.org/10.1016/j.sbsr.2021.100453
 12 D. Arif, Z. Hussain, M. Sohail, M. A. Liaqat, M. A. Khan, and T. Noor: Front. Chem. 8 (2020). https://doi.

org/10.3389/fchem.2020.573510
 13 J. Chen, H. Yin, J. Zhou, L. Wang, J. Gong, Z. Ji, and Q. Nie: J. Electron. Mater. 49 (2020) 4754. https://doi.

org/10.1007/s11664-020-08191-x
 14 T. Chen, P. Zhao, J. Li, Z. Sun, and W. Huang: J. Solid State Chem. 311 (2022). https://doi.org/10.1016/j.

jssc.2022.123115
 15 W.-T. Chiu, T.-F. M. Chang, M. Sone, A. Tixier-Mita, and H. Toshiyoshi: Sens. Actuators, B 319 (2020). https://

doi.org/10.1016/j.snb.2020.128279
 16 X. H. Niu, L. B. Shi, H. L. Zhao, and M. B. Lan: Anal. Methods 8 (2016) 1755. https://doi.org/10.1039/

c5ay03181h
 17 S. Malhotra, Y. Tang, and P. K. Varshney: J. Iran. Chem. Soc. 17 (2020) 521. https://doi.org/10.1007/s13738-

019-01786-0
 18 C. Chen, R. Ran, Z. Yang, R. Lv, W. Shen, F. Kang, and Z.-H. Huang: Sens. Actuators, B 256 (2018) 63. https://

doi.org/10.1016/j.snb.2017.10.067
 19 H. Yang, Z. Wang, Q. Zhou, C. Xu, and J. Hou: Microchim. Acta 186 (2019). https://doi.org/10.1007/s00604-

019-3728-7
 20 R. Wang, X. Liu, Y. Zhao, J. Qin, H. Xu, L. Dong, S. Gao, and L. Zhong: Microchem. J. 174 (2022). https://doi.

org/10.1016/j.microc.2021.107061
 21 X. Wang, X. Xia, X. Zhang, W. Meng, C. Yuan, and M. Guo: Mater. Sci. Eng., C 80 (2017) 174. https://doi.

org/10.1016/j.msec.2017.05.137
 22 M. Chen, X. Cao, K. Chang, H. Xiang, and R. Wang: Electrochim. Acta 368 (2021). https://doi.org/10.1016/j.

electacta.2020.137603
 23 N. Shen, H. Xu, W. Zhao, Y. Zhao, and X. Zhang: Sensors 19 (2019). https://doi.org/10.3390/s19051203
 24 X. Li, H. Deng, and K. Wu: Sci. Adv. Mater. 14 (2022) 55. https://doi.org/10.1166/sam.2022.4176
 25 M. Wang, F. Liu, M. Shi, F. Gong, and F. Li: J. Electron. Mater. 51 (2022) 2490. https://doi.org/10.1007/s11664-

022-09495-w
 26 W. Zhao, R. Zhang, S. Xu, J. Cai, X. Zhu, Y. Zhu, W. Wei, X. Liu, and J. Luo: Biosens. Bioelectron. 100 (2018) 

497. https://doi.org/10.1016/j.bios.2017.09.020
 27 K. Yang, T. Xue, Q. Su, and Q. Zou: J. Electrochem. Soc. 169 (2022). https://doi.org/10.1149/1945-7111/ac88f8
 28 S.-L. Zhong, J. Zhuang, D.-P. Yang, and D. Tang: Biosens. Bioelectron. 96 (2017) 26. https://doi.org/10.1016/j.

bios.2017.04.038
 29 M. Baghayeri, A. Amiri, and S. Farhadi: Sens. Actuators, B 225 (2016) 354. https://doi.org/10.1016/j.

snb.2015.11.003
 30 J. Cao, J. Yun, N. Zhang, Y. Wei, H. Yang, and Z. Xu: Synth. Met. 282 (2021). https://doi.org/10.1016/j.

synthmet.2021.116931
 31 Y. Gao, C. Zhang, Y. Yang, N. Yang, S. Lu, T. You, and P. Yin: J. Alloys Compd. 863 (2021). https://doi.

org/10.1016/j.jallcom.2021.158758
 32 T. Ghodselahi, T. Neishaboorynejad, and S. Arsalani: Appl. Surf. Sci. 343 (2015) 194. https://doi.org/10.1016/j.

apsusc.2015.01.219
 33 T. Jadoon, T. Mahmood, and K. Ayub: J. Mol. Graph. Model. 103 (2021). https://doi.org/10.1016/j.

jmgm.2020.107824
 34 H.-X. Han, X. Tian, X.-J. Kong, R.-Q. Yu, and X. Chu: Anal. Methods 7 (2015) 7989. https://doi.org/10.1039/

c5ay01546d
 35 D. Chu, Y. Wang, D. Li, X.-Q. Chu, D. Ge, and X. Chen: Dalton Trans. 51 (2022) 15354. https://doi.org/10.1039/

d2dt02424a
 36 H.-L. Hu, C. He, B.-G. Guo, H.-Y. Huang, X.-Q. Zhang, R.-S. Xie, and G.-H. Ma: J. Nanosci. Nanotechnol. 20 

(2020) 3246. https://doi.org/10.1166/jnn.2020.17144
 37 W. Li, R. Ouyang, W. Zhang, S. Zhou, Y. Yang, Y. Ji, Y. Yang, K. Feng, X. Liang, M. Xiao, and Y. Miao: 

Electrochim. Acta 188 (2016) 197. https://doi.org/10.1016/j.electacta.2015.12.003

https://doi.org/10.1016/j.snb.2019.127113
https://doi.org/10.1016/j.snb.2019.127113
https://doi.org/10.1016/j.electacta.2021.137744
https://doi.org/10.1039/d0an01526a
https://doi.org/10.1016/j.jcis.2022.05.137
https://doi.org/10.1016/j.sbsr.2021.100453
https://doi.org/10.3389/fchem.2020.573510
https://doi.org/10.3389/fchem.2020.573510
https://doi.org/10.1007/s11664-020-08191-x
https://doi.org/10.1007/s11664-020-08191-x
https://doi.org/10.1016/j.jssc.2022.123115
https://doi.org/10.1016/j.jssc.2022.123115
https://doi.org/10.1016/j.snb.2020.128279
https://doi.org/10.1016/j.snb.2020.128279
https://doi.org/10.1039/c5ay03181h
https://doi.org/10.1039/c5ay03181h
https://doi.org/10.1007/s13738-019-01786-0
https://doi.org/10.1007/s13738-019-01786-0
https://doi.org/10.1016/j.snb.2017.10.067
https://doi.org/10.1016/j.snb.2017.10.067
https://doi.org/10.1007/s00604-019-3728-7
https://doi.org/10.1007/s00604-019-3728-7
https://doi.org/10.1016/j.microc.2021.107061
https://doi.org/10.1016/j.microc.2021.107061
https://doi.org/10.1016/j.msec.2017.05.137
https://doi.org/10.1016/j.msec.2017.05.137
https://doi.org/10.1016/j.electacta.2020.137603
https://doi.org/10.1016/j.electacta.2020.137603
https://doi.org/10.3390/s19051203
https://doi.org/10.1166/sam.2022.4176
https://doi.org/10.1007/s11664-022-09495-w
https://doi.org/10.1007/s11664-022-09495-w
https://doi.org/10.1016/j.bios.2017.09.020
https://doi.org/10.1149/1945-7111/ac88f8
https://doi.org/10.1016/j.bios.2017.04.038
https://doi.org/10.1016/j.bios.2017.04.038
https://doi.org/10.1016/j.snb.2015.11.003
https://doi.org/10.1016/j.snb.2015.11.003
https://doi.org/10.1016/j.synthmet.2021.116931
https://doi.org/10.1016/j.synthmet.2021.116931
https://doi.org/10.1016/j.jallcom.2021.158758
https://doi.org/10.1016/j.jallcom.2021.158758
https://doi.org/10.1016/j.apsusc.2015.01.219
https://doi.org/10.1016/j.apsusc.2015.01.219
https://doi.org/10.1016/j.jmgm.2020.107824
https://doi.org/10.1016/j.jmgm.2020.107824
https://doi.org/10.1039/c5ay01546d
https://doi.org/10.1039/c5ay01546d
https://doi.org/10.1039/d2dt02424a
https://doi.org/10.1039/d2dt02424a
https://doi.org/10.1166/jnn.2020.17144
https://doi.org/10.1016/j.electacta.2015.12.003


Sensors and Materials, Vol. 35, No. 3 (2023) 1019

 38 M. Wang, D. He, M. Huang, X. Wang, and P. Jiang: J. Alloys Compd. 786 (2019) 530. https://doi.org/10.1016/j.
jallcom.2019.01.360

 39 W. Na, J. Lee, J. Jun, W. Kim, Y. K. Kim, and J. Jang: J. Ind. Eng. Chem. 69 (2019) 358. https://doi.org/10.1016/j.
jiec.2018.09.050

 40 J. Ye, D. Deng, Y. Wang, L. Luo, K. Qian, S. Cao, and X. Feng: Sens. Actuators, B 305 (2020). https://doi.
org/10.1016/j.snb.2019.127473

 41 Q. Hu, J. Qin, X.-F. Wang, G.-Y. Ran, Q. Wang, G.-X. Liu, J.-P. Ma, J.-Y. Ge, and H.-Y. Wang: Front. Chem. 9 
(2021). https://doi.org/10.3389/fchem.2021.786970

 42 Z. Khosroshahi, F. Karimzadeh, M. Kharaziha, and A. Allafchian: Mater. Sci. Eng., C 108 (2020). https://doi.
org/10.1016/j.msec.2019.110216

 43 L. Patricio Hernandez-Saravia, T. Martinez, J. Llanos, and M. Bertotti: Microchem. J. 160 (2021). https://doi.
org/10.1016/j.microc.2020.105629

 44 Y. Wang, S. Zhang, W. Bai, and J. Zheng: Talanta 149 (2016) 211. https://doi.org/10.1016/j.talanta.2015.11.040
 45 Y. Yu, Y. Deng, M. A. Al Hasan, Y. Bai, R.-Z. Li, S. Deng, P. Joshi, S. Shin, and A. Hu: Nanoscale Adv. 2 

(2020) 1195. https://doi.org/10.1039/c9na00740g
 46 M. Baghayeri, M. Nodehi, A. Amiri, N. Amirzadeh, R. Behazin, and M. Z. Iqbal: Anal. Chim. Acta 1111 

(2020) 49. https://doi.org/10.1016/j.aca.2020.03.039
 47 L.-C. Jiang and W.-D. Zhang: Biosens. Bioelectron. 25 (2010) 1402. https://doi.org/10.1016/j.bios.2009.10.038
 48 R. Li, X. Liu, H. Wang, Y. Wu, K. C. Chan, and Z. Lu: Electrochim. Acta 299 (2019) 470. https://doi.

org/10.1016/j.electacta.2019.01.033
 49 J. Zhang, L. Chen, and K. Yang: Ionics 25 (2019) 4447. https://doi.org/10.1007/s11581-019-02996-5
 50 L. Zhang, X. Hai, C. Xia, X.-W. Chen, and J.-H. Wang: Sens. Actuators, B 248 (2017) 374. https://doi.

org/10.1016/j.snb.2017.04.011
 51 L. Fang, Y. Cai, B. Huang, Q. Cao, Q. Zhu, T. Tu, X. Ye, and B. Liang: J. Electroanal. Chem. 880 (2021). https://

doi.org/10.1016/j.jelechem.2020.114888
 52 W. Liu, X. Zhao, Y. Dai, and Y. Qi: Microchem. J. 179 (2022). https://doi.org/10.1016/j.microc.2022.107451
 53 F. Pu, H. Miao, W. Lu, X. Zhang, Z. Yang, and C. Kong: Appl. Surf. Sci. 581 (2022). https://doi.org/10.1016/j.

apsusc.2021.152389
 54 L. Tang, K. Huan, D. Deng, L. Han, Z. Zeng, and L. Luo: Colloids Surf., B 188 (2020). https://doi.org/10.1016/j.

colsurfb.2020.110797
 55 M. Jiang, P. Sun, J. Zhao, L. Huo, and G. Cui: Sensors 19 (2019). https://doi.org/10.3390/s19225055
 56 W. B. Kim, S. H. Lee, M. Cho, and Y. Lee: Sens. Actuators, B 249 (2017) 161. https://doi.org/10.1016/j.

snb.2017.04.089
 57 X. Zhou, S. Ling, Z. Lin, Y. Wu, J. Bao, and X. Liu: Electroanalysis 33 (2021) 2204. https://doi.org/10.1002/

elan.202100215
 58 Z. Xu, Q. Wang, Z. Hui, S. Zhao, Y. Zhao, and L. Wang: Food Chem. 349 (2021). https://doi.org/10.1016/j.

foodchem.2021.129202
 59 M. Li, L. Liu, Y. Xiong, X. Liu, A. Nsabimana, X. Bo, and L. Guo: Sens. Actuators, B 207 (2015) 614. https://

doi.org/10.1016/j.snb.2014.10.092
 60 M. Yang, J.-M. Jeong, K. G. Lee, D. H. Kim, S. J. Lee, and B. G. Choi: Biosens. Bioelectron. 89 (2017) 612. 

https://doi.org/10.1016/j.bios.2016.01.075
 61 Y. Gao, K. Wu, H. Li, W. Chen, M. Fu, K. Yue, X. Zhu, and Q. Liu: Sens. Actuators, B 273 (2018) 1635. https://

doi.org/10.1016/j.snb.2018.07.091
 62 Z. Gao, L. Zhang, C. Ma, Q. Zhou, Y. Tang, Z. Tu, W. Yang, L. Cui, and Y. Li: Biosens. Bioelectron. 80 (2016) 

511. https://doi.org/10.1016/j.bios.2016.02.004
 63 H. Y. Guan, C. L. Shao, S. B. Wen, B. Chen, J. Gong, and X. H. Yang: Mater. Chem. Phys. 82 (2003) 1002. 

https://doi.org/10.1016/j.matchemphys.2003.09.003
 64 X. Lin, Y. Wang, M. Zou, T. Lan, and Y. Ni: Chin. Chem. Lett. 30 (2019) 1157. https://doi.org/10.1016/j.

cclet.2019.04.009
 65 M. Wang, M. Shi, E. Meng, F. Gong, and F. Li: Micro Nano Lett. 15 (2020) 191. https://doi.org/10.1049/

nl.2019.0552
 66 Y. Ding, Y. Wang, L. Su, M. Bellagamba, H. Zhang, and Y. Lei: Biosens. Bioelectron. 26 (2010) 542. https://doi.

org/10.1016/j.bios.2010.07.050
 67 L. Wang, Y. Zhang, Y. Xie, J. Yu, H. Yang, L. Miao, and Y. Song: Appl. Surf. Sci. 402 (2017) 47. https://doi.

org/10.1016/j.apsusc.2017.01.062
 68 D. Jiang, Z. Chu, J. Peng, J. Luo, Y. Mao, P. Yang, and W. Jin: Electrochim. Acta 270 (2018) 147. https://doi.

org/10.1016/j.electacta.2018.03.066

https://doi.org/10.1016/j.jallcom.2019.01.360
https://doi.org/10.1016/j.jallcom.2019.01.360
https://doi.org/10.1016/j.jiec.2018.09.050
https://doi.org/10.1016/j.jiec.2018.09.050
https://doi.org/10.1016/j.snb.2019.127473
https://doi.org/10.1016/j.snb.2019.127473
https://doi.org/10.3389/fchem.2021.786970
https://doi.org/10.1016/j.msec.2019.110216
https://doi.org/10.1016/j.msec.2019.110216
https://doi.org/10.1016/j.microc.2020.105629
https://doi.org/10.1016/j.microc.2020.105629
https://doi.org/10.1016/j.talanta.2015.11.040
https://doi.org/10.1039/c9na00740g
https://doi.org/10.1016/j.aca.2020.03.039
https://doi.org/10.1016/j.bios.2009.10.038
https://doi.org/10.1016/j.electacta.2019.01.033
https://doi.org/10.1016/j.electacta.2019.01.033
https://doi.org/10.1007/s11581-019-02996-5
https://doi.org/10.1016/j.snb.2017.04.011
https://doi.org/10.1016/j.snb.2017.04.011
https://doi.org/10.1016/j.jelechem.2020.114888
https://doi.org/10.1016/j.jelechem.2020.114888
https://doi.org/10.1016/j.microc.2022.107451
https://doi.org/10.1016/j.apsusc.2021.152389
https://doi.org/10.1016/j.apsusc.2021.152389
https://doi.org/10.1016/j.colsurfb.2020.110797
https://doi.org/10.1016/j.colsurfb.2020.110797
https://doi.org/10.3390/s19225055
https://doi.org/10.1016/j.snb.2017.04.089
https://doi.org/10.1016/j.snb.2017.04.089
https://doi.org/10.1002/elan.202100215
https://doi.org/10.1002/elan.202100215
https://doi.org/10.1016/j.foodchem.2021.129202
https://doi.org/10.1016/j.foodchem.2021.129202
https://doi.org/10.1016/j.snb.2014.10.092
https://doi.org/10.1016/j.snb.2014.10.092
https://doi.org/10.1016/j.bios.2016.01.075
https://doi.org/10.1016/j.snb.2018.07.091
https://doi.org/10.1016/j.snb.2018.07.091
https://doi.org/10.1016/j.bios.2016.02.004
https://doi.org/10.1016/j.matchemphys.2003.09.003
https://doi.org/10.1016/j.cclet.2019.04.009
https://doi.org/10.1016/j.cclet.2019.04.009
https://doi.org/10.1049/mnl.2019.0552
https://doi.org/10.1049/mnl.2019.0552
https://doi.org/10.1016/j.bios.2010.07.050
https://doi.org/10.1016/j.bios.2010.07.050
https://doi.org/10.1016/j.apsusc.2017.01.062
https://doi.org/10.1016/j.apsusc.2017.01.062
https://doi.org/10.1016/j.electacta.2018.03.066
https://doi.org/10.1016/j.electacta.2018.03.066


1020 Sensors and Materials, Vol. 35, No. 3 (2023)

 69 Q. Wang, Y. Chen, R. Zhu, M. Luo, Z. Zou, H. Yu, X. Jiang, and X. Xiong: Sens. Actuators, B. 304 (2020). 
https://doi.org/10.1016/j.snb.2019.127282

 70 F. Xie, X. Cao, F. Qu, A. M. Asiri, and X. Sun: Sens. Actuators, B 255 (2018) 1254. https://doi.org/10.1016/j.
snb.2017.08.098

 71 F. Chen, J.-H. Li, Y.-C. Chi, Z.-H. Dan, and F.-X. Qin: J. Nanosci. Nanotechnol. 20 (2020) 7333. https://doi.
org/10.1166/jnn.2020.18753

 72 A. Savk, K. Cellat, K. Arikan, F. Tezcan, S. K. Gulbay, S. Kizildag, E. S. Isgin, and F. Sen: Sci. Rep. 9 (2019). 
https://doi.org/10.1038/s41598-019-55746-y

 73 T.-P. Wang, B.-D. Hong, Y.-M. Lin, and C.-L. Lee: Appl. Catal., B 260 (2020). https://doi.org/10.1016/j.
apcatb.2019.118140

 74 X. Cao and N. Wang: Analyst 136 (2011) 4241. https://doi.org/10.1039/c1an15367f
 75 W. Raza and K. Ahmad: Mater. Lett. 212 (2018) 231. https://doi.org/10.1016/j.matlet.2017.10.100
 76 J. Gao, T. Meng, S. Lu, X. Ma, Y. Zhang, D. Fu, Z. Lu, and C. M. Li: J. Electroanal. Chem. 863 (2020). https://

doi.org/10.1016/j.jelechem.2020.114071
 77 H.-B. Noh, M. H. Naveen, Y.-J. Choi, E. S. Choe, and Y.-B. Shim: Chem. Commun. 51 (2015) 6659. https://doi.

org/10.1039/c5cc01567g
 78 Y.-S. Hsieh, P.-W. Wang, C. Y. Li, S.-J. Hsieh, C.-Y. Wang, D.-W. Chou, N.-F. Wang, and M.-P. Houng: Sens. 

Mater. 32 (2020) 1843. https://doi.org/10.18494/sam.2020.2479
 79 C.-L. Hsu, J.-H. Lin, D.-X. Hsu, S.-H. Wang, S.-Y. Lin, and T.-J. Hsueh: Sens. Actuators, B 238 (2017) 150. 

https://doi.org/10.1016/j.snb.2016.07.060
 80 M. Fleischmann, K. Korinek, and D. Pletcher: Electroanal. Chem. Interfacial Electrochem. 31 (1971) 39. 

https://doi.org/10.1016/0368-1874(71)80005-9
 81 M. Shamsipur, M. Najafi, and M.-R. M. Hosseini: Bioelectrochemistry 77 (2010) 120. https://doi.org/10.1016/j.

bioelechem.2009.07.007
 82 Z. H. Ibupoto, A. Nafady, R. A. Soomro, Sirajuddin, S. T. H. Sherazi, M. I. Abro, and M. Willander: Rsc Adv. 

5 (2015) 18773. https://doi.org/10.1039/c4ra15858j
 83 F. Zhou, Q. Wang, K. Huang, X. Jiang, Z. Zou, and X. Xiong: Microchem. J. 159 (2020). https://doi.

org/10.1016/j.microc.2020.105505
 84 A. Q. Mugheri, H. Fouad, M. Imran, S. Ameen, and S. Anil: Sci. Adv. Mater. 13 (2021) 1310. https://doi.

org/10.1166/sam.2021.4063
 85 H. Yang, Y. Hu, X. Yin, J. Huang, C. Qiao, Z. Hu, C. He, D. Huo, and C. Hou: Analyst 148 (2022) 153. https://

doi.org/10.1039/d2an01495e
 86 V. S. Subash, K. Alagumalai, S.-M. Chen, R. Shanmugam, and H. J. Shiuan: New J. Chem. 44 (2020) 15071. 

https://doi.org/10.1039/d0nj02127j
 87 B. Miller: J. Electrochem. Soc. 116 (1969). https://doi.org/10.1149/1.2411657
 88 Y. Xie and C. O. Huber: Anal. Chem. 63 (1991) 1714. https://doi.org/10.1021/ac00017a012
 89 J. Xu, M. Tang, S. Liu, J. Zhou, W. Sheng, T. Zhou, J. Wu, K. Song, X. Wang, and J. P. Cheng: J. Electron. 

Mater. 51 (2022) 995. https://doi.org/10.1007/s11664-021-09387-5
 90 H. Zhang, Y. Yu, X. Shen, and X. Hu: New J. Chem. 44 (2020) 1993. https://doi.org/10.1039/c9nj05256a
 91 K. Kim, S. Kim, H. N. Lee, Y. M. Park, Y.-S. Bae, and H.-J. Kim: Appl. Surf. Sci. 479 (2019) 720. https://doi.

org/10.1016/j.apsusc.2019.02.130
 92 J. Han, L. Miao, and Y. Song: J. Mol. Recognit. 33 (2020). https://doi.org/10.1002/jmr.2820
 93 M. Wang, F. Liu, Z. Zhang, E. Meng, F. Gong, and F. Li: Nano. 16 (2021). https://doi.org/10.1142/

s1793292021500090
 94 S. Baruah, B. Maibam, C. K. Borah, T. Agarkar, A. Kumar, and S. Kumar: IEEE Sens. J. 21 (2021) 14601. 

https://doi.org/10.1109/jsen.2021.3069303
 95 A. Mahmoud, M. Echabaane, K. Omri, L. El Mir, and R. Ben Chaabane: J. Alloys Compd. 786 (2019) 960. 

https://doi.org/10.1016/j.jallcom.2019.02.060
 96 H. Nadaroglu and A. Alayli: Biosci. Res. 17 (2020) 775. 
 97 Q. Mao, W. Jing, F. Zhou, S. Liu, W. Gao, Z. Wei, and Z. Jiang: Mater. Sci. Semicond. Process. 121 (2021). 

https://doi.org/10.1016/j.mssp.2020.105391
 98 Y. Wang, W. Bai, F. Nie, and J. Zheng: Electroanalysis 27 (2015) 2399. https://doi.org/10.1002/elan.201500049
 99 P. Si, X.-C. Dong, P. Chen, and D.-H. Kim: J. Mater. Chem. B 1 (2013) 110. https://doi.org/10.1039/c2tb00073c
 100 B. Zhao, Y. Zhou, J. Qu, F. Yin, S. Yin, Y. Chang, and W. Zhang: Sens. Rev. 42 (2022) 544. https://doi.

org/10.1108/sr-11-2021-0447
 101 J. S. Ye, Y. Wen, W. D. Zhang, L. M. Gan, G. Q. Xu, and F. S. Sheu: Electrochem. Commun. 6 (2004) 66. 

https://doi.org/10.1016/j.elecom.2003.10.013

https://doi.org/10.1016/j.snb.2019.127282
https://doi.org/10.1016/j.snb.2017.08.098
https://doi.org/10.1016/j.snb.2017.08.098
https://doi.org/10.1166/jnn.2020.18753
https://doi.org/10.1166/jnn.2020.18753
https://doi.org/10.1038/s41598-019-55746-y
https://doi.org/10.1016/j.apcatb.2019.118140
https://doi.org/10.1016/j.apcatb.2019.118140
https://doi.org/10.1039/c1an15367f
https://doi.org/10.1016/j.matlet.2017.10.100
https://doi.org/10.1016/j.jelechem.2020.114071
https://doi.org/10.1016/j.jelechem.2020.114071
https://doi.org/10.1039/c5cc01567g
https://doi.org/10.1039/c5cc01567g
https://doi.org/10.18494/sam.2020.2479
https://doi.org/10.1016/j.snb.2016.07.060
https://doi.org/10.1016/0368-1874(71)80005-9
https://doi.org/10.1016/j.bioelechem.2009.07.007
https://doi.org/10.1016/j.bioelechem.2009.07.007
https://doi.org/10.1039/c4ra15858j
https://doi.org/10.1016/j.microc.2020.105505
https://doi.org/10.1016/j.microc.2020.105505
https://doi.org/10.1166/sam.2021.4063
https://doi.org/10.1166/sam.2021.4063
https://doi.org/10.1039/d2an01495e
https://doi.org/10.1039/d2an01495e
https://doi.org/10.1039/d0nj02127j
https://doi.org/10.1149/1.2411657
https://doi.org/10.1021/ac00017a012
https://doi.org/10.1007/s11664-021-09387-5
https://doi.org/10.1039/c9nj05256a
https://doi.org/10.1016/j.apsusc.2019.02.130
https://doi.org/10.1016/j.apsusc.2019.02.130
https://doi.org/10.1002/jmr.2820
https://doi.org/10.1142/s1793292021500090
https://doi.org/10.1142/s1793292021500090
https://doi.org/10.1109/jsen.2021.3069303
https://doi.org/10.1016/j.jallcom.2019.02.060
https://doi.org/10.1016/j.mssp.2020.105391
https://doi.org/10.1002/elan.201500049
https://doi.org/10.1039/c2tb00073c
https://doi.org/10.1108/sr-11-2021-0447
https://doi.org/10.1108/sr-11-2021-0447
https://doi.org/10.1016/j.elecom.2003.10.013


Sensors and Materials, Vol. 35, No. 3 (2023) 1021

 102 T. Tran Duy, J. Balamurugan, J. Y. Hwang, N. H. Kim, and J. H. Lee: Carbon 98 (2016) 90. https://doi.
org/10.1016/j.carbon.2015.10.081

 103 C.-L. Hsu, Y.-J. Fang, T.-J. Hsueh, S.-H. Wang, and S.-J. Chang: J. Phys. Chem. B 121 (2017) 2931. https://doi.
org/10.1021/acs.jpcb.6b11257

 104 B. Yang, J. Qiao, Y. Yu, L. Yuan, and X. Hu: New J. Chem. 44 (2020) 10806. https://doi.org/10.1039/d0nj01464h
 105 M. Li, X. Bo, Y. Zhang, C. Han, and L. Guo: Biosens. Bioelectron. 56 (2014) 223. https://doi.org/10.1016/j.

bios.2014.01.030
 106 Y. Zhao, L. Fan, B. Hong, J. Ren, M. Zhang, Q. Que, and J. Ji: Sens. Actuators, B 231 (2016) 800. https://doi.

org/10.1016/j.snb.2016.03.115
 107 J.-S. Ye, Z.-T. Liu, C.-C. Lai, C.-T. Lo, and C.-L. Lee: Chem. Eng. J. 283 (2016) 304. https://doi.org/10.1016/j.

cej.2015.07.071
 108 Y. Zhang, Y.-Q. Liu, Y. Bai, W. Chu, and J. Sh: Sens. Actuators, B 309 (2020). https://doi.org/10.1016/j.

snb.2020.127779
 109 S. Pourbeyram, J. Abdollahpour, and M. Soltanpour: Mater. Sci. Eng., C 94 (2019) 850. https://doi.org/10.1016/j.

msec.2018.10.034
 110 Y. Chen, Y. Tian, P. Zhu, L. Du, W. Chen, and C. Wu: Front. Chem. 8 (2020). https://doi.org/10.3389/

fchem.2020.602752
 111 M. Zeraati, V. Alizadeh, P. Kazemzadeh, M. Safinejad, H. Kazemian, and G. Sargazi: J. Porous Mater. 29 

(2022) 257. https://doi.org/10.1007/s10934-021-01164-3
 112 Y. Li, M. Xie, X. Zhang, Q. Liu, D. Lin, C. Xu, F. Xie, and X. Sun: Sens. Actuators, B 278 (2019) 126. https://

doi.org/10.1016/j.snb.2018.09.076
 113 Z.-Z. Ma, Y. Ma, B. Liu, L. Xu, and H. Jiao: New J. Chem. 45 (2021) 21350. https://doi.org/10.1039/d1nj04480j
 114 Z.-Z. Ma, Y.-S. Wang, B. Liu, H. Jiao, and L. Xu: Chemosensors 10 (2022). https://doi.org/10.3390/

chemosensors10100416
 115 X. Zhai, Y. Cao, W. Sun, S. Cao, Y. Wang, L. He, N. Yao, and D. Zhao: J. Electroanal. Chem. 918 (2022). 

https://doi.org/10.1016/j.jelechem.2022.116491
 116 Y. Shu, Z. Shang, T. Su, S. Zhang, Q. Lu, Q. Xu, and X. Hu: Analyst 147 (2022) 1440. https://doi.org/10.1039/

d1an02214h
 117 Y. Shu, T. Su, Q. Lu, Z. Shang, Q. Xu, and X. Hu: Anal. Chem. 93 (2021) 16222. https://doi.org/10.1021/acs.

analchem.1c04106

About the Authors

 Mei Wang received her B.S. degree from Jilin University, China, in 2009 and 
her Ph.D. degree from Tsinghua University, China, in 2015. Since 2015, she 
has been a lecturer at Zhengzhou University of Light Industry. Her research 
interests are in MEMS devices,  nanomater ials,  and sensors. 
(wangmei140227@163.com)

 Zhonghua You received his B.S. degree from Xinxiang Institute of 
Engineering, China, in 2021. Since 2021, he has been a graduate student at 
Zhengzhou University of Light Industry. His research interests are in flexible 
biosensors. (y2329828242@163.com)

https://doi.org/10.1016/j.carbon.2015.10.081
https://doi.org/10.1016/j.carbon.2015.10.081
https://doi.org/10.1021/acs.jpcb.6b11257
https://doi.org/10.1021/acs.jpcb.6b11257
https://doi.org/10.1039/d0nj01464h
https://doi.org/10.1016/j.bios.2014.01.030
https://doi.org/10.1016/j.bios.2014.01.030
https://doi.org/10.1016/j.snb.2016.03.115
https://doi.org/10.1016/j.snb.2016.03.115
https://doi.org/10.1016/j.cej.2015.07.071
https://doi.org/10.1016/j.cej.2015.07.071
https://doi.org/10.1016/j.snb.2020.127779
https://doi.org/10.1016/j.snb.2020.127779
https://doi.org/10.1016/j.msec.2018.10.034
https://doi.org/10.1016/j.msec.2018.10.034
https://doi.org/10.3389/fchem.2020.602752
https://doi.org/10.3389/fchem.2020.602752
https://doi.org/10.1007/s10934-021-01164-3
https://doi.org/10.1016/j.snb.2018.09.076
https://doi.org/10.1016/j.snb.2018.09.076
https://doi.org/10.1039/d1nj04480j
https://doi.org/10.3390/chemosensors10100416
https://doi.org/10.3390/chemosensors10100416
https://doi.org/10.1016/j.jelechem.2022.116491
https://doi.org/10.1039/d1an02214h
https://doi.org/10.1039/d1an02214h
https://doi.org/10.1021/acs.analchem.1c04106
https://doi.org/10.1021/acs.analchem.1c04106
mailto:wangmei140227@163.com
mailto:y2329828242@163.com


1022 Sensors and Materials, Vol. 35, No. 3 (2023)

 Fang Liu received her B.S. degree from Zhengzhou Business University, 
China, in 2019 and her M.S. degree from Zhengzhou University of Light 
Industry, China, in 2022. Since 2022, she has been an assistant at Zhengzhou 
Technology and Business University. Her research interests are in sensors. 
(liufang960620@163.com)

 Liying Jiang received her B.S. degree from Zhengzhou University, China, in 
2002 and her Ph.D. degree from the Institute of Electronics, Chinese Academy 
of Sciences, China, in 2007. Since 2007, she has worked at Zhengzhou 
University of Light Industry, where she is now a professor. Her research 
interests are in biosensors and detection technology. 

  (jiangliying@zzuli.edu.cn)

mailto:liufang960620@163.com
mailto:jiangliying@zzuli.edu.cn

