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Diabetes is a health disorder that necessitates constant blood glucose monitoring. The industry is always
interested in creating novel glucose sensor devices because of the great demand for low-cost, quick, and precise
means of monitoring blood glucose levels. Electrochemical glucose sensors, among others, have been developed
and are now frequently used in clinical research. Nonetheless, despite the substantial obstacles, these
electrochemical glucose sensors face numerous challenges. Because of their excellent stability, vast surface area,
and low cost, various types of 2D materials have been employed to produce enzymatic and nonenzymatic glucose

sensing applications.

glucose sensor 2D materials electrochemical sensor wearable and flexible sensor

photoelectrochemical sensors

| 1. Introduction

Diabetes was the seventh leading cause of mortality worldwide in 2016, according to the World Health
Organization (WHO). Diabetes-related early death has been continuously rising. There were around 1.6 million
deaths globally in 2019. According to the WHO, diabetes is a major cause of various health effects, including
blindness, lethargy, kidney failure, strokes, numbness, and heart attacks . Our mental pictures of diabetes are of
overweight people and the elderly. According to current ICMR studies, over 96,000 children suffer from diabetes,
with nearly 16,000 new cases diagnosed each year in children under the age of 14. As a result, there is a risk that
diagnoses may be overlooked and treatment will be delayed, resulting in a potentially fatal illness . Thus, glucose

monitoring is an important tool for diabetes diagnosis 2.

Several types of biosensors have been developed for this purpose. They include invasive, non-invasive glucose
monitoring systems, and continuous glucose monitoring systems (CGM). In this sector, reliable and accurate
glucose monitoring is always a major difficulty. Recently, a report by Nava et al. provided a systematic review of the
comparative diagnostic accuracy of CGM devices in preterm infants. They used a bivariate model to summarize
the receiver operating characteristic curve (ROC) curve and extract the area under the curve (AUC). According to
their findings, CGM systems have low sensitivity for detecting hypoglycemia in preterm newborns, but good

accuracy for identifying hyperglycemia . As a result, new approaches are continually being developed, and
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minimally invasive glucose monitoring technologies have sparked a lot of interest in this field. A biosensor’s main

components include:

(1)A biological element that distinguishes the analyte from other substances;

(2)A transducer, which converts the biorecognition event into a quantifiable signal;
(3)A processing system that converts a quantifiable signal into a readable signal &,

Various types of transducers employed for the detection are calorimetric, thermometric, magnetic, optical,
piezoelectric, electrochemical transducers, etc. Calorimetric transducers rely on changes in heat energy caused by
chemical reactions between the bio-analyte and enzymes [8. Thermistors are commonly used to detect
temperature changes. Magnetic transducers detect changes in the magnetic properties of magnetic fields such as
direction, intensity, and flux 4. Optical transducers make use of the interaction of the optical field with bio
components 8. Piezoelectric transducers operate on the basis of a change in the frequency of oscillations that is
proportional to the mass bound to the surface of the electrode & Finally, electrochemical transducers rely on
changes in electrical signals caused by electrochemical processes at the electrode surface, which are directly
proportional to analyte concentration &, Among all these, electrochemical glucose sensors have a high potential
due to several appealing features such as low cost, fast response time, high sensitivity, ease of operation, and
excellent miniaturization and construction potential for portable glucose sensing devices for point-of-care (POC)

applications 19, The advantage and disadvantages are given below in Table 1.

Table 1. Advantages and disadvantages of electrochemical glucose sensors based on 2D materials.

Pros Cons

Low power requirements, linear output, and good resolution
Excellent repeatability and accuracy

Less expensive

Fast response time with high sensitivity and low detection limit
Multianalyte detection [

Narrow or limited temperature range
Short or limited shelf life

The transduction techniques used in electrochemical glucose sensors are amperometry, conductometry;
capacitive, impedance spectroscopy; voltammetry and potentiometry (ion-selective) field effect transistor. Its

features are discussed below in Table 2.

Table 2. Different types of electrochemical sensors.

Amperometry Conductometry Voltammetry Potentiometry
Amperometry means the Response of the Here measurements In this technique,
measurement of the conductometric enzyme are related to the negligible bias current
current flow in a closed biosensors is mainly due to  recording of either the flows as the potential
loop of cells using an protons generated by a current-time or the between a working
excitation signal biocatalytic reaction inside current-voltage electrode and a
produced by the the layer of immobilized relationship by applying  reference electrode is
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Amperometry
generator
Advantages are

e Good sensitivity and

low detection limit

« Excellent stability
makes them
particularly suitable
for long-term

monitoring

Disadvantages are

« Upon applying a high
polarizing voltage
(Eapp = 0.6-0.8 V),
interfering molecules

such as uric acid and

Conductometry
enzyme
Advantages are

o Suitable for

miniaturization
« No light sensitivity

e Do not need any
reference electrode,
and the driving voltage
can be sufficiently small
to decrease the sensor
power consumption
substantially and
reduce safety problems

when used in living

Voltammetry
known potential varying
between the WE and
REF electrodes
Advantages are
Simplicity, sensitivity,
speed, and low costs

Potentiometry
measured across some
interface
Advantages are

» No extra potential is

required
» Simple, compact

» The negligible
current flow means
the technique should
be more resistant to
interferent effects
and ohmic drop

considerations

e Miniaturization

organisms. _
ascorbic acid, which without loss of
Disadvantages are sensitivity
Not very specific (less

selective) [13]

are commonly present
in biological fluids, are )
Disadvantages are
Not very specific (less
selective) 14

also oxidized, leading

to nonspecific signals

(2] h interest

Jroperties
of developing nanostructures based on two-dimensional (2D) advanced materials has resulted in significantly
better sensor performance in terms of sensitivity and selectivity 22, These recent advances have also improved the

key sensor properties related to biofouling, long-term use, limit of detection, and wearability.

Reviews on electrochemical glucose sensors have already been published, encompassing their operational
principles 181 history 17, important breakthroughs, and the issues these electrochemical glucose sensors confront.
There are also papers discussing the utilization of nanostructures for electrochemical glucose sensors 9. For
example, graphene-based electrochemical sensors for the detection of glucose were well-reviewed by Zhang et al.
(18] After graphene, a large number of 2D materials were discovered and are also widely used in electrochemical
glucose sensing. However, comprehensive reviews discussing the 2D materials for enzymatic and non-enzymatic

electrochemical sensors are rare.

The first half of this entry presents the mechanisms of electrochemical glucose sensors, followed by a discussion of
recent advancements based on the use of 2D materials to improve glucose sensor performance. The second
section focuses on wearable glucose sensors and provides a comprehensive analysis of different innovative non-
invasive detection concepts, as well as associated limitations, challenges, and prospects. The fast advancement of
wearable and mobile technologies has sparked considerable interest among researchers in non-invasive glucose

biosensing. The last decade has also witnessed the development of photoelectrochemical glucose sensors.
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Despite its late beginnings, PEC glucose sensing has grown rapidly as a significant branch of electrochemical
glucose detection. There are some noteworthy reviews available that state advancements in PEC sensing and
performance. However, no review concentrating on PEC glucose sensing based on 2D materials has been

described thus far.

To further understand the achievements of the last decade in depth, the readers must go through recent topics
such as nanomaterials-based electrochemical glucose sensors, graphene-based electrochemical glucose sensors,

PEC sensors, advances in wearable sensors, and so on [L[21]119]{20]

This entry covers the state of the art of electrochemical glucose sensors based on 2D materials developed
primarily from 2010 onwards. Figure 1 shows the summary of the entry.

Photoelectrochemical

Figure 1. Summary of recent advancement of two-dimensional materials for electrochemical glucose sensors.

Commercialy Available Electrochemical Glucose Sensors
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The Graphene Market and 2D Materials Assessment Report (2021-2031) predicted 18 primary application areas
and the transition of graphene biosensors from the laboratory to the commercial market in the coming decades.
According to this assessment analysis, the graphene market is expected to expand from $100 million in 2020
to $700 million by 2031 21, This success will take time and will be the result of ongoing global research and
commercialization initiatives. There is a race to commercialize graphene-based glucose sensors, and their
introduction will transform the way diseases are diagnosed and treated. Patients will obtain test results quickly,
diagnoses will arrive on-site in minutes, and treatment can begin immediately, saving important and precious time.
For example, in partnership with integrated graphene, researchers from the University of Bath recently developed
an electrochemical sensor whose function is unaffected by changes in pH or temperature. Boronic acid is used in
the new sensor, which is connected to a graphene foam surface. On top, an electroactive polymer layer bind to the
boronic acid. When glucose is present, it binds to the boronic acid competitively, displacing the polymer. The
sensor generates an electric current proportional to the amount of polymer displaced, allowing the concentration of
glucose in the sample to be precisely detected 22, Even though this 2D-material-based glucose sensor shows
guite satisfactory properties for glucose sensing, it should be noted that the electrochemical glucose sensors in the
current market are still based on noble metal catalysts. However, there was a trend for graphene-based
electrochemical glucose sensors. The global market trends and opportunities show that glucose sensors based on

2D materials are on an upward trend.

| 2. 2D Materials for Electrochemical Glucose Sensing
2.1. Graphene

Since Novoselov and Geim discovered graphene in 2004, it has been a prominent carbon material. Graphene is a
type of carbon material that features a honeycomb-like crystal lattice and an ultrathin one-atom-thick sheet
structure. Graphene-based materials show potential application in electrochemical glucose sensing. Table 3 shows
the properties of graphene that facilitate glucose sensing. The quantity of research publications and reviews on
graphene and graphene-hybrids for electrochemical sensing has been steadily increasing in recent years. Different
research groups have thoroughly examined graphene-based electrochemical glucose sensors. Zhang et al. 18
reviewed the current achievements in the preparation of graphene-based material for electrochemical glucose
sensing. G. Gnana Kumar reviewed non-enzymatic electrochemical glucose sensors based on graphene 8],
According to these reviews, graphene is a promising material for electrochemical glucose detection. Comparing
GO and rGO, pristine graphene has less interfacial contact; hence GO and rGO were widely utilized in high-
performance glucose sensors. Since the application of graphene-based electrochemical glucose sensors was

already reviewed in 2018 and 2017, researchers will focus here on the studies done after 2018.

Table 3. Properties of 2D materials required for sensing.

https://encyclopedia.pub/entry/24963 5/23



Electrochemical Glucose Sensors Based on 2D Materials | Encyclopedia.pub

2D

Materials Properties Required for Sensing

(1)Large surface area aids in the adsorption and diffusion of glucose over the electrode, a larger

sensing signal and improved sensitivity.

(2)GO as well as rGO can improve the interfacial contact between the electroactive material and

the current collector and thereby preventing glucose oxidation

(3)Because of the excellent mechanical and thermal stability, graphene can help improve catalyst
Graphene stability.

(4)Biocompatible

(5)with its negative charge, hydrophilicity, and surface smoothness, graphene is a good
antifouling material that can repel negatively charged and hydrophilic foulants and effectively

avoid sensitivity loss.

(1)Compared to other 2D materials, MXene offers a distinct advantage in terms of electrical
conductivity, which is crucial for increasing the rate of heterogeneous electron transport. Its
high conductivity is one of the primary reasons for its application in electrochemical glucose

Sensors.

(2)MXene is an easy to synthesize compound with good stability and solution dispersibility. This is
crucial for producing electrochemical glucose sensors since drop-casting is the most prevalent
process for making modified electrodes, which needs the preparation of the appropriately

MXene
dispersed coating solution in advance.

(3)MXene is an effective substrate material for printing inks.

(4)Because of its outstanding stretchability and biocompatibility, MXene can be a powerful
substrate for the development of flexible conductive platforms that can be used to construct

wearable electrochemical glucose sensors 23,

TMDs (1)with TMDs nanosheets and their noble metal nanocomposites, electrochemical sensors have
improved capabilities due to lower charge transfer resistance and the availability of more
reaction sites.

(2) A higher surface-to-volume ratio and a smaller size 24!

@)
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2D . . .
Materials Properties Required for Sensing
Two-dimensional TMD nanosheets are appealing as electrochemical glucose sensors because
of their superior conductivity, huge surface area, high signal/noise ratio and quick electron
transfer kinetics and, most importantly, their ability to create composites 25],
(1)Methods of synthesis are simple and inexpensive
(2)Rough surface enhances the mobility of analyte
(3)Layers can be effectively tailored to intercalate preferred anions ticles and
nzym
LDH ) o ) o S enzyme
(4)Provide surfaces where enzymes can maintain their activity inorganic
. rated GO
(5) Allow for easy loading of catalysts _
with Au
(6)Surfaces can be used to immobilize some modifiers or biomolecules. jent. With
2 202 using

an enzymatic catalytic process, resuiting in a significant increase Iin electric current. The doping of AUNPs over GO
NFs helps to enhance the sensitivity of glucose. The growth mechanism for Cu-nanoflower follows the nucleation
and growth phases. While the Cu?* ion interacts with the phosphate anion in PBS solution to form a copper
phosphate crystal, the amide backbone in proteins (HRP and GOx) coordinates with the crystal to form the Cu—
protein complex. This complex acts as a seed for the nanoflower, and the nuclei expand over time to form the
nanoflower’s petals. A multi-layered nanoflower structure might be formed by a sequence of these successive
processes. The Cu-nanoflower reacts with the glucose itself, forming a synergetic action with the GO NFs and
AuUNPs. Its stability was bolstered by the GO NFs as a backer. Because the 3D-structured AuNPs increase the
surface area of the AuNPs, an intrinsic peroxidase-like activity could help HRP improve the electrochemical
activities 281, The immobilization of the enzyme over the nanoflowers such as Cu helps to enhance the sensitivity,
durability as well as stability. In addition to this, GO NFs as a supporter also enhance the stability. This sensor

shows excellent current even after 20 days suggesting the potential for field use.

Another electrochemical sensor was fabricated by Mao et al. He used rGO to improve the sensitivity and selectivity
of the ZnO nanorod biosensor. In this work, the ZnO nanorods were hydrothermally synthesized over a
polyethylene terephthalate (PET) substrate. The ZnO/PET working electrode was then coated with
electrodeposited rGO, and AuNPs were scattered on the surface, resulting in ZnO/rGO/AU/PET. Lastly, the GOx
was physically adsorbed on the electrode’s surface, yielding a GOx/rGO/ZnO/AuU/PET glucose sensor with a
sensitivity of 56.32 yA mM 1 cm™ and a linear range of 0.1 to 12 mM 27, However, under 10 cycles of bending,
this working electrode exhibits good current responsiveness. However, after 15 cycles, the device’s performance is
poor because GOx and rGO peel away from the ZNO nanorod, resulting in microcrack development 24, Hossain
and Slaughter have suggested a hybrid glucose biosensor employing MWCNTs and graphene with great sensitivity
and selectivity. A one-step solvothermal approach was used to make a solution containing both MWCNTs

functionalized with carboxylic groups and chemically-derived graphene. PtNPs were electrochemically deposited
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onto a thin layer formed by drop-casting this suspension onto an Au electrode. Finally, GOx was immobilized and
coated with Nf on the nanostructured electrode. The hybrid biosensor was built with a sensitivity of 26.5 pA

mM~lcm=2 and a linear detection range of 0.5 to 13.5 mM [28],

2.1.2. Non-Enzymatic Glucose Sensors Based on Graphene

A large number of transition metal nanoparticles such as platinum (Pt), gold (Au) and palladium (Pd) were
synthesized and employed in non-enzymatic sensors. These metal nanoparticles have an electronic structure
having unpaired-d electrons, and unfilled d-orbitals help in the electrocatalytic activity of glucose. In order to
enhance the electrocatalytic activity of glucose, several supports have been investigated, among which GO serves
as a suitable supporting material. Because of its high catalytic activity and stability, platinum is commonly employed
as an electrocatalytic electrode material. Sakar and colleagues describe a unique design of glucose sensor with
graphene Schottky diodes consisting of a graphene (G)/platinum oxide (PtO)/n-silicon (Si) heterostructure, taking
into mind the benefits of combining graphene with the platinum electrode. They discovered that the platinum oxide
film thickness affects the sensor’s sensitivity and that raising the PtO film thickness can increase the sensor’s
sensitivity by up to 150%. This was ascribed to an increase in the number of active sites for glucose oxidation and
the thickness of the graphene layer, resulting in increased charge carrier mobility and concentration. The device
works by glucose molecule oxidation over the surface of the suggested heterostructure electrode due to the
catalytic activity of the PtO thin film. Aside from that, the glucose molecules are broken down into gluconolactone,
which creates gluconic acid, H,, and electrons. The current was measured from the graphene surface after
applying a forward bias to the Si terminal. The physisorption interaction between PtO (metal-semiconductor
Schottky junction) and graphene caused a shift in graphene’s fermi-level location and p-doping 22. Here graphene
is employed as both a protective and sieving layer to protect the PtO film and further enhance the sensor stability

and selectivity.

Compared to Pt-based electrodes, the main advantage of using Au-based electrodes for glucose sensing is the
higher current response, which allows for higher sensitivity and the ability to detect glucose at a neutral pH.
However, the main drawback of Au-based electrodes is the low glucose oxidation efficiency on the Au electrode
surface, which can be mitigated by using arrays of nanoelectrodes separated by non-electroactive materials.
Furthermore, because these electrodes are better activated in alkaline solutions, they cannot be used in in vivo
studies, they have surface contamination from anions such as phosphates and chlorides, and their selectivity is
significantly smaller than Pt-based electrodes. Scandurra et al. prepared a graphene paper-based electrode using
the dewetting technique. In this case, an 8-nm-thick Au layer was sputtered onto graphene paper before being
dewetted with a laser. Dewetting with a laser-produced smaller AuNPs on the electrode surface. The sensor’s
sensitivity was 1240 pA mM~1 cm=2 39,

Combining the advantages of another transition-metal oxide palladium (Pd) and CNT with graphene nanoplates,
Kiattisak et al. modified glassy carbon (GCE) using a nanocomposite of multi-walled carbon nanotubes wrapped

with palladium nanoparticle-graphene nanoplatelets (PANPs-GNPs/MWCNTSs). This modified GCE was coupled
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with a flow injection amperometric detector where this sensor exhibits a detection limit of around 0.008 mM. The
following reactions can be used to describe the mechanism of glucose oxidation by Pd nanopatrticles.

Pd + Glucose - Pd-Glucose 445 + H" + €7 (1)
Pd (OH), + glucose - Pd + gluconolactone + H,0 (2)
Pd + 20H™ - Pd (OH), + 2e™ (3)

Electrode materials such as Au and Pt are suitable for glucose detection, but they are costly. As a result, non-
precious transition metals such as nickel (Ni) and copper (Cu) and their oxides have been studied. Despite the
wide range of catalytic materials available for glucose sensors, nickel (Ni)-based nanomaterials have attracted
researchers’ interest due to their high catalytic activity for glucose oxidation in alkaline medium, resulting in NiOOH
and Ni(OH), species. Despite their high electrocatalytic activity, surface fouling from glucose oxidation
compromises their stability. As a result, a conductive nanostructured substrate is required to improve electron
transport and electrode stability against Ni glucose oxidation. Considering graphene’s excellent properties as a
catalyst support material, Jothi et al. fabricated a non-enzymatic glucose sensor based on graphene
nanoribbon/graphene sheet/nickel nanoparticles to prevent re-stacking and increase surface area. This Ni-based
hybrid has a larger specific surface area, more active sites, and better electrical conductivity, allowing for easy ion
transport and unrestricted OH- diffusion throughout the electrochemical process. The mechanism of glucose
oxidation by Ni nanoparticles can be explained using the reactions listed below B,

NiO(OH) + glucose — Ni(OH), + gluconolactone (4)

Gluconolactone — gluconic acid (5)

Among these Ni-based materials, Ni-based porous materials have a large surface area, and more active sites have
been used as sensitive materials for glucose sensors. To exhibit the full potential of porous Ni materials, different
kinds of substrates such as Ni foil, SPEC, and Cu foil have been used. Still, the electron transferability of porous Ni
is still weak. Exploiting the properties of graphene, where graphene provides anchoring, conducting and separating
actions, Ren et al. prepared a porous Ni over exfoliated graphene by using the hydrogen bubble method over the
Cu foil substrate. This porous sensor shows high sensitivity due to the high electron transfer ability between the
active reaction centre and electrode induced by the graphene [B2. Another Ni/graphene hybrid material was
reported by Lavanya et al. where this hybrid material was synthesized using a simple in situ chemical reduction
method. To begin, Ni** was adsorbed onto the GOR and GOS surfaces via the electrostatic interaction between
functional groups (epoxy, carboxyl, and hydroxyl groups) and the Ni?* on the GOR and GOS surfaces. The
Ni(OH), developed in GOS after adding NaOH precipitant was then co-reduced with the help of hydrazine hydrate.
The reducing agent contributes to the reduction of GOR and GOS, the conversion of Ni?* ions to Ni® nanoparticles,
and the development of Ni nanoparticles in the GS/GNR network throughout this process. This sensor shows a
detection limit of around 2.5 nM, and this superior catalytic performance of this sensor was due to the synergistic
action of Ni nanoparticle and GS/GNR hybrid network. The Ni nanoparticles were uniformly dispersed throughout

the GS/GNR hybrid to increase electrical conductivity, a greater surface area with more active sites, and
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unrestricted flow of OH- ions during the electrochemical process. The incorporated Ni nanoparticles are an
effective catalytic active material for direct glucose oxidation, which improves electron transfer and results in a high
lower detection limit, selectivity, and good sensitivity for glucose detection. Here during the co-reduction of GOR,
GOS and Ni(OH),, the abundant functional groups in the basal and edges of GOR and GOS offer additional
anchoring sites for the incorporation of more Ni nanoparticles, i.e., catalytic site, and increase the rate of electron

transfer between the electrode and glucose and thereby enhancing the performance of sensor 311,

According to recent research, bimetallic materials, particularly bimetal alloys, outperform monometallic
counterparts in catalytic performance. Several studies on the performance of bimetallic materials for glucose
sensing have been published. However, its performance can be improved by using a support material such as
graphene. Deng et al. created a NiFe alloy nanoparticle/graphene oxide hybrid (NiFe/GO) based on this [23l.
Rukiye et al. described another Ni-based bimetallic material in which the working electrode was decorated with
monodisperse platinum—nickel nanocomposites-decorated on reduced graphene oxide (Pt/Ni@ rGO)
manufactured utilizing a novel ultrasonic hydroxide aided reduction technique. This sensor shows excellent
electrochemical activity with a sensitivity of around 171.92 pA mM~1 cm?2 and LOD of 6.3 pM [24],

Among the transition metallic nanoparticles, metal sulfides, which are found as minerals in nature, have higher
cycle stability than conducting polymers. Furthermore, because of the numerous sorts of structures, they have a lot
of research potential in glucose sensors. Among these, CuS has attracted a lot of attention due to its exceptional
fundamental property diversity, such as attractive photovoltaic capabilities, strong thermal stability, great transport
properties, and so on. Yan et al. prepared CuS nanoflakes reduced graphene oxide (rGO/CuSNFs) nanocomposite
to avoid its coagulation using a surfactant-free method. This sensor shows excellent sensitivity and a low-detection
limit 8. On the other hand, aggregation and low dispersion remain major issues in the synthesis of MNPs on

graphene support, resulting in poor electrocatalytic performance and low stability.

Intrinsically conducting polymers (CPs) are one of the most relevant and extensively used materials for sensor
modification due to their unique chemical and physical properties, such as adjustable architecture, adaptability,
versatility, room stability, and sensitivity to surface changes in electrochemical activity with minor changes in its
surface. Polypyrroles, polyanilines, and polythiophenes have received a lot of attention because of their good film-
forming properties, electrical semiconductivity, great transparency in the visible range, and exceptional thermal and
environmental stability 28, CPs have recently been hybridized or mixed with graphene-based materials. When the
materials are linked, each component’s combined optical, electrical, thermal, mechanical, chemical, or
electrochemical capabilities can be exploited for chemical and biological sensing 4. For glucose measurements, a
composite comprising (PANI/PDPA) along with graphene nanosheets synthesized in a liquid-liquid (CHCIs/HCI)
interface individual by Muthushankar et al. During the polymerization procedure, the PANI and PDPA chains grew
nicely and were evenly distributed over the graphene nanosheets. The improved electro-catalytic activity of Gra-
PANI-co-PDPA-ME towards glucose was achieved with greater sensitivity of 0.51 pA/uM at 5 s. The presence of
aniline, graphene and diphenoquinone diamine (DPDI?*) together with their synergistic relationship improves
electron transport for glucose oxidation. Interference tests further confirm that the constructed sensor is best suited

for glucose sensing performance (8. Silver (Ag) nanoparticles are considered a promising candidate because of
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their excellent stability and biocompatibility. Utilizing the advantages of this, Ag nanoparticle and carbon-based
nanocomposite having excellent electrical conductivity and stability, Deshmukh et al. demonstrated an Ag-
PANI/rGO nanocomposite using a simple hydrothermal method. This composite demonstrated a detection limit of
0.79 uM with a quick response time. They proved the viability of using Ag-PANI/rGO nanocomposites to detect
glucose in real-world samples of organic fluids (milk, apple juice, mango juice, orange juice, and Coke). Here the
introduction of rGO into PANI polymer improves the operational stability and electron transfer rate. This sensor
shows stability up to 30 days 2. Poly(3,4-ethylenedioxythiophene) (PEDOT) is another candidate that has piqued
the interest of this group of CPs. PEDOT has been extensively used as an electrode material among CPs due to its
low oxidation potential, good stability and mid-band gap energy. Considering the favorable properties of this
polymer, a non-enzymatic glucose sensor based on an Au electrode was modified utilizing electroreduced
graphene oxide (ERGO) and layered PEDOT by Mesut et al. The thin films of PEDOT-ERGO were made using a
simple electrochemical approach based on progressively layering electrodeposition on an Au electrode, which was
employed as a non-enzymatic glucose sensor in the study. The PEDOT-ERGO nanocomposite modified Au
electrodes (Au—PEDOT-ERGO) were employed as electrocatalysts for voltammetry and amperometry glucose
detection. This sensor exhibits a LOD of around 0.12 pM with a sensitivity of 696.9 yA mM~1 cm2 [29,

2.2. MXene

MXene is suitable for building high-performance electrochemical glucose sensors because it has high hydrophilicity
due to surface termination groups (O, OH, and F), great electrical conductivities, excellent ion intercalation
behavior, facile functionalization, and dependable large-scale manufacture. Several high-quality reviews on
MXenes have been published to date, suggesting the applicability of MXene in sensor fabrication [23141]142]43]
However, no review focused on MXene-based electrochemical glucose sensors is available so far. Table 3 shows

the properties of MXene facilitate in glucose sensing

2.2.1. Enzymatic Glucose Sensors Based on MXene

MXenes, similar to other 2D materials, can include additional materials such as metal nanoparticles, enzymes,
CPs, and metal oxides, resulting in improved structural and electrical characteristics 4. For example, without the
need for external reducing agents, one-step hybridization of Au, Ag, and Pd nanoparticles from their respective
aqueous solutions onto the surface of MXene was performed and employed as a substrate for SERS. TizC, was
the first MXene to be employed in constructing electrochemical glucose sensors, and Rakhi and her colleagues
produced the first electrochemical sensor based on TizC, in 2016. A nanocomposite of gold nanoparticles (Au) and
MXene (Ti3C,Ty) for glucose detection has been reported. After in situ reductions of chloroauric acid with sodium
borohydride, they deposited Au nanoparticles on the surface of MXene, and the nanocomposite was subsequently
dispersed in Nafion. This composite was then drop casted on a glassy carbon electrode before being immobilized
with glucose oxidase (GOx) to produce Au/GOx//MXene/Nafion/GCE. Au nanoparticles were critical in increasing
the electron exchange between the electrode and the active center of GOx. After a first morphological examination,
the biosensor was assessed using CV and amperometry. The glucose-sensing mechanism is based on the

following Equations (6) and (7). GOx is composed of two extremely similar protein subunits and one coenzyme
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molecule, flavin adenine dinucleotide (FAD). FAD is reduced to FADH, during the transfer process with 2e~ and
2H* because it is present in the active site of the GOx. The biochemical reaction between GOx and glucose
culminates in the conversion of glucose to glucono-D-lactone and the reduction of FAD to FADH,. FADH, was then
oxidized by dissolved oxygen to create H,O, and form FAD.

GOx (FAD) + Glucose — GOx (FADH,) + glucono-D-lactone (6)

GOX (FADH,) + O, — GOXx (FAD)+ H,0, (7)

MXene, as well as Au nanoparticles, can both contribute to improved electron transfer kinetics between the
electrode and active redox centers of the enzyme, while the large surface area with the distinctive layered
architecture of Au/MXene nanocomposite effectively accommodates the enzyme. The amperometric response was
shown to be linear over a concentration range of 0.1 to 18 uM, with a LOD as low as 5.9 pM. This sensor also
shows long-term stability. Furthermore, in the presence of AA, UA and DA, this suggested biosensor is highly
specific for glucose. The use of enzymes for glucose detection ensures a strong electrochemical response,
particularly in complicated matrices. However, there are significant drawbacks to using enzymes, including the risk
of enzyme inactivation, the reproducibility of enzyme immobilization, and the increased cost of analysis. Hence, the
development of non-enzymatic sensors is becoming increasingly popular 2. Using a mixing—drying process,
researchers improved biosensing capabilities by combining MXene nanosheets with hydrophilic groups with the
properties of graphene sheets to offer new functions. This three-dimensional (3D) porous hybrid film had a more
open structure, which allowed glucose oxidase to enter through the inner pores, improving the hybrid film’s stable
immobilization and retention of GOx. The constructed biosensor outperformed conventional 3D porous materials
with sensitivities of 20.16 mM (LOD 0.13 mM) and 12.10 mM (LOD) 0.10 mM) in O,~ saturated phosphate-buffered
solution (PBS) and air-saturated PBS, respectively. This 3D porous film results in higher stability for
GOy immohilization. This is due to (i) the enhanced hydrophilic property of this hybrid MG film, (ii) the open surface
facilitates more access to GO,, and (iii) the excess 3D pores and hydrophilic wall of film this film provides a

favorable microenvironment for GOy to stay in the pores and avoid re-dissolution in PBS 48],

In practical applications of glucose biosensing, the harmful intermediate product, H,O,, formed during enzymatic
glucose oxidation usually hinders the action of GOx. Wu, M. et al. created a hybrid TizCo/poly-L-lysine
(PLL)/glucose oxidase (GOx) nanohybrid that could catalyze the cascade processes of glucose oxidation and the
intermediate H,O, breakdown to address this issue. The PLL-modified MXene possesses a positive charge and
exhibits excellent GOx loading capacity where the amine-groups in PLL are able to form a crosslink with the
physically adsorbed enzyme to form MXene nanosheets covered with GOx,PLL. The Ti;C, MXene was shown to
be capable of catalyzing the breakdown reaction of H,O,, and when combined with the GOx, a cascade reaction in
glucose decomposition was created. TisC,/PLL/GOx nanoreactors with higher catalytic activity were placed on

glassy carbon electrodes to create a 2.6 uM LOD glucose biosensor 471,

2.2.2. Non-Enzymatic Glucose Sensors Based on MXene
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Li et al., for the first time, reported a non-enzymatic glucose sensor based on MXene/Nickel-Cobalt layered double
hydroxide (NiCo-LDH). They synthesized MXene over NiCo-LDH using a simple hydrothermal method. Because
MXene is negatively charged, it can absorb cations and provide nucleation sites to form nanoparticles. The redox
reaction in the following equation produces hydroxyl ions, which react with Co%* and Ni?* to make hydroxide
monomers on the MXene sheet, and the monomers then react with others to produce primary particles in the
hydrothermal reaction. In the meantime, some divalent cobalt is oxidized to trivalent cobalt. As the number of initial
particles increased, they progressively collected and transformed into nanosheets coated on MXene.
4CH30H + NO3~ — 4HCHO + NHg + OH™ + 2H,0 (8)

This glucose sensor has a broad linearity range (0.002 mM-4.096 mM), a LOD of around 0.53 uM, with a quick
response time (3 s) at a working potential of 0.45 V (vs. SCE). Additionally, good selectivity, stability, and
repeatability were obtained [“8l. A non-enzymatic glucose sensor based on the MXene—Cu,O hybrid was recently
studied by Gopal et al. This sensor has a linear range of 0.01-30 mM and an LOD of 2.83 puM 421,

2.3. TMD Based Electrochemical Glucose Sensors

Two-dimensional TMD nanosheets are appealing as electrochemical glucose sensors because of their high
conductivity, large surface area, high signal/noise ratio and quick electron transfer kinetics and, most importantly,

their practicality for forming composites.

2.3.1. Enzymatic Glucose Sensors Based on TMD

Other metal NPs, such as Au NPs, are utilized to alter MoS, in addition to Ni and Cu NPs in enzymatic glucose
sensors 29, The use of AUNPs accelerates electron transport from the electrode to the immobilized enzyme. This
enables GOx electrochemistry without the usage of an electron mediator. Thus, the GC modified with Au NPs and
MoS, was studied by Su et al. and showed enhanced electrocatalytic activity 21, Another electrochemical glucose
sensor was fabricated by Parlak et al. using a MoS,/Au NPs hybrid. Here, enzymes aided in directly transferring
ions to the modified MoS, surface, increasing its bioelectroactivity for redox processes. Because of their open 3D
architectures with a significant interlayer space and surface area for enzyme immobilization, these electrodes
demonstrated remarkable sensitivity to glucose. As a result, fast mass transport was accelerated, and glucose
diffused quickly across the electrode surface. Despite the fact that the study revealed bioelectrocatalytic reactions
of glucose, suggesting substantial improvements in biocatalysis at a MoS,-based enzymatic nanointerface, real-
sample analysis and interferences were not performed, which could have demonstrated selectivity and further
justified the analytical functionality of the biosensor. The constructed MoS, enzymatic electrode, on the other hand,

revealed a new potential for creating a unique 3D sensing substrate (221,

Because H,0, is a consequence of many oxidative biological activities, measuring it with MoS, electrodes allows
for the identification of many more tiny molecules by integrating the sensor into lab-on-chip devices for intracellular
detection. For instance, a glucose sensor based on MoS, demonstrated strong activity towards H,O,. GOx was
immobilized over the surface and used to detect glucose. The current response of this biosensor grew as the

concentration of glucose climbed from 2.0 to 16.0 mM. Despite the fact that glucose oxidation consumes O,, the

https://encyclopedia.pub/entry/24963 13/23



Electrochemical Glucose Sensors Based on 2D Materials | Encyclopedia.pub

biosensor’s overall current response increased because both O, and H,O, contributed to the increase in reduction
current. To explore the large surface area and enhanced electrical conductivity of 3D porous graphene aerogel,
Jeong et al. fabricated a flow-injection biosensor device. They incorporated 2D MoS, with 3D graphene aerogel
using a facile hydrothermal approach to enhance the electrochemical sensing performance. Here the different
porous structures of 3D MGA provide rapid, efficient pathways for electrons and ions, demonstrating excellent
electrochemical performances. The following qualities contribute to the superior performance of these 3D MGA-
based biosensors. At the interface, the interconnected network of MoS, exposes extensive basal planes against
the electrolyte solution, which enhances the H,O, reduction activity of MoS, nanosheets using oxygen substitution

at exposed Mo edges. Thus, showing excellent selectivity and sensitivity 531541,

2.4. Layered Double Hydroxides (LDHs)

Nanostructures, having a large surface area and a rough surface, may be capable of transmitting faraday currents
for oxidation while reducing the impact of external interfering molecules, such as UA, AA, and AP. LDHs are a type
of two-dimensional material with the structural formula [M;_, " M x"(OH),](A"),/n.mH,0, where M' and M"' are
divalent and trivalent metals, respectively, and A" signifies the anions between the interlayer spaces. The

properties required for glucose sensing are shown in Table 3.

2.4.1. Enzymatic Glucose Sensors Based on LDH

Enzyme-based biohybrid materials, which are made by immobilising various oxidoreductases in the LDH host
structure, have been used to detect target analytes such as hydrogen peroxide, phenol derivatives, glucose and
other inhibitors or enzyme substrates utilizing amperometric transduction methods, primarily chronoamperometry.
There have been very few publications on LDH-based enzymatic glucose sensors. Because of its stability, glucose
oxidase (GOx) is frequently used as a model to examine various biosensor setups. The major findings from
investigations using glucose biosensors based on the immobilization of GOx in LDH matrices are presented here.
Physical adsorption over the electrode surfaces produced by gradual evaporation of colloidal suspensions of mixes
of LDH and GOx has been the most extensively utilized method for GOx immobilization. The entrapped
biomolecules are cross-linked with the help of glutaraldehyde in the vicinity of bovine serum albumin to prevent the
enzyme from being released. Glutaraldehyde was not used since composite materials based on chitosan or
alginate with Zn/Al-Cl LDH were used instead. This method of deposition allows a substantial and known quantity
of enzyme to be entrapped in the clay layer, assuring great response sensitivity. In this regard, Colambari et al.
synthesized Mg/Al LDHs containing ferrocene sulfonate or ferrocene carboxylate (Fc-COOH) as interlayer anions
using the coprecipitation method, and they built glucose sensors based on the immobilization of GOx in a
glutaraldehyde and BSA network. MnO, nanoparticles were effectively integrated into the outer protective
glutaraldehyde/BSA membrane to improve the selectivity of this GOx/Fc-COOH LDH/GC biosensor, allowing
oxidizable interferents (e.g., acetaminophen, urate, and ascorbic acid) present in the sample solution to be
analyzed to be peroxidised before reaching the electrode surface 2. Shan and colleagues created a biosensor
that is extremely sensitive to glucose utilizing Zn/Cr LDH. Ferricinium derivatives reoxidised gapno to FAD, which is

followed by reoxidation of ferrocene (Fc) to Fc* directly at the electrode, enabling glucose measurement under

https://encyclopedia.pub/entry/24963 14/23



Electrochemical Glucose Sensors Based on 2D Materials | Encyclopedia.pub

anaerobic circumstances in this biosensor 281, The biosensor design reported by Shan et al. is based on a “ping-
pong” mechanism for transmitting electrons from glucose to the mediator B4, Mousty et al. developed another
glucose sensor based on redox-active Zn/Cr LDH intercalated in the interlayer domain and contained (3-
sulfopropyl) ferrocene carboxylate. Chronoamperometry at 0.5 V was used to examine the biosensor’s
performance for glucose measurement under anaerobic conditions, and the sensitivity was 65 pA mM™t cm™2 in the
concentration range of 10-25 pM 28, GOx was immobilized at the surface of the electrode by entrapment in inert
LDH matrices (i.e., NiAl-NO3, ZnAl-Cl,) and ZnAl-Cl/biopolymers (chitosan or alginate) B2 composites with the
goal of generating glucose amperometric electrochemical sensors. The majority of these LDH/GOx biosensors
were made by solvent casting a predetermined amount of LDH and GOx combination onto a glassy carbon
electrode or Pt surface. In these investigations, GOx was immobilized on LDH particles through adsorption, and
then glutaraldehyde cross-linking was used to inhibit enzyme leaching. Tonelli's group demonstrated yet another
way of GOx immobilization by trapping GOx during the electrogeneration of NiAl LDH films over the Pt electrodes
69 Farhat et al. recently published an amperometric biosensor based on CozMn—-COj layered double
hydroxide/GOx with biopolymer carrageenan. They used a coprecipitation approach to make this CogMn-CO5; LDH
and then impregnated this LDH composite over a carbon felt to make this 3D porous sensor 8%, Zhang et al.
revealed the first-ever direct electron transfer of GOx immobilized in Mg/Al hydrotalcite nanosheets, creating new

avenues for the development of third-generation GOx glucose sensors employing LDHs as the immobilising matrix
[61],

2.4.2. Non-Enzymatic Glucose Sensors Based on LDH

Through coprecipitation and electrodeposition, nickel and cobalt inculcated LDHs were produced and used for non-
enzymatic glucose sensing 2. Using the electro-oxidation processes of Ni ions, the LDH nanostructures
outperformed GOD-based biosensors for glucose sensing even in the absence of GOD catalase. Furthermore,
simple LDH materials were fabricated, such as porous structured NiFe LDH nanolayers grown over the nickel foam
by the simple hydrothermal method and used for glucose detection 63, Similarly, Zhao et al. fabricated a non-
enzymatic glucose sensor using a multi-component sensing system where the electrode is made up of NiCo-LDH
and cobalt copper carbonate hydroxide (CCCH) nanorods over a Cu foam. Here the large surface area and
excellent conductivity of the Cu foam help in enhancing the electrocatalytic properties. This multicomponent
hierarchical nanostructure features a large accessible surface area, as well as effective ion diffusion and electron

transfer, thus enhancing the sensing properties of NiCo-LDH 4],

Hai et al. fabricated a NiAl LDH, loaded carbon microcylinder (CMC) composite using microelectromechanical
systems (C-MEMS). When combined with electrocatalytic Ni centres, the suggested method demonstrated good
performance due to improved conductivity 2. Furthermore, several LDH nanoarchitectures intercalated with
valuable noble metals, such as Au, NPs incorporating NiAl LDH SWCNTs—rGO hybrids exhibited stronger
electrocatalytic capabilities for glucose oxidation than others. Good conductivity, generated from electron tunneling

junctions and 3D CNTs/rGO networks, is thought to be the source of these features (68,

https://encyclopedia.pub/entry/24963 15/23



Electrochemical Glucose Sensors Based on 2D Materials | Encyclopedia.pub

When LDH-based catalysts are integrated with conductive carbon supports such as conductive polymers, CNTs,
and graphene, the extraordinary properties of materials based on carbon, such as greater active sites, better
consistency, and larger surface to volume ratio, can help improve the catalytic activity and stability of LDH layers.
Inserting graphene between the LDH interlayers improves conductivity and glucose detection with high sensitivity
while also boosting resistance to poisoning in chloride ion solutions. NiCo LDH-rGO &4 nanoribbons and NiFe
LDH-rGO nanohybrids are used in this context [8] and were synthesized using electrochemical coprecipitation and
deposition, respectively, and their catalytic properties were investigated. The electrodes with the nanostructures
had a significant diffusion coefficient and excellent electrochemical catalytic activity towards glucose. Shahrokhian
and group developed a core-shell structure to improve the electrocatalytic properties of CoNi-LDHs, notably in
terms of shape, by growing CoNi-LDHs NS over a nanoporous tubular Cu(OH), utilizing a green, simple, and
extremely controllable direct three-step in situ process over a GC. The step involves (1) copper film
electrodeposition on GCE, (2) copper conversion to Cu(OH), nanotubes, and (3) CoNi-LDH electrodeposition over
Cu(OH),NTs/GCE. The rate-determining steps of the entire electrocatalytic reaction are represented by the
equation below, which involves the diffusion of glucose molecules to the metal sites in the core—shell structure,
where the OH™ travels from the alkaline solution and then permeates into the CoNi-LDH interlayers.
LDH (OH™)- My, + Glucose - LDH COy, + Gluconolactone (9)

2CUuOOH + 2e™ + Glucose — 2CuO + 20H™ + Gluconolactone (10)

This highly porous core-shell nanostructure adheres strongly to the conductive substrate, allowing for electrical and
physical contact between the GCE surface and the active components, improving the overall stability and
conductivity of the modified electrode. The commercialization capability of this sensor was also evaluated by

growing this 3D hierarchical structure over a screen-printed electrode 62,

2.5. Other 2D Materials

Balasubramanian et al. synthesized a cobalt vacancy-rich Co(OH), ultrathin nanosheet over a screen-printed
electrode and demonstrated its catalytic activity. A practical, simple, and in situ technique for obtaining cobalt
hydroxide nanosheets with numerous cobalt vacancies is described here. The cobalt defects significantly enhance
the charge transfer rates and increase the number of electroactive sites, resulting in outstanding glucose and L-
cysteine oxidation performance. This Vco,-Co(OH), electrode has a low detection limit of roughly 295 nM over a
dynamic range of 0.4 M-8.23 mM 79, Sahoo et al. studied the catalytic activity of non-faceted and faceted crystal
cupric oxide (CuO) nanoribbons using a microwave and hydrothermal method. Here the non-enzymatic glucose
sensor made-up of both non-faceted and faceted CuO crystals shows enhancement in amperometric oxidation
current that is proportional to the glucose concentration. Their study shows that the glucose sensitivity of faceted
CuO is higher than that of non-faceted crystal CuO due to the 2D thin and polygonal shape of this facet plane CuO.
Here the facet plane of CuO, such as (100) and (110) planes, play a prominent role in improving the catalytic
activity due to their higher surface energy. The faceted ends give more surface area and more electroactive
species and are advantageous for electrolyte ion transferring and exchanging activities. The catalytic activity with

glucose is as follows:
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2CuO(OH)) + glucose — 2CuO + gluconolactone + H,O (11)
Gluconolactone — Gluconic acid (12)

The activation of these CuO nanostructures causes the amperometric current to increase with increasing glucose
concentration. Here the hopping free-charges in the facet plane of CuO show a significantly lower detection limit of
around 58 pM 11,

Other elements of group VA (also known as “pnictogens” or the “nitrogen” group) can likewise have a layered
structure. These elements are similar to graphene: phosphorene, bismuthene, antimonene, and arsenene. Ling
chia and group, for the first time, explored the use of pnictogens for non-enzymatic glucose detection. Because
pnictogen nanosheets have strong carrier mobilities, they may aid in promoting fast electron transfer kinetics for
glucose oxidation. In addition, pnictogens have excess lone-paired electrons on the surface and interact with
glucose at high pH with good adsorption capabilities; thus, it could also aid in facilitating the adsorption mechanism
by bringing glucose molecules into close vicinity with the electrocatalytic Au@Ag nanorods and enhance the
sensing capabilities of both pnictogens and Au@AgNR. The study theoretically proves and opens up new vistas for
the potential use of pnictogens-based composites in the future development of electrochemical sensors for the
pharmaceutical, biomedical, and food industries /2,
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