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Research progress of electrode materials for non-
enzymatic glucose electrochemical sensors

Jianjun Liu,*@ Jijun Shen,® Shengchao Ji,? Qingyang Zhang® and Wei Zhao®

Glucose biosensors are mainly divided into two types. Traditional enzymatic glucose sensors with high

sensitivity and selectivity were developed and used early; however, they are sensitive to temperature and

pH and come at a high cost. In contrast, non-enzymatic glucose sensors have been widely studied

because of their stability and economy. Their research directions mainly focus on improving the detection
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ability and immediacy. Under these research directions, different electrode sensitive materials have been
continuously developed and studied. This article reviewed the research progress of non-enzymatic glucose
electrochemical sensor sensitive materials in the past five years. We also introduced the basic principles of

electrochemical detection, various electrode sensitive materials and the development direction of non-

rsc.li/sensors enzymatic glucose sensors.

1 Introduction

The commonly used methods of glucose detection are high
performance liquid chromatography,' spectrophotometry”
and a glucose biosensor method.’ Most of the commercially
available glucose detection devices are based on biological
enzymes, and they are the most researched and
commercialized biosensors in the field of biosensing.*” In
1964, Lyons et al.® proposed the use of biological enzymes as
an electrode to detect glucose, which laid a theoretical
foundation for the development of bio-enzyme glucose
detection. The enzymatic glucose sensor needs the
participation of oxygen in the process of catalyzing glucose,
and the detection result is greatly affected by oxygen
concentration. The electrode active material of the non
enzymatic glucose electrochemical sensor is an inorganic
material, which gets rid of some limitations of biological
enzymes. Therefore, compared with the enzymatic glucose
electrochemical  sensor, the non-enzymatic glucose
electrochemical sensor has the following advantages: firstly,
as active substances, inorganic materials have better chemical
stability and thermal stability than biological enzymes.
Secondly, the synthesis method for inorganic materials is
relatively simple, and the cost is low. Finally, inorganic
materials have a relatively long storage time and better
reproducibility.”
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2 Detection mechanisms of non-
enzymatic glucose sensors

The most important factor in the response of non-enzymatic
glucose sensors to glucose is the electrode-sensitive material
on the electrode surface. The reaction mechanism between
electrode-sensitive materials and glucose can be explained by
the following two models. The first is the activated
chemisorption model proposed by Pletcher® in 1984, and the
second is the initial hydrous oxide/atomic medium model
(IHOAM) proposed by Burke® in 1994.

As shown in Fig. 1, Pletcher assumes that glucose
molecules are first adsorbed on the electrode surface during
the catalytic oxidation of glucose. Due to the unpaired
d-electrons and unfilled d-orbitals of the transition metal
atoms on the surface of the electrode, they are susceptible to
redox reactions with the adsorbed glucose molecules. The
C-H bond on the hemiacetal carbon of the glucose molecule
breaks and combines rapidly with the electrode surface to
form a chemical bond.

The activated chemisorption model only explains the
adsorption process on the electrode surface but does not
consider the oxidation of hydroxyl radicals. Burke discovered
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Fig. 1 Mechanism of the activated chemisorption model® (M: metal
atom, C: hemiacetal carbon atom).
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that the active atoms on the electrode surface have low lattice
coordination and lattice stability, and the
polycrystalline surface of the discontinuous region is directly
exposed to the solution, which has higher reactivity and is
prone to pre-monolayer oxidation. Therefore, he proposed an
initial aqueous oxide atomic medium model in 1994, as
shown in Fig. 2, the active metal atom on the surface of the
electrode undergoes pre-monolayer oxidation to form an
initial hydrated oxide layer. The activation layer acts as a
medium and an inhibitor in the oxidation and reduction
processes to oxidize glucose to gluconolactone.

values

3 Structure of nanomaterials for
glucose detection

There are many structures of nanomaterials, such as hollow
sphere,' slice type,"* rod shape,'” flower shape'® etc. The
catalytic effect of different nanostructured electrode
materials on glucose is mainly reflected in two aspects: the
number of exposed active sites and the size of a surface
area. Glucose oxidation involves surface adsorption sites
and hydroxyl radicals, both of which can promote the
electrochemical oxidation of glucose. Nanoparticles,
nanowires and other structures can expose more active
sites, which can enhance the electrocatalysis of the
electrode surface; in addition, the rough surface can
increase the electrochemically active area, participate in
more electrochemical reactions, and generate a larger
response current. Wei'* believed that electrode materials
with complex hollow architectures, large specific surface
area, and porosity, as well as more inner cavities, are
widely employed for high-performance supercapacitors.
They prepared a complex nickel cobalt manganese sulfide
yolk-shell hollow sphere and proved their potential
application in high-performance electrochemical energy
storage (Fig. 3).

The roughness of the electrode material can be used to
increase the Faraday current of slow reaction, Park et al
used this principle to construct an electrode material with a
mesoporous structure on the surface of a platinum electrode
and used it for the detection of glucose. Park et al.® studied
the electrochemical behavior of a 3D-npPt membrane in the
electrocatalytic oxidation, O, reduction and H,O, reduction
of glucose. By comparing the glucose oxidation process on
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Roey M[OH],,, 0,4
(Glucose)
ne- ne-
Rox m* Oox
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Fig. 2 Mechanism of IHOAM.®
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Fig. 3 (a) SEM image of the CuC,O,4 hollow sphere.’® (b) SEM image
of the Cu,O/AuCu/Cu sheet! (c) SEM image of the NiCo,S4
nanorods.*? (d) SEM image of flower-like NiO.*

3D-npPt and 1D nanoporous Pt (1D-npPt), they found that
the overall electrode activity of 3D-npPt was significantly
higher than that of 1D-npPt, and the high catalytic activity is
attributed to the 3D structure of 3D-npPt, which increases
the active area of the electrode and reduces the pore
resistance.

4 Electrode sensitive material for
non-enzymatic glucose sensors
4.1 Precious metal-based non-enzymatic glucose sensors

Pt has high catalytic activity for small molecular
substances, it will not dissolve even in a strong acid, strong
alkali and high concentration salt medium. The surface of
Pt easily adsorbs small molecules due to insufficient d
orbital loading and further redox reaction with adsorbate at
a certain potential. Therefore, it is considered to be a
highly efficient electrocatalyst and is widely used in fuel
cells, water decomposition and glucose detection. Au can
also react with glucose to generate redox current under
neutral or basic conditions, but the effect is not as good as
pt."”

As shown in Fig. 4, Shim et a incorporated Au into
Au@Pt NPs to obtain Au@Pt/Au NPs by an acousto chemical
method and a potential step method. The Au core and the Pt
shell can increase the selectivity and sensitivity to glucose by
synergistic catalytic effects, and the bimetallic core-shell
structure prevents metal passivation. Electrochemical
performance tests showed that the electrode has a good
linear relationship to glucose in the wide linear range of 0.5-
10 uM and 100-10 000 uM, and the detection limit is 445 nM.
Table 1 summarizes the glucose sensors based on Au and Pt
in recent years and shows the key performance parameters
such as sensitivity, detection range and minimum detection
limit.
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Fig. 4 Schematic illustration of the synthesis of Au@Pt/Au NPs.*®

4.2 Non-enzymatic glucose sensors based on transition
metals and their compounds

Transition metal sensing materials have the characteristics of
rapid response, high sensitivity, good stability and low cost,
which showed unique advantages in the field of glucose
enzyme free electrochemical sensors.”” In the process of
catalytic oxidation of glucose, transition metal-based
electrode sensitive materials mainly involve redox reactions
between transition metal compounds with different valence
states.>® The hemiacetal carbon atom of the glucose molecule
is dehydrogenated on the surface of the electrode and then
combined with the active site adjacent to the surface of the
electrode. The dehydrogenated free radical intermediate is
further oxidized to gluconolactone and finally oxidized to
gluconolactone by hydrolysis. During the reaction, the
transition peak of the transition metal compound coincides
with the oxidation peak of glucose, which proves that the
transition metal acts as a reactive center to participate in the
catalytic oxidation process of glucose.”* Metal and metal
compound electrodes based on Cu, Co, and Ni have become
research hotspots due to their good catalytic properties
among many transition metal materials.

4.2.1 Non-enzymatic glucose sensors based on copper and
its compounds. Copper is a very promising metal material

Au Electro-deposition

AuNPs modified
carbon electrode

with good electrical conductivity and abundant reserves on
earth. Various forms of Cu-based glucose sensors have been
developed, such as Cu,® Cu,0,>° CuO,”” and CuS.*® The
oxidation peak range of Cu based materials is wider than that
of many catalysts, about 0.3 to 0.5 V (relative to Ag/AgCl).
However, the oxidation peak of Cu(u) contains a high
background current, and it is difficult to distinguish when
the intensity of the oxidation peak is weak.

Liu et al® synthesized a copper oxide nano-array (CuO
NWA) on copper foam (CF) (Fig. 5); the nano-array on the CF
increases the specific surface area and the number of active
sites, and it also increases the electron transport rate and
enhances the electrocatalytic performance. The CuO NWA
electrode exhibits an extremely high sensitivity (32330 pA
mM™" em™) to glucose in the concentration range of 10 to
500 uM and an ultra-low detection limit (20 nM). It has a
lower relative standard deviation when the sensor is used to
detect glucose in iced black tea. Table 2 summarizes the Cu-
based glucose sensors in the past three years and shows the
key performance parameters in detail.

4.2.2 Non-enzymatic glucose sensors based on cobalt and
its compounds. Cobalt-based metal compounds have been
widely studied as catalysts in the field of glucose sensor
sensitive materials.*® Cobalt oxide has three polymorphic
substances: CoO, Co,0; and Co;0,. Compared with the other

Table 1 List of Au-based and Pt-based electrochemical non-enzymatic glucose sensors

Electrode materials  Sensitivity (/A mM ™' ¢cm™)  Linear range (uM)

LOD (uM)  Operation potential (V)  Chemical environment  Ref.

Au foam — 0.5-12 000
Au/ZnO 4416 ~15000

Pt/Au — 0.5-10, 10-10 000
Ag@Ni-MOF 160.08 5-500

38 | Sens. Diagn., 2023, 2, 36-45

0.14 0.10 0.3 M NaOH 19
0.12 0.80 0.1 M PBS (pH = 7.0) 20
0.45 0.35 0.1 M PBS (pH = 7.4) 18
5 0.50 0.1 M NaOH 21

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fabrication procedure of CuO NWA/CF.2°

two polymorphic materials, Co0;0, is cheap and
environmentally friendly and has high electrical conductivity
and electrocatalytic properties.®> Cobalt exists in various
forms in an alkaline solution, and there are many redox
peaks in the cyclic voltammogram of cobalt involving Co (0)/
Co(u), Co(1)/Co(m), and Co(ur)/Co(v) transitions. Studies have
found that most catalytic oxidation reactions for glucose are
carried out by Co(m)/Co(iv) redox couples.*® Co;0, has a
special spinel structure in which one of the three Co atoms is
in the Co(u) state, and the other two are in the Co(m) state.
Under strong alkaline conditions, Co;O, may be oxidized to
CoOOH to catalytically oxidize glucose.

Li et al®” used CuCl, and CoCl, as raw materials to
synthesize Co-MOF nanosheets on foamed nickel by a
hydrothermal method. As can be seen in Fig. 6, the
synthesized Co-MOF is an ultra-thin layered structure.*® In
an alkaline medium, the coordination interaction between
Co®" and organic molecules becomes weak, and the released
Co>" reacts with OH™ in solution to form CoOOH.*° The
reaction mechanism can be expressed by eqn (1)-(3):*°**

Co>" + nOH™ + H,0 — CoOOH + ne” (1)

CoOOH + H,0 — Co* +30H™ + e~ (2)

Co-MOF + glucose — CoOOH + glucolactone + H,O  (3)
Co-MOF/NJF is a glucose-sensitive material with excellent
performance. The response range for glucose is 1-3000 uM,
the sensitivity is 10886 uA mM ' cm >, and the detection
limit is 1.3 nM. Table 3 summarizes the Co-based glucose

sensors in the past three years and shows the key
performance parameters in detail.

Table 2 List of Cu-based electrochemical non-enzymatic glucose sensors
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Fig. 6 (a) XRD pattern of COMOF and the synthesized CoMOF sample.
(b and c) SEM images. (d) HRTEM images.*”

4.2.3 Non-enzymatic glucose sensors based on nickel and
its compounds. Similar to the above two metal elements,
nickel and its compounds are also widely studied by
scientists. Nickel based compounds are widely used in energy
storage and electrocatalysis due to their low natural
abundance, low cost and excellent electrochemical activity."”
Their active centers mainly come from the redox pairs of
Ni(u)/Ni(m) (Fig. 7).*®

Wang et al.*® prepared composites (Ni/NiO/NG) in doped
graphene by isolated air calcination. Ni/NiO/NG has a mixed
valence state, and the special microporous scaffold structure
provides a strong support force and responds well to glucose.
The sensitivity of the Ni/NiO/NG electrode is 3251.8 pA mM '
cm > with a detection limit of 32 nM; in addition, the
electrode also shows excellent selectivity, repeatability, long-
term stability and high tolerance to chloride ions. Therefore,
the Ni/NiO/NG non-enzymatic glucose sensor is expected to
be a candidate for practical applications. Table 4 summarizes
the Ni-based glucose sensors in the past three years and
shows the key performance parameters in detail.

4.2.4 Non-enzymatic glucose sensor based on other
transition metals and their compounds. As glucose sensitive
material, the three transition metals mentioned above and
their compounds are the most studied by researchers. In
addition, some materials are also used in the field of glucose
sensors, but there are few related reports, such as Zn,*” Fe,*®
Mn,”” etc. Their elemental or single oxides are not very

Electrode materials ~ Sensitivity (1WA mM ™" cm™)  Linear range (uM)  LOD (uM)  Operation potential (V) ~ Chemical environment — Ref.
CuS 13620 160-11 760 2.72 0.50 0.1 M NaOH 28
Cu,O 1470.85 1-700 — 0.50 0.1 M NaOH 30
Cu/CuO 33950 1-5000 0.33 0.65 1.0 M NaOH 31
Cu,O/Cu0 1212.02, 852.80 10-200, 500-1600 — 0.40 0.5 M NaOH 32
Cu/CuS 5020 0.1-500 0.33 0.55 0.1 M NaOH 33

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Electrode materials ~ Sensitivity (1A mM " ¢cm™)  Linear range (WM)  LOD (uM)  Operation potential (V) ~ Chemical environment  Ref.
Co 10886 1-3000 0.0013 0.50 0.1 M NaOH 37
Co030, 2550 1-122 0.28 0.50 0.1 M NaOH 43
CoTe, 16 800 10-5000 0.59 0.60 0.1 M NaOH 44
Co(OH), 1646 0-3000 0.5 0.55 0.1 M KOH 45
Cu/Co(OH), 42700 1-250 0.073 0.50 0.1 M KOH 46
N\
Ni(NO;),* 6H,0 glucose
- gluconolactone
o} OH
\j < > <\ Oil bath Annealing
HO o}
+ DMF,100°C 24h 350,400,450°C,Ar
N N
=7
N 7/ Ni,(BDC),TED NI/NIO/NG composites
Fig. 7 The construction schematic of the Ni/NiO/NG nanocomposite electrode as well as the schematic of its glucose sensing mechanism.*®
Table 4 List of Ni-based electrochemical non-enzymatic glucose sensors
Electrode materials ~ Sensitivity (WA mM ™' em™)  Linear range (uM) LOD (uM) Operation potential (V) Chemical environment Ref.
NiO 206.9 0.1-10000 1.16 0.55 0.1 M KCI + 0.5 M NaOH 50
Ni(OH), 11171 1-400 — 0.60 0.1 M KOH 51
Ni-N-C 1181 1-1200 0.15 0.50 0.1 M NaOH 52
Ni (OH),/3DGF 2366 0.32-2200 0.32 0.40 0.2 M NaOH 53
Ni/Ni(OH), 1078 200-6000 200 0.60 2.0 M NaOH 54

effective in the catalytic oxidation of glucose, but they can be
combined with those with high -catalytic properties to
improve the performance by utilizing the synergistic
relationship between different metal elements. In addition,
transition metal based nitride,*® phosphide,® sulfide*® and
selenide® are also commonly used catalyst materials for non-
enzymatic glucose oxidation. Table 5 summarizes the non-
enzymatic glucose sensors based on other transition metals
and their compounds in recent years and shows the key
performance parameters in detail.

4.3 Non-enzymatic glucose sensors with specific binding for
glucose

In addition to the several sensitive materials described above,
we can find a functional material that has a specific response

to glucose, such as boric acid and its derivatives, and a
conductive polymer based on molecular imprinting
technology (MIP), which has excellent selectivity for glucose
molecules.

Kuivila et al.®® first reported that phenylboronic acid and
its derivatives could bind to sugars and form cyclic lactones
in 1954, opening the door to the use of boric acid as a sugar
recognition molecule. Lorand et al®” further studied the
principle of binding between phenylboronic acid and sugar
and pointed out that in an alkaline environment, the
phenylboronic acid neutral molecule is converted to an
anionic state, the boron atom is changed from sp”
hybridization to sp® hybridization, and the boric acid
configuration is changed from a planar triangle to a
tetrahedral configuration. They also pointed out that boric
acid could combine with 1,2- or 1,3-dihydroxy compounds to

Table 5 List of other transition metals-based electrochemical non-enzymatic glucose sensors

Electrode materials ~ Sensitivity (1A mM " ¢cm™)  Linear range (WM)  LOD (uM)  Operation potential (V) ~ Chemical environment  Ref.

Cu-Ag-Zn 3572 0-6000 0.37 0.10 0.1 M NaOH 61

Ni-Al-Mn 2253 15-8000 1.49 0.80 0.1 M NaOH 62

Co-P/Cu 1818 500-2500 0.378 0.60 0.1 M KOH 63

Sno, 121.2 0.12-7800 0.04 0.90 0.1 M PBS (pH = 6) 64

Fe;0,4/rGO 81.81 0-12 000 4.1 0.40 0.02 M PBS 65
21.54 1000-19 000 2.2
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Table 6 List of boric acid and MIP-based electrochemical non-enzymatic glucose sensors

Electrode materials Sensitivity Linear range (uM) LOD (uM) Chemical environment Ref.
MIP/CD — 0.5-40, 50-600 0.09 0.05 M PBS 74
MIP — 0.32-1000 0.19 0.1 M PBS (pH = 7.4) 75
GO-MIP — 10-6000 0.02 PBS (pH = 5.0) 76

form a five- or six-membered cyclic lactone. The cis-ortho-
dihydroxy group in the sugar ring structure has a stronger
binding ability to boric acid than the simple chain-like
ortho-dihydroxy compound (such as ethylene glycol).
Therefore, boric acid can be used as a recognition site for
saccharide sensors in the field of glucose detection. Liu
et al.®® presented a continuous glucose monitoring platform
consisting of a quartz crystal microbalance (QCM) quartz and
a flexible hydrogel recognition system. A stretchable hydrogel
is employed as the support material and antifouling
membrane, and glucose-sensitive monomer phenylboronic
acid (PBA) is employed as the recognition part. The hydrogel
membrane with PBA firmly adhered onto the electrode
surface of the quartz crystal, and the lower limit of glucose
detection of the platform was 0.15 mg L™".

MIT refers to the process of preparing a polymer with
specific recognition for a specific target molecule,* it is a
powerful technology for synthesizing high molecular type
artificial receptors,”” MIT has been widely used in the fields
of chromatographic separation,”* chiral separation’> and
sensing probe.”® MIT-based polymers (MIP) have a selective
response to target molecules of natural receptors,’* and in
MIP-based glucose sensors, a monomer having a functional
moiety is polymerized with glucose to produce a specific
polymer template for identifying glucose, which can be
detected by reading an identification signal. MIP has high
selectivity to glucose, good stability and low cost; however,
MIP has a longer response time to glucose and is susceptible
to external environments such as temperature and pH. There
are currently few papers on the detection of glucose
molecules. Table 6 summarizes the non-enzymatic glucose
sensors based on boric acid and MIP in recent years and
shows the key performance parameters in detail.

5 Summary

In this paper, we review the electrode materials available in
non-enzymatic glucose sensors in recent years and their
research status, including precious metals, transition metals,
and substances that specifically respond to glucose. Precious
metals have high electrocatalytic activity for glucose, but their
sensitivity and stability are poor. Transition metal,
represented by Cu, Co and Ni, have good electrocatalytic
activity and stability for glucose, but the selectivity is poor,
and the catalytic activity is greatly affected by nanomaterials.
Electrode materials with a specific selectivity for glucose are
too dependent on the balance between glucose and
functional groups, the reaction conditions are harsh, and the
linear range and stability need to be improved. We also need

© 2023 The Author(s). Published by the Royal Society of Chemistry

to conduct deeper research to combine the advantages of
materials to make up for their problems and shortcomings in
sensing performance (Fig. 8).

6 Outlook

Since 2000, non-enzymatic glucose sensors have achieved
tremendous development, and the number of articles on
glucose sensors has been increasing year by year. In the past
three years, the number of articles on glucose sensors on
ScienceDirect is 1910 (2019), 2190 (2020), and 2804 (2021),
indicating that there is still room and potential for the
development of non-enzymatic glucose The
development of nanomaterials and nanotechnology can
provide more options and possibilities for the further
development of glucose sensors.

Previously, the detection of glucose basically requires
blood, which is a non-continuous invasive test. If we develop
a non-invasive detection method to detect the concentration
of glucose in the body, such as saliva,”” tears,”® sweat,” etc.,
this will be a huge advancement in glucose detection
technology and a huge boon for patients. At present, some
research teams have tried in this direction. Garcia-Carmona
et al.®® designed a pacifier-type wireless device that can detect
blood sugar levels by detecting the baby's saliva. Liu et al.®!
reported a new device that can detect the amount of glucose
The team integrated highly sensitive In,O;
nanostrip field effect transistors (FETs) into substrates and
devices for glucose detection. Non-intrusive sensors have too
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Fig. 8 Chart of the latest publications for enzyme-free glucose
sensors as a function of year (results collected using the ScienceDirect
database with the “non-enzymatic glucose sensors” as the search
term).
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many interference factors in the detection process, and the
accuracy and repeatability are yet to be confirmed; besides,
the correlation between saliva, tears, other fluids and blood
glucose concentrations remains to be verified. Researchers
need to conduct deeper research on the sensing mechanisms
and influencing factors to provide more effective solutions
for the development of commercial non-enzyme sensors.*
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