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Hydrogen peroxide (H202) is a key molecule in numerous physiological, industrial, and environmental processes.
H202 is monitored using various methods like colorimetry, luminescence, fluorescence, and electrochemical
methods. Here, we aim to provide a comprehensive review of solid state sensors to monitor H202. The review
covers three categories of sensors: chemiresistive, conductometric, and field effect transistors. A brief description
of the sensing mechanisms of these sensors has been provided. All three sensor types are evaluated based on the
sensing parameters like sensitivity, limit of detection, measuring range and response time. We highlight those
sensors which have advanced the field by using innovative materials or sensor fabrication techniques. Finally, we
discuss the limitations of current solid state sensors and the future directions for research and development in this

exciting area.

solid state sensors field effect transistor chemiresisitive sensor conductometric sensor

hydrogen peroxide biosensor and sensors

| 1. Introduction

H,0, plays an important role in various applications such as medical diagnostics, clinical research, and industrial
sectors like food processing, paper, textile, pharmaceuticals as well as cleaning and disinfection products (Eigure
1) . H,0, is also important physiologically and is involved in metabolic activities, apoptosis, and immune cell
activation 2, |t plays an important role as an oxidative stress marker, defense agent, and aging @4, |t is a crucial
biomarker in monitoring various diseases and disorders including diabetes Bl cancer B Parkinson's [,
cardiovascular, Alzheimer's [, and neurodegenerative disorders & Moreover, H,0, is the intermediate molecule
formed in reactions involving numerous oxidases such as glucose oxidase, alcohol oxidase, cholesterol oxidase,
lactate oxidase, and glutamate oxidase [&. Further, H,0, is used for sterilizing various medical equipment and

residual H,O, levels need to be monitored to ensure that the equipment is safe to use 19,
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Figure 1. Overview of H,O, detection with inner circle containing the two common detection principles: optical and

electrochemical; and outer circle with few applications areas of H,O, detection.

H,0O, measurement and quantification is performed in a variety of sample matrices including environmental
samples like water and soil, human fluids like sweat, blood, cell and tissue cultures. H,O, is measured using
diverse range of methods such as optical 11122 including colorimetry, chemiluminescence, and fluorescence; and
electrochemical 23114115161 jhcluding potentiometry, voltammetry and amperometry (Eigure 1). Optical techniques
are limited by high cost, complex testing processes, the requirement of sophisticated and bulky instrumentation,
need for trained personnel to operate, and interference from sample matrices. On the other hand, electrochemical
sensors offer low-cost, simple instrumentation and fast detection 2. Nevertheless, electrochemical sensors also
suffer from a few limitations such as the requirement for a reference electrode, larger working area, etc. The
potentiometric method requires a reference electrode for reliable potential measurement while amperometric
sensors require a reference electrode to apply a reliable potential bias for the measurement. For potentiometric
sensors, a stable response strongly depends on the stability of the reference electrode. However, a miniaturized
solid-state reference electrode with long term stability is yet to be realized 4. For amperometric sensors, a high

working electrode potential results in increased interference from interfering molecules 181,
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More recently, solid-state sensors such as chemiresistors 122021 = conductometric sensors 212223 and field
effect transistors (FET) 2412326 have been used to measure H,0, while avoiding the aforementioned challenges.
Chemiresistors consist of a single sensing layer which measures the change in analyte concentration through
alteration in resistance of the layer using two contact electrodes. A small potential bias is applied to the substrate
film and the change in current is measured. Advantages of chemiresistors are: high sensitivity, because the
resistance changes can occur due to modification at any position of the network unlike techniques like colorimetric
which is based on volume modifications; ease of fabrication of sensor arrays due to simple sensor structure;
suitability for miniaturization; simple instrumentation setup for measurement and elimination of the need for
reference electrodes unlike electrochemical methods 2. FET based solid state sensors are attractive due to their
ability to detect analytes with ultrahigh sensitivity. In addition, FETs can be manufactured easily using the

established manufacturing process for metal oxide semiconductor FETs (MOSFET) &,

Previous reviews on sensors for H,O, detection have typically focused on electrochemical and colorimetric
sensors. Several papers have been published on enzymatic [LIL311141[16]128][29] 4nd non-enzymatic sensing 13130
81 ysing those principles and the readers are referred to them for an in-depth analysis in these areas. An in-depth
review of the emerging class of solid state H,O, sensors is not currently available. This review is focused
exclusively on chemiresistive, conductometric and FET based H,O, sensors which have significant potential for
field deployment. A critical analysis of the sensing methods with emphasis on the sensing mechanisms and
important parameters like measuring range, limit of detection (LOD), and response time have been provided. The

diverse range of functional materials used for sensing and to fabricate these sensors have also been discussed.

| 2. Sensing Mechanism
2.1. Chemiresistive Sensors

Chemiresistive sensors are a group of sensors which transduces the chemical changes to resistance change. The
sensor response is attributed to surface reactions or adsorption of analyte molecules on the sensing film B2, This
type of sensor was originally developed for gas sensing by monitoring resistance changes with adsorption of gas
molecules on the sensor surfaces 3238l Typically, a sensor is placed under a small potential bias and the change
in current is measured as output and converted into a change in resistance. A general chemiresistor consists of
four components: the sensitive or active thin film substrate, contact electrodes, passivation layer and substrate
(Eigure 2a,b). Although for gas sensing, the contacts may be exposed to the environment, they are typically
covered with an insulating film to avoid electrical shorting, especially when used in conducting liquids. The
equivalent electrical circuit for a chemiresistive sensor can be represented as shown in Figure 2c, where both
contacts are represented by parallel RC circuit depicting both Faradaic and non-Faradaic processes. The sensing
layer which remains in contact with the solution is divided into three parallel RC circuits representing surface, bulk,
and interface processes. When chemiresistive sensors are operated in DC mode, all capacitance can be neglected

from the equivalent circuit (Figure 2c).
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Figure 2. (a) Top view of a chemiresistive sensor with 4 main components: active material (dark grey), connectors
or contacts (gold), dielectric to insulate the contacts (grey) and substrate (light grey) (b) A transverse section of a
chemiresistive sensor with two connecting outputs (c) An electrical circuit analog for the chemiresistive sensor with
R¢1 and Ry, the contact resistance for the first and second contacts, while Rg, Rg and R, are the solution, bulk and

interfacial resistance. Similar to resistance, capacitance of all the surfaces are labelled accordingly.

During measurement, the sensor is exposed to the analyte, and adsorption of analyte to the active thin film results
in a change in resistance. For instance, carbon nanotubes (CNTs) are generally p-doped when the films are coated
using water based CNT dispersions and if analyte adsorption results in the release of electrons, the hole
concentration in the active surface is reduced, which results in a decrease in resistance 24. On the other hand, if
the analyte extracts electrons from the CNT film, this will lead to an increase in dominant carriers resulting in an
increase in conductivity. Further, this change in resistance due to analyte interactions can occur from factors like
increasing the CNT-CNT junction resistance modulation of the Schottky barrier at the CNT-metal contact junction
and charge transfer between analyte and CNT. These processes have been described in detail in other reviews 22
36 These sensors have some limitations such as irreversible changes introduced onto the substrate due to
application of a potential bias, a high dependence of the sensitivity of the sensor on the substrate thickness, and
high contact resistance which can further reduce the sensitivity of the sensor. For instance, in the case when
conducting polymers are used as the functional sensing layer, the potential bias can induce an irreversible change
in the polymer film resulting in a change to the baseline resistance of the sensor. The analyte can also cause
irreversible changes to the sensors surface 9. Thinner films generally have higher sensitivity as compared to
thicker films B3, For two point measurements, the resistance change has two components: change due to the

analyte binding and change in contact resistance between the substrate and the metal contacts 27,
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2.2. Conductometric Sensors

Conductometric sensors are devices which detect the change in conductivity of the analyte solution due to
consumption or generation of ions due to chemical reactions using two conducting electrodes (8. This method was
originally developed to study chemical kinetics of reactions and later exploited by researchers to detect enzyme
catalyzed reactions. Conductometric measurements are non-specific as conductivity changes can occur due to the
migration of all ions present in the solution. This non-specificity is circumvented by coating enzyme on top of the
electrode and doing the measurements in a defined measuring cell. Conventionally, the conductivity measurements
are performed in AC mode. Unlike chemiresistive sensors, these sensors offer information through the frequency of
the measurement, an important experimental variable to determine non-Faradaic processes. An alternating bias

has several advantages such as minimized contact polarization, double layer charging and electrode polarization
[39],

Typically, conductometric measurements are done using a pair of identical electrodes (generally interdigitated
electrodes) dipped in a solution container with a constant volume. One of the interdigitated electrodes (IDE-1) is
coated with the enzyme film and the other does not have any enzyme layer (IDE-2) (Eigure 3a). The IDE-2
determines the base conductivity response from other ions and molecules present in the solution. The
measurement of both the sensors are done with respect to a counter and/or reference electrode (Figure 3b). The
final sensor response is determined by subtracting the signal of IDE-1 from the signal of IDE-2. Here, the
impedance is measured perpendicular to the electrode surface. The equivalent circuit of the electrochemical cell is
shown in Eigure 3c where R, and Ry, are the charge transfer resistances for IDE and CE respectively, W is the
Warburg impedance for the IDE which models the diffusional resistance due to both interfaces, Cy, and Cgyp, are
double layer capacitances of IDE and CE respectively and Ry is the solution resistance. Enzymatic conductometric
sensors are versatile sensors which are low-cost, need a smaller potential bias and require simple instrumentation
to generate reliable signals. However, the sensing signal can be affected by temperature variations 22 and

changes in the ionic strength of the solution.
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Figure 3. (a) A pair of interdigitated electrodes (IDE): IDE-1 represents the active membrane coated electrode and
IDE-2 is the electrode coated with membrane without any active material (b) A schematic representing the
experimental setup of a conductometric sensor with IDE, a counter electrode and a reference electrode. The
zoomed in picture shows a transverse section of IDE and counter electrode (c) An equivalent circuit for the
conductometric sensor with R¢q, W and Cy; representing the charge transfer resistance, Warburg impedance and
double layer capacitance, respectively for the IDE; Rg is the solution resistance; and Rq, and Cy, representing the

charge transfer resistance and double layer capacitance for the counter electrode respectively.
2.3. FET

Metal oxide field effect transistors (MOSFETSs) are used in electronic circuits as switches, gates, amplifiers etc.
MOSFETs can be three or four terminals depending on the presence or absence of back gate (base substrate):
source, drain, gate and base substrate. Insulated gate FET (IGFET) is the most common type of MOSFET used
currently for chemical sensing. The gate terminal of the IGFET is insulated using a dielectric layer (like SiO,). A
typical n-channel FET is constructed using a p-type substrate with heavily doped n-type source and drain (Figure
4a). The operation of the FET depends on the potential bias applied to the gate. Under zero bias, the FET channel
is non-conducting. For n-channel FET, the conduction begins after a critical threshold potential is applied to the

gate. This threshold potential will induce an inversion layer.

(a) S

°f

S B D B
Analyte solution [JJjj sioz [l n-doped region [l pH sensitive film
Conductive gate . p-type silicon |l Metal connectors

Figure 4. Schematics of a (a) MOSFET with p-type silicon as a base substrate (pink) and n-doped source and
drain region (green) (b) ISFET with a pH sensitive film (orange) (c¢) Back gated FET with analyte solution and RE
on the top side and all the terminal connections are done from the back side (d) Extended gate FET with a regular
MOSFET and an extended sensing region connected with gate terminal of the MOSFET. S, G, D and B are source,

drain, gate and base substrate terminals (all shown in black). RE is the reference electrode.
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Early H,0O, (and glucose) FET sensors had pH sensitive material coated on the gate insulator that made it
sensitive to changes in local pH due to generation or consumption of hydrogen ions by an enzyme that catalyzes
H,O, (Reaction 1) [4041[42] |n this reaction, the reduction of H,O, was catalyzed in presence of horseradish

peroxidase (HRP), with the iodide ion acting as a reducing agent 3!,

H,0, + 21~ + 2H* 2% I, + 2H,0 (1)

In such FETs, the gate dielectric is converted into a hydrogen sensitive film which can generate similar potential
change in presence of the analyte (Eigure 4b). Then the channel conduction can be influenced by changes in the
hydrogen ion concentration. These devices are known as ion selective FETs (ISFETs). Similar to MOSFETSs,
ISFETs can also be n-channel or p-channel ISFET depending on the doping of the silicon substrate used to
fabricate the FET. The drain current depends on the resistance of inversion layer and, the potential applied

between source and drain. Mathematically, the drain current (/) of ISFET is given by &

I = pG; (g) Va [Vr (E,ef—¢+xsd— (%S’) —% = (gb) +2¢>f) —OEV@] (2)
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4Table2-Fermepegef, HeOp £9REUFIOMAI, PBED IIDUITE HEUSIREFRISATGHRPeTiERREN] RS hEHR eTRaRIring
ranggfe ! iRan Sisfor R PRERIISHR HeliehiiBroppotRg Benyha@iisiSeoRd, idese. P9l Polyvinyl alcohol, g-
CsNwigianhitie 6FRTDNERTR (BS)SBBALEPS: Gold nanoparticles, AFP: alpha-fetoprotein, LOD: Lactate oxidase.

5 Ligand/ LOD Measuring Voltage Response ) posite:
Target i i Buffer/Working Interference
Substrate B Range Bias (mV) Time o Comments Tested Ref —2027,
nalyte este
Enzyme (uM) (mM) (Frequency) (Minutes) P

4 Metal interdigitated electrodes

se
Working pH 6.0
. Storage
Ceramic- . . i [43]
E A H,0, Pthalocyanine  NR 0.005-0.3 60 10 Buffer: stability for 90  No L.
u
U Phosphate (20 days at 4 °C rinting.
mM)
5 i anowire
~ Work H7.2
oring p Inhibitory
H,0,/ 10
N 22 assay for - 2015,
Silicon-Au PVA-Catalase 6 0-100 5] Buffer: . No (581
Cyanide (100 kHz) Phosphate (5 oC
detection
mM)
8 2r
Methanol 0.5 <0.075 Working pH 7.2
10 )
AOX- Buffer: Alcoholic -
Au Ethanol Catel 1 <0.070 <10 Bhosohat . Yes 4]
atalase osphate everages
E (100 kHz) i g sed on
Propanol 3 <0.065 (5mM)

54. Hnaien, M.; Lagarde, F.; Jaffrezic-Renault, N. A rapid and sensitive alcohol oxidase/catalase
conductometric biosensor for alcohol determination. Talanta 2010, 81, 222-227,
doi:10.1016/j.talanta.2009.11.061.

55. Bouyahia, N.; Hamlaoui, M.L.; Hnaien, M.; Lagarde, F.; Jaffrezic-Renault, N. Impedance
spectroscopy and conductometric biosensing for probing catalase reaction with cyanide as ligand
and inhibitor. Bioelectrochemistry 2011, 80, 155-161, doi:10.1016/j.bioelechem.2010.07.006.

56. Nguyen-Boisse, T.T.; Saulnier, J.; Jaffrezic-Renault, N.; Lagarde, F. Highly sensitive
conductometric biosensors for total lactate, d- and I-lactate determination in dairy products. Sens.
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Ceramic-
Au

n

Lactate

[
~ Metal nanopatrticles

[
Hepatitis
AuNPs
B (HB)
Ceramic-
€ Au&
. Glucose
magnetic
NPs
g-C3Ny AFP/H,0,
Others
Cellulose-  H,0,/
€ SnO, Glucose

do1:10.1021/jp8005%6 /N.

LOD-HRP

HRP/Anti-

HBs

GOD

Pt NPs

GOD

0.05

0.01
ng/mL

0.01
ng/mL

500

0-0.21

0.1-600
ng/mL

0.04-3

0.01-100
ng/mL

0.5-12

10

(100 kHz)

10

(100 kHz)

10

(100 kHz)

10

(100 kHz)

0-3 V (dc)

~20 (est.)

>30

<10

NR

Working pH 6

Buffer:
Phosphate

(5 mM)

Working pH 7.0

Buffer:
Phosphate (10
mM)

Working pH 7.3

Buffer:
Phosphate (5
mM)

Working pH 6.5

Buffer: PBS (10
mM)

Working pH 7.2

Buffer:
Phosphate

Diluted yogurt
samples

Yes
Storage

stability for 40
days at4 °C

Tested with
serum

samples

Assay stable
for 16 days
when stored
at4°C

Stable for 12
days when No
stored at 4 °C

Tested with
human serum

Yes
Inhibitory

Immunoassay

Storage No
stability > 10
days

), 45,

ide

iosens.

stivity

—120,

using

65. Park, J.W.; Park, S.J.; Kwon, O.S.; Lee, C.; Jang, J. Polypyrrole Nanotube Embedded Reduced
Graphene Oxide Transducer for Field-Effect Transistor-Type H202 Biosensor. Anal. Chem. 2014,
86, 1822-1828, d0i:10.1021/ac403770x.

66. Park, J.W.; Lee, C.; Jang, J. High-performance field-effect transistor-type glucose biosensor

based on nanohybrids of carbox-ylated polypyrrole nanotube wrapped graphene sheet
transducer. Sens. Actuators B Chem. 2015, 208, 532-537, doi:10.1016/j.snb.2014.11.085.

67. Yin, L.T.; Chou, J.C.; Chung, W.Y.; Sun, T.P.; Hsiung, K.P.; Hsiung, S.K. Glucose ENFET doped

with MnO2 powder. Sens. Actuators B Chem. 2001, 76, 187-192, doi:10.1016/s0925-

4005(01)00629-3.
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E Flexible one-
time use
sensor
6:7. i, J.J., VVU, T1.L., I'1IOU, . T. NUVECI Llly' Iy[JC JIUuLuSE OCIIdUI DA>tcU Ull a lvic.dlI—uUAXIuc—

Semiconductor Capacitor Structure with Horseradish Peroxidase + Glucose Oxidase Catalyzing
Layer. Jpn. J. Appl. Phys. Part 1 Regul. Pap. Short Notes Rev. Pap. 2007, 46, 6871-6874,

| 50 FET‘Sensors!

70. Ozasa, K.; Nemoto, S.; Li, Y.; Hara, M.; Maeda, M.; Mochitate, K. Contact angle and

H is not an .ideal molecule to detect_using, electrochemical .reactions due. to its slow, reaction kinetics.
2?ﬁocompatlblllty of so -ge\ prepare&LﬂBS%hl ﬁ}ms or their Lse Aas semlcondsuctor-basedoceh-

A BT Senore- QU IeTac S AR SH08 At B 88 S A A5 ans S5gion Kinetics. However,
this overpotential limits the detection at low concentrations because of a high signal to noise ratio. Similar detection
7Iﬂ=niQB§EbsYeixis€ﬁ)r}5&th&ﬂéiﬂc EbhddleNinBET, SidoR, E\é%ﬂ@ﬂ@ﬁ@%@hﬁ%i@é@@fﬁ&ﬁ@)ﬁ%@ Q%ﬁém{ﬂi
the N#BEtWPE GregR TRRfsRMRYSiteédice MARAnE0dShdichABATORR2:iRINED i3 A NRdL08RBhence the

MRiEaan.caR ey FER SSUPOBL ARG IRG AR R SR LB AP HIEMGS RRER QR RS Rupeals ial used
for g AsRetiB STUCALAIT 51 1278, 228122806, doioUGn8 /PRNESSD 10108 052 Metal oxide BAEAEE

BI0I7LI72)[73]  and carbon nanomaterials [2423174I7S|76][77][78]  The sensors are evaluated based on crucial

SarANNEL 1Re FHRAIN Man SR Kenkfelied 1ABRAR - i FOIMR RS BRLCHRIRS BRSOLINLE A AR LU 21400

Tabln_{ag_orod FET array for selective detection of glucose, cholesterol and urea. Chem. Commun.
2015, 51, 11968-11971, doi:10.1039/c5cc03656a.

7R e tBYBINABiin/ RS \WaIRY, YT ; BaihaSanBieRS a8 dtiet, 5 ANPRIIPM S LRiteRs: PAN:
Poleaniitsying Hiret: Lt BEHe RRES EBMMma MBI BRSNS HPARAEH SR R RIS &irfd A+ POy (4-
vingRyedIRReS iR AN SEhedetal ovele, GeabEsIdsEEh, GHRTE 0F FALEPIRRyEACthoxysilane (APTES),

PPyNT: Polypyrrole nanotube, Pt: Platinum, Is: source current, Vgs: Drain potential with respect to source, Vy: is
918 HNRugR: 1 LN n L RRH PR aha AdHEEOG e HARNBRIGR BNZY 6 AL TR RARE D aNEh e Pt

elebtlIRIGH FORENULING addS APRISHAR BRI RENG SN AR REERKIE ) NPUI A Abin AR um

oxic%‘?%’l‘{]D?%‘R?ta%ﬁte“(?e%a?b%%%a&’é’,iGR:-%%H&&PEA‘:]&%&MC acid and MoS,: Molybdenum disulphide.

76. Huana. Y.: Dona. X.: Shi. Y.: Li. C.M.: Li. L.J.: Chen. P. Nanoelectronic biosensors based on CVD

Ligand/ LOD Measuring Working
Target L Response
Substrate Sensitivity Range ocC . pH & Comments Ref
Analyte Enzyme M) (mM) Time (s) E—
- m uffer =
/ 5eo, S.
Silicon nitride FET
. . . [41] .
7 SigNg-FET  H202 HRP ) 15 mv/imM <2 Is: 300 30-90 Buffer: <10% reduction in ;S”k
(est.) HA Phosphate enzyme activity after
(10 mM) 1000 measurements 02’
Vygs: 2
\% Working

- pH: 6
[ o

transistor for glucose sensing at neutral pH. Chem. Commun. 2004, 13, 1556-1557.

i e e -

80. Kim, Y.; Do, J.; Kim, J.; Yang, S.Y.; Malliaras, G.G.; Ober, C.K.; Kim, E. A Glucose Sensor Based
on an Organic Electrochemi-cal Transistor Structure Using a Vapor Polymerized Poly(3,4-
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Buffer: d
sed on
Phosphat:
Si3zNg- " osphate Baseline established
ias- —2! M
FET/Pt Glucose GOD NR ~40 mV/mM <5 0";5\/ ~480 (5-20mM) . removing the 1 NS.
electrode ) ) potential bias
Working
pH: 7.4
Jle
Buffer: m. Sci.
. GOD & Phosphate
Stale- Gl & Invert 50 1.67 v Greater Pt
ucose nvertase- ~ 67— ias: 10 mM reater area,
FET/Pt (e NR s 0"7' ai‘/ 180-300  (10MM) ‘ 42
sucrose mutarotase-  (est . ! increases sensitivit
electrode ) Y ucose
GOD Working
pH: 7.4 . 2018,
Buffer: rns
Phosphat
SizNy- 1000 . VImM Vi SRS Ladder shape Pt t
= mV/m bias: 10 mM
FET/Pt Glucose GOD 1-10 o ~60 ( ) electrode was used 42 ater.
(est.) 0.7V I
electrode (est.) ) for potential bias
Working
pH: 7.4
5 based
Buffer:
lgs: 0.1 Phosphate
A 100 mM Used for glucose and
SisN4-FET  H,0, Pt 10000 5 mV/mM 10-100 m 300 (100 mM) g (46]
lactate
Vgs: IV Working
pH: 7.2
Conducting polymers
Carbon H>02 PANI- 100 NR <0.5 Vg: ~100 s Buffer: HRP inhibition at 1z4)
pDAB-HRP 200 citrate- H,02 concentration
mV phosphate- > 0.5 mM.
NaSO4
https://encyclopedia.pub/entry/6899 14/19
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Kapton-

H20;
Carbon
SisN4-FET  Glucose
PEDOT- H202
TFT Glucose
PEDOT-

Glucose
TFT
PEDOT- Glucose
TFT

&

PSPANI-
25
HRP
PANI-PAA-
NR
GOD
GOD 100
GOD 1
GOD <1000

0.126 pAls

1 nA/ImM

NR

0.1 V/decade

1.65 pA/mM

0.025-1

0-9

0.1-1

<1

1.1t016.5

Vg4 20
mV
\/
\
100-300 s
Vg 20
mvV
Vg: 20
mV
<ls
Vgs: 10
mvV
Vg: 0.2
\
~60 s
Vg: 0—
0.6V
Vys:
-0.2V
Vgs: 10-20 s
-1.5V
Vg: 0.0
\

Working
pH: 5

Buffer:
HEPES-
KNO3 (100
mM)

Working
pH: 7
Buffer:

Mcllvaine

Working
pH: 5

Buffer:
PBS

Working
pH: 7.14

Buffer:
PBS (15
mM)

Working
pH: 6.8

NR

Sultonation improves
the PANI conductivity
atpH 7

PANI-PAA film was
deposition by
electropolymerization

pH independent
response from pH 5
to9

Sensitivity can be
improved by

increasing Vg

Sensor was
encapsulated in
cellulose acetate
membrane

162]
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Liquid
gate-FET

TFT

TFT

TFT

Liquid
gate FET

Metal oxides

H202
Glucose

H202
Glucose

Glucose

H202
Glucose

H202

&

&

&

PPyNT-
GOD

PEDOT-
GOD

PEDOT-
GOD

PEDOT-

TiO,-GOD

rGO-PPy

NTs

500
(est.)

10

0.1
nM

3.75%/mM
(est.)

0.79-3 yA/mM

NR

0.126%/decade

2%I/decade

2-20

0.001-5

0.01-100

0.001-5

0.1-100
nM

Vys:
-0.01

Vg
0.01V

-04V

Vg: 0.4

Vys:
-0.7V

Vg: 0.7

Vys:
-0.1V

Vg: 0.4

Vg 0.1

Vgs:
-0.01

5-10s

<20s

~360's

~1000
(est.)

<1ls

Buffer:
PBS (10
mM)

Working
pH: 7.0

Buffer:
PBS

Working
pH: 7.4

Buffer:
PBS (120
mM)

Buffer:
PBS (10
mM)

Working
pH: 7.0

Buffer:
PBS

Working
pH: 7.4

High enzyme loading
was achieved

Used as both optical

and electrochemical

Stable for 100 days
with covalently
immobilized GOD

Stable for 10 days
with intermittent

testing

Stable up to 1
month, when stored

in air

[64]

82]

BB
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Glass-
ITO-SnO;

SigN,-FET

FET

Ta,Os-
FET-Pt

FET

Glucose

Glucose

H202

H20,

H20,

GOD-MnO2

GOD-MnO,
NPs

Iridium

oxide

Prussian

blue

Os-PVP-
HRP

Perovskite

oxide

TiO,

2700

20

100

10

0.1

NR

2.35 mV/mM

NR

400 mV/dec

290 mV/dec

700 mV/dec

35 mV/dec

4.5 mV/uM
(DMEM media)

<20

0.025-1.9

0.1-10

0.01-1

1077107°

0.005-0.2

NR

No
. 720
bias

No
. ~140s
bias

Ibias:

25 nA

Ipias:
50 nA

NR

Ibias:

25 nA

|bias:

25 nA

1800

lgs: 0.1
mA
300 (est.)

Buffer:

Phosphate-

KOH (5 Dynamic range

mM) strongly depends on
pH value

Working

pH: 8.1

Buffer: Tris

(10 mMm) Repeatability: 1.9%
(RSD) for 7

Working measurements

pH: 7.4

Working

pH: 3.5-9

Working

pH: 4.5-6

Working

pH: 4.5-6

Buffer: .
Change in

Phosphate o
stoichiometry of

Working oxide can result in
lower detection limit

pH: 7

Buffer:
DMEM media

Phosphate

[44]
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FET Glucose
Glucose
Liquid
gate FET
Cholesterol

Carbon nanomaterials

Graphene-

Glucose
FET
OTFT Glucose
Graphene-

Glucose
FET

ZnO-NiO
quantum
dots
ZnO  rod-
GOD
ZnO  rod-
COD
GOD
Graphene-
Chitosan-
GOD
Silk fibroin-
GOD

26

0.07

0.04

100

0.01

100

13.14 PA
mM~1(0.001— 0.001-50
10 mM)
32.27 PA

o 0.05-70
mM~cm
17.1 PA

P 0.01-45
mM~cm
~1 UA/mM

<10

(est.)
370 mV/dec 0.01-1uM
2.5 pA/mM 0.1-10

NR

~500's

~100s

Buffer:
PBS (10
mM) Tested in  whole
blood and serum
Working
pH: 7.4
Buffer:
PBS (50
M
mM) Mice blood, serum
Working
pH: 7.4
Buffer:
PBS 10
( Glutamate was also
mM
) detected using the
) sensor with GluD
Working
pH: 7.2
Buffer:
PBS Investigated the
effect of interference
Working of UA and AA
pH: 7.4
Buffer:
PBS (10
mM) Stable for 10 months
at room temperature
Working
pH: 7.4

[83]

73]

78]
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FET

rGO-FET

FET

Others

Si0,-
MOSC

Polysilicon
wire-
ISFET

Graphene-
H,0, &  Chitosan-
Glucose PtNPs-

GOD
H,0, MoS,

Graphene-
H20;

Cyt-c
Glucose HRP-GOD

APTES-
H0, &

SiNPs-UV
Glucose

treatment

30 nM-1
0.03 91.7 mV/dec

mM

1 pM-100
1pM 0.46%/dec

nM
0.1 0.1-100

14%l/dec

pM pM

5000 1.76 nAlcm2M <2M

107101073

32pM 12 AmM-lcm=2 "

Vg 0.7

Vds:
0.05V

175V

Vygs:
0.001

Vgs: 5

~100
(est.)

~1s

<1ls

1200

NR

Buffer:
PBS

Working
pH: 7.2

Buffer:
PBS

Working
pH: 7.4

Buffer:
PBS

Working
pH: 7.4

Dry sensor
S0 no need
for a buffer

solution

Tested
solution
volume:
0.03 pL
(Dry

sensor)

No interference was
observed from AA
and UA

HelLa Cells

No interference from
UA, AA, dopamine,
and glutamate

Serum

85]

[24]

72l
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