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Abstract

methods-of sighal-detection-and-measurement-Using ion-sensitive field effect transistor (ISFET)

sensors is one of the most prominent signal detection and measurement methods for various

analytes and biomarkers. Here the history of the ISFET sensors and their general operations are

reviewed.

sensors-Because of the extreme importance of gate performance and structure in sensitivity, price,

reusability, durability, and stability of ISFET sensors, the gate materials and structures have been

the subject of many studies. In addition, the importance of gate materials in ISFET sersers-sensor
readout methods is reviewed here. The applications of ISFET as super biosensors with high
sensitivity, easy manufacturing methods, sufficient stability, and cost-effectiveness in the
measurement-ofmeasuring ions, DNA, biomarkers, and analytes based on enzyme activity, are
highlighted. Finally, the importance and advantage of using ISFET sensors with bioactive
nanomaterial layers are emphasized, and future studies of these sensors, based on our point of
view, are discussed.

Keywords: ISFET sensor; Gate materials; Biosensor; Enzymatic ISFET assay.



Table of nomenclature.

ABTS 2, 2-azino-bis 3-ethylbenzothiazoline-6-sulphonic acid
ABTES 3-aminopropyltriethoxysilane

AChE Acetylcholinesterase

BSA Bovine serum albumin

API Active pharmaceutical ingredients

Cpy Chlorpyrifos

CMOS Complementary metal-oxide semiconductor

CvCcC Constant-Voltage, Constant-Current

C-PPy Carboxylated polypyrrole

DG Double-gate

DG-CNT-ISFET Dual-gate carbon nanotube ISFET

DNA Deoxyribonucleic acid

EG-ISFET Extended-gate ISFET

ENFET Enzyme based ISFETs

FET Field effect transistor

F-rGO Fluorinated-reduced graphene oxide

Ibs Drain-source current

ITO Indium tin oxide

ISFET lon-sensitive field effect transistor

IUPAC International Union of Pure and Applied Chemistry
GFET Graphene field effect transistors

HLA Human leukocyte antigen

HRP Horseradish peroxidase

JFET Junction FET

JF-ED-TFET Junction-free tunneling field-effect-based biosensor
MHC Major histocompatibility complex



MESFET
MOSFET
MICA
LAMP
LOD
PBSE
rCV-N
SOI-DG ISFET
Si NW
SGGT
Vbs

uT

Metal-semiconductor FET

Metal- oxide-semiconductor FET

MHC associated with class | related chain A
Loop-mediated isothermal amplification
Limit of detection

1-pyrenebutanoic acid succinimidyl ester
Recombinant cyanovirin-N
Silicon-on-insulator dual-gate ISFET
Silicon nanowire

Solution-gated graphene transistors
Drain-source voltage

Ultrathin body




1. Introduction

Ultra-sensitive biosensors equipped with nanotechnology have the potential for early and
accurate medical and genetic diagnosis. With the development of different sensory methods,
academic researchers have become interested in this topic. Precision biosensing tools and test
strips are improving and transitioning from optical and/or electrochemical to electronic
technologies [1, 2]. Thus, those interested in biosensors must investigate the structure,
performance, and recent applications of electronic-based biosensors because they have the
potential to become one of the main sensor technologies for medical diagnosis applications.

According to the International Union of Pure and Applied Chemistry (IUPAC) definition,
biosensors use specific biochemical reactions mediated by the immune system, isolated enzymes,
tissues, whole cells, or organelles to detect chemical compounds by optical, electrical or thermal
signals [3]. Thus, biosensors are analytical tools for monitoring biological dynamics, interactions,
and activities [4]. A biosensor consists of three main parts, including a bio-detection element, a
transducer, and a signal processing unit. Biomolecules cause changes in physical quantities such
as charge, photon, or mass, and the transducer senses these changes converting them into electrical
signals, voltage or current. Ultimately, to determine the sensing results, the signals are amplified
and analyzed.

According to different output signals, the traditional methods of monitoring the
electrochemical reactions are divided into optical [5-7] and classical three-electrode systems [8].

The optical method is based on light changes during electrochemical reactions (Figure 1Figure-1)

[9-11]. One of the disadvantages of this method is the need for a complex, expensive, and large
device to achieve high sensitivity [12]. In contrast, the classical three-electrode system has

advantages such as high sensitivity and low production cost (Figure 1Figure-1). However, the mass
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production of a three-electrode system and its integration into other systems is challenging due to
the lack of a common production standard [13]. To overcome this challenge, the ion-sensitive

field-effect transistor (ISFET) was developed in 1970 [14].

/

/ - - -
4 Electrochemical reaction monitor 3\

<

-~
Potentiostal ISEFT
Biochemical sensor comprasion

Z

\\

Figure 1. Classification of conventional electrochemical sensors.

In biosensing mechanisms, an interesting approach, namely field effect transistor (FET)-
based biosensor was considered a reliable approach. In addition, due to the rapid development of
solid-state technologies there are many options to move forward. Most biomolecules carry
electrostatic charges and bioactivities involving changes in electrical potential. Thus, FET-based
biosensors are a suitable option for fast and ultra-sensitive detection of biomarkers [15]. ISFET
biosensors are FET-type biosensors, which measure ions concentration in solutions. In the ISFET
the solution is used as the gate electrode and the other parts follow the conventional FET devices.
The change in concentration of an ion such as H* accordingly changes the current through the FET.
ISFET biosensors are extremely sensitive and have the advantage of good scalability, intrinsic
amplification, acid-alkali resistance, water repellent, impact resistant, fast real-time detection,
direct electrical readout, and lower power requirements compared to other electrochemical and

optical sensing devices. Furthermore, they are superior to cyclic process voltmeters with simple



direct electrical readout and complementary metal-oxide semiconductor (CMOS) compatibility
[16-18].

The use of ISFETs in DNA sensing has been specifically discussed in the review articles
[19, 20]. ISFET applications in medicine have also been reviewed [21]. In the review article by
Cao et al., many topics of ISFET and its applications in biosensors have been covered, but the
materials used in the gate terminal structure have not been investigated specifically [13].
Therefore, in this review, first, a brief history of ISFET sensor performance in general is presented
and the manufacturing and improvement of ISFET sensor performance is discussed. Then, there
is more focus on the materials and gate structure of ISFET sensors as their most sensitive and key
part. Also, readout methods of ISFET sensors and their application as biosensors will be discussed.
So, the main purpose of this review, in addition to reviewing recent research, is to create a proper
background of the entire ISFET structure and performance, focusing more on the biosensing
application of ISFET.
2. History of ISFET sensors

The ISFET sensors consist of a sensing element and a transducer. All stages of
development and improvement of ISFET devices and their sensing applications are presented in
Table 1Fable. In recent decades the progress in the use of ISFET as sensors have been impressive
and have become the favorite biosensors for biochemists. Advances have been made to the extent

that a multifunctional sensor could be used to measure several analytes [22]. A schematic of

sensors with multiplex functions is shown in Figure 2Figure-2.

Table 1. Timeline of progress in the construction and optimization of ISFET biosensors

Advanced process in ISFET Year Ref.

1 ISFET originated from FET2 1925 [23]
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10

11

12

13

14

Suggesting different types of FET depending on the type of gate structure (such as JEFT® and
MESFET®).

Using a semiconductor process, the MOSFETY uses a metal-semiconductor junction to replace the p-n
junction of the JFET for easier fabrication and higher operating speed.

Despite the low speed and ease of damage, the MOSFET was used as a low-cost signal converter with
easy fabrication on a large scale.

Quantitative detection of Na* with source-drain current output (Ips) as the first ISFET sensor with direct
oxide-solution contact by removing the metal gate structure MOS.

Replacing metal oxides in MOSFET with an aqueous solution in ISFET.

Using an ISFET with a gate made of noble metal as a gas sensor.

Application of ISFET to identify penicillin biomolecules through enzymatic reactions.

Placement of sensing films instead of metals in the structure of MOS and its explanation by the Bousse
site dissociation model.

Optimizing the size of the sensors by making a miniaturized urea biosensor using an enzyme on the
ISFET gate.

Improving the anti-interference performance of ISFT-based biosensors for simultaneous detection of urea
and glucose

Detection with acceptable sensitivity of H*, by the structure of ISFET containing different sensitive films
(such as Taz20s, SisN4, Al203) on the insulating oxide layer.

Detection of urea in human blood serum using GATE enzymatic modification in ISFET.

ISFET sensor development is based on clinical applications focused on the detection of antibodies,

glucose, DNA, and cells.

1952

1960

1962

1970

1972

1975

1980

1983

1984

1985

1987

1995

2001

[24]

[25]

[26]

[14]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

a Field effect transistor; b, junction FET; ¢, Metal-semiconductor FET; d, Metal- oxide-semiconductor FET.
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Figure 2. Schematic of the ISFET arrays application for multiple detections.

3. Principles of ISFET sensors action

The ISFET results from replacing the gate electrode with a solution, a chemically sensitive
membrane, and a reference electrode in a conventional metal oxide silicon field effect transistor
(MOSFET) (Figure 3Figure-3A-C). The channel resistance in ISFET depends on the electric field
perpendicular to the current direction (same as MOSFET). Charges in solution are held on the top
of an insulating ion-sensitive membrane. The dependence of the surface potential on the charge
concentration is explained by the well-known site-binding theory [36].

Anisotropic ion accumulation occurs at the interface between an electrochemically active
surface and a liquid electrolyte (Figure 3Figure-3D). Due to the differences in the amount and

charge, an electric double layer will be formed by the ions near the surface, and a diffuse layer of
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external charges will result between the neutral volume of the solution and the Helmholtz planes,
according to the Gouy —Chapman theory [37]. When SiO> is used as an insulator, the surface of
the gate oxide contains activated —OH, which is in electrochemical equilibrium with the ions in
the solution (OH™ and H*). Hydroxyl groups are protonated or deprotonated on the gate oxide
surface. As a result, due to the contact of the gate oxide with the aqueous solution the change in
pH causes a change in the potential of the SiO. surface. Signal transmission is considered a
function of the ionization state of the SiOH groups of the amphoteric surface [38]:

SiOH & Si0”+ H*

SiOH + H* o SiOHS
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electrode
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Figure 3. (A) Basic structure of metal-oxide-semiconductor field effect transistor (MOSFET); (B) Basic structure of ion-sensitive
field effect transistor (ISFET); (C) Simple circuit of an ISFET sensing system; and (D) Electrical double layer adjacent to the

SiO2 surface.
The selectivity and chemical sensitivity of the ISFET sensors depend on the insulating
properties of the insulator and/or electrolyte interface. In this regard, oxide coating minerals such
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as Si0Oo, SizNa, Al,0O3, or Ta20s can be used to obtain the desired pH response [39] (Table 2Fable

2),

Table 2. Examples of pH sensor specifications.

Sensitive layer pH range Sensitivity (mV/pH)

Ta20s 2-12 56 - 58
SizN4 2-12 53-55
Al20s3 2-12 54 - 56

The protonation/deprotonation of the gate is controlled by the pH in the gate region [40]. Sensor
responses are according to Nernst's law (59.2 mV/pH). The response of an ion-selective electrode

IS given by:

E=E,+ (g) In[i]

where E is measured potential (V); Eo is characteristic constant for the ion-selective/external
electrode system; T is temperature (K); R is gas constant; F is Faraday's constant; [i] is molar

concentration of free unmixed ionic species; and z is the signed ionic charge [41].

4. Gate materials in ISFET sensors

The ISFET sensor’s gate material is a sensitive layer in direct contact with the target
solution, forming the gate dielectric/insulator layer. In ISFET sensors, the control of the drain-
source current is done through the gate potential generated at the interface between the sensor
membrane and the solution. In choosing the right gate material for ISFET sensors, which is stable

and performs well, more attention should be given to the high energy band gap, more connection
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sites for modification, and high dielectric properties [42]. To measure mineral ions, sensitive
membranes are deposited on the gate layer, and other macromolecules are detected by adding a
specific amount of antibody/enzyme/RNA to a specific reaction. The change in the analyte
concentration is reflected by the change in the proton concentration of the environment [43].
After replacing the metal gate in the MOSFET with an aqueous solution to construct an
ISFET sensor, various materials have been used in the construction of the ISFET gate [27]. Oxides
have always played the role of coloring [44, 45]. The oxides are based on the effect of H* released
from the solution’s dynamic in the pH of the well, which changes the surface potential of the oxide
layer as well as the potential between the gate and the base of the underlying field effect. Apart
from oxides, other materials act as selective membranes for ions, which are explained in Table
3Table-3. Due to the importance of the gate material in ISFET sensor’s function, they will be

further discussed and the latest developments in the field will be reviewed next.

Table 3. Different materials as gate-sensitive layers.

Thin film

SiO2 Single-layer SiO2 stacked with other thin layers, such as SiO2/HfO2/Al.03, has improved performance
[46]. First, Al/SiO2/Si layers were used as hepatitis B antigen sensors [47].

Ta20s In 1981, Ta20s was one of the most suitable materials known as a gate layer for pH sensing [47]. In 1989,
the first gate Ta20s ISFET sensor with a differential amplifier was built. The output of one amplifier was
amplified with a Ta20s/SiO2 ISFET gate, while the output of the other amplifier was amplified with a
SiOxNy/SisN4/SiO2 ISFET gate. [47]. In this system, an external reference electrode was not required.

Nitrides Nitride is used to measure many biomarkers. For example, in addition to being watertight, SisN4 has
excellent chemical stability for sensing H*. With an ion-sensitive layer on top of the SisN4 gate in the
ISFET, it measures a variety of biomarkers [13].
Indium Nitride (InN) has enabled the high sensitivity of pH measurement. Accumulation of surface

electrons in InN results in a large ion-induced surface potential to drive current in the ultrathin conducting
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Al203

Other oxides

Polymers

channel, and as a result, sufficient gate bias in the electrolyte modulates the electron density in the ultrathin
conducting channel, and the ratio of current changes increases significantly [48].

Gallium nitride (GaN) is engineered with the advantage of a wide energy gap through anisotropy design.
It has high conductivity at zero discharge valve voltage and thus high sensitivity [49].

Al203 was first used in 1979 as a chemically stable assay in pH measurement [50]. In contrast to
commercial FETS, in the case of this Al2Os ISFET, the pH sensitivity for small sensing areas (about 0.1
mm?), is not affected and thus the analysis of integrated samples is possible [51]. Other Al-based materials
have also been used as ISFET gates, such as aluminum metal and aluminum nitride [52, 53].

Zinc oxide (ZnO), hafnium oxide (HfO2), palladium oxide (PdO), and many composite oxides are
attractive ion-sensitive membranes. ZnO can achieve a wide range of pH sensing with linear response,
and the HfO2 gate deposited by ALD can minimize the oxygen vacancies to reduce the bound ions on the
sensor film surface. Indium-gallium-zinc-oxide thin film for n-type gate material and pH sensing
membrane simultaneously provided a flexible sensor based on an oxide film prepared with a temperature
sensor for real-time measurements to provide an integrated and flexible personalized bioelectronic
pathway [54]. Indium zinc oxide (InZnxOy) can be used to measure pH [55].

Polymer/organic gates broaden the variety of target analytes with ISFET sensors, such as modifying
polyaniline protonated with dinonylnaphthalene sulfonic acid (PANI/DNNSA) as gate material for an

ISFET polyethyleneimine sensor [56].

Two-dimensional materials

Graphene

MoS:2

Black phosphorus

Graphene has higher carrier mobility than silicon at room temperature and more electron mobility with
temperature change [57]. Due to its high sensitivity to surface charge and strong interaction with ionic
adsorbates, it can act as an excellent material for electron-proton conversions. It has been used in the
detection of Na*, Co?*, AI**, and others in ISFET sensors [43].

In 2011, a transistor was made with a molybdenum sulfide (MoSz, 0.65 nm thick) sheet [58]. ISFET with
MoS2 gate has been used to measure glucose [59], hydrogen peroxide [60], heavy metal ions [61], and
proteins [60].

Black phosphorus is a layered semiconductor with high carrier mobility and controllable bandgap for the
design of nanoscale transistors for the detection of nitrogen dioxide gas, heavy metal ions, and immune

proteins [62-64].
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Metal carbides, Two-dimensional carbonitrides, transition metal carbides and nitrides (Mxenes) are graphene-like
nitrides, and structures composed of transition metal carbides, nitrides, or carbonitrides that have high conductivity and
carbonitrides much low resistance. They have been used in biosensors since 2011 [65]. For example, they have been

used to detect dopamine [66], metal ions [67, 68], and COVID-19 [69].

Other nanostructures

Si nanowires Si nanowire-based ISFETs with a high surface-to-volume ratio increase the threshold voltage and gate
capacitance, resulting in excellent ion-sensing properties [70].

Carbon nanotubes By placing carbon nanotubes along the channel, the electrical properties of the devices are significantly
improved [71].

Others Nanostructured materials with high surface-to-volume ratios have been used to actuate ISFET sensors for
protein sensing [72]. ISFET sensors based on zinc oxide nanorods have been used for glucose monitoring
[73], pH testing [74], and DNA detection [75]. Vanadium pentoxide (V20s) nanorods have also been used

to fabricate ISFET sensors [76].

4.1 Recent gate materials used in ISFET sensors

In the study of Phanabamrung et al., SisN4 was used as the gate covering layer of ISFET
to design a sensor based on the antibody-antigen connection of the major histocompatibility
complex (MHC) associated with class I related chain A (MICA), and also human leukocyte (HLA).
The detection linear range for MICA and HLA was 5.17-40 and 1.98-40 pg/mL, respectively,
which indicates the device’s good performance. Thus, in this study, the use of SizN4 for the gate
layer was very suitable with high modification [77]. In a recent study, Kim et al. made an initiative
to measure two ions, Na™ and K*, by means of an electrode. They designed the reference electrode
based on reduced fluorinated graphene oxide, and used indium tin oxide (ITO) as a thin gate layer.
Using this sensor, they detected Na* and K* ions in human urine with high sensitivity [78]. Also,
in another interesting study Hyun and Cho used a K* selective membrane on a thin layer of

amorphous indium gallium zinc oxide coplanar gate to measure K* concentration. This ISFET-
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based sensor had excellent selectivity. The results of K™ including the solution and the solution
containing other ions (in the absence of K*) were completely different [79].

Megat Hasnan et al. used poly (3,4-ethylene dioxythiophene): poly (styrene sulfonate)
composite thin layer with TioCTx MXenes layered including bovine serum albumin, and graphene
oxide, in an ISFET gate structure for chlorpyrifos detection. This composite layer had higher
sensitivity for chlorpyrifos compared to thin films without MXene [80]. This study showed the
importance of the correct thin film selection and the gate material used in a-an ISFET biosensor.

Graphene, as a two-dimensional material consisting only of carbon atoms in a hexagonal
structure, has always been a good candidate for sensors [81-83]. In this regard, Alves et al. used a
graphene-based ISFET biosensor to measure an antiviral protein inhibiting HIV, recombinant
cyanovirin-N (rCV-N). They used the linker 1-pyrene butanoic acid succinimidyl ester (PBSE) to
immobilize the antibody on the graphene gate electrode, through the primary and secondary amine
groups of the antibody. This biosensor detected rCV-N in the range of 0.01 to 10 ng/ml and the
detection limit was 0.45 pg/ml. The easy fixation of the linker on the electrode surface, the stability,
and the reusability of this sensor was-were attributed to the graphene used in the gate terminal [84].

The importance of the ISFET sensors’ gate materials, in addition to laboratory research,
has also been considered in simulation-based studies. To improve the sensitivity of the ISFET-
based sensor, Prakash et al. used Ta20s, SiO, Al>Os, and HfOy, in the role of the ISFET gate by

COMSOL simulation, and the ISFET with Ta>O3 gate had the highest sensitivity [85].

5. Readout methods
The requirement for higher precision and greater integration of the front circuit and signal
readout methods have led to a revolution in the design and application of biosensors based on

ISFET. Measurement methods are classified into two types, single and differential measurements.
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In a single ISFET sensor measurement, two readout methods are involved to achieve continuous
encoding. The simplest readout system for the reference electrode is the feedback mode. In this
case, the ISFET sensor current is constant, and the pH of the solution changes the voltage feedback
to the reference [41]. However, its inadequacy with the conventional reference electrode was the
reason for replacing the feedback mode with the current mode. This technique is now widely used
in front-end ISFET sensor configurations, including constant current readout (CCR), constant
voltage readout, and current mode readout.

The Constant-Voltage, Constant-Current (CVCC) circuit is—dependentdepends on the
constant source-drain voltage (Vos) and current identifiers. In the CVCC circuit, by loading a
constant voltage between the source and drain of the ISFET, the change in pH is reflected in the
changes in the source voltage [86] (Figure 4Figure-4A). In addition, more pixel architectures have
been proposed. The readout unit for the ISFET sensor array consists of three transistors and a
single ISFET device: transistor P1 acts as the load by providing constant current, and transfer gate
P3/N1 acts as the readout for each pixel [87] (Figure 4Figure-4B). Another notable method is time-
to-pH readout where the Co capacitor is charged before detection and discharged during pH
measurement. In this method, the discharge time depends on the drain-source current of the MNg
transistor, and therefore, on the pH of the solution. The N1 voltage depends on the pH, followed
by the conversion of time to voltage, and its value is calculated by turning off the Sg switch after
a certain period [43] (Figure 4Figure-4C).

The differential measurements in the ISFET sensers-sensors' signal readout reduces the
common-mode signal, noise, and drift [86]. Figure 4Figure-4D shows the ISFET sensor differential
readout system including an ISFET amplifier and a differential amplifier. In the study by Wong et

al. a reference ISFET sensor was immersed in solutions of a specified value, and the output signal
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of the difference between the two ISFET amplifiers was represented by the output signal. The pH
of the desired analyte was then calculated, and the shift that occurred in both ISFET sensors was
removed in the readout signal. The use of an ideal reference electrode is essential because the
differential sensor allows for the elimination of the common-mode voltage between the two
sensors, noise reduction, minimizing drift effects and temperature differences [86]. Also, other

innovations have been made in this type of reading method for ISFET biosensors [43].

,._______________
<
=]
]

W
—W

Figure 4. ISFET sensors readout methods; (A) Source-drain follower circuit; (B) Standard pixel readout; (C) Time-to-pH voltage
readout system; and (D) Differential amplifier readout system.
6. Biosensing applications

The intrinsic properties of the gate materials account for the strong response of the ISFET
sensors to certain ions. In addition, the interactions between the ISFET gate and biomolecules
affect the electrical output of the ISFET. Therefore, ISFET-based sensors are used to detect

biomolecules and ions [88]. In Table 4Fable-4, some recent research in the field of using ISFET

17
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biosensors are given. Recent advances in ISFET biosensing are presented in more detail in the

following sections.

Table 4. Some recent studies of biosensors based on ISFET.

Transistor Research topic Ref.

ISFET Real-time detection of integrated RNA in men with prostate cancer. [89]

ISFET Detection of antibodies against HLA? and MICAD®, [77]

Fe-rGO RE- Using F-rGO RE in ISFET structure to detect potassium and sodium ions in urine. [78]

ISFE

JF-ED-TFETY  Simulation of a JF-ED-TFET for label-free biosensing applications. [90]

FET Development of a biosensor platform based on IGZO planar thin film gate coplanar [79]
transistor for selective detection of K*.

ISFET Sensitive and fast detection of SARS-CoV-2, without Debye length limitation. [91]

Si NWe-FET Application of Si NW-FET biosensor with graded channel gate for label-free biomolecule [92]
detection.

DG'- ISFETs Application of DG- ISFETSs for continuous pH measurement with gate layer capacitance [93]
beyond Nernst.

ISFET Using a 3x2 differential ISFET integrated pixel array for pH measurement. [94]

a, Human leukocyte antigen; b, Major histocompatibility complex associated with class I; ¢, Fluorinated; d,

Junction-free tunneling field-effect-based biosensor; e, Silicon nanowire; and f, Double-gate

6.1. lons

For the first time in 1970 Piet Bergveld used ISFET sensors with a SiO» gate to detect CI
and Na" around nerves [14]. He replaced the classic MOSFET metal gate ISFET with a hybrid

ion/electrolyte/RE selective film module and used the resulting device for ion sensing. After this
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study, the ISFET ion sensor received the scientific community attention. Since then, the ISFET
ion sensors have been introduced to the public for performance studies.

ISFET is commonly used for pH sensing. Grasta et al. used ISFET to detect the presence
of chloride ions in sweat [95]. This study was done to diagnose cystic fibrosis. They used empirical
reality modeling. Gate oxides (HfO2) in a chemical reaction with electrolyte solution, anions (CI°)
directly react with hydroxyl groups and replace surface protons. The CI- detection limit of the
designed device was 4 umol/me. They also investigated the effect of oxide width on device
performance. In Figure 5Figure-5, HfO2 is considered as an insulator, and the changes in the
dependence of the drain-source current (Ips) on the drain-source voltage (Vps) depend on the four
values of duro2. In addition to pH sensing (Table 5Fable5), ISFET sensers sense various ions such
as Na* [78], Cu?* [96], and K* [97], by using different sensitive membranes loaded on modified
channel materials and gates. lons are critical analytes in healthcare and medicine. For example, in
a recent study by Annabella la et al., they used a NaCl measuring ISFET device with HfO> to
diagnose and analyze cystic fibrosis. The selective polyvinyl chloride membrane increased the

sensibility of the ISFET to other ions [98].
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Figure 5. Investigating the effect of HfO, thickness on drain-source current (Ips) versus drain-source voltage (Vos)

for two different amounts of CI~ [95].

Table 5. An overview of some studies conducted in the field of pH detection with ISFET sensors.

Basis Target Linear Year Ref.
range
Al,O3 ISFET pH detection 1-12 2004 [99]
pH-ISFETSs potato glycoalkaloids analysis - 2005 [100]
pH-MFGFET pH detection 1-13 2008 [101]
SOI-DG? ISFETs pH detection 3-11 2013 [102]
SisN4/SiO, ISFET pH detection 2-12 2013 [103]
DG-CNT-ISFET?® pH detection 5-9 2019 [104]
In2O3 nano gate ISFET pH detection to determine the concentration of 6 —10 2020 [105]
biomolecules

UT® and TiO, gate pH detection 1-12 2020 [106]
ISFET

20



Si02/Ta;05 EG- pH detection 3-10 2020 [107]

ISFET?
Si NW DGe-ISFET pH detection ~3-10 2021 [108]
ISFET pH detection 5-11 2022 [109]

a, Silicon-on-insulator dual-gate; b, Dual-gate carbon nanotube ISFET; c, Ultrathin body; d, Extended-gate ISFET;

and e, Silicon nanowire dual gate.

6.2. DNA

In accordance with the great importance of accurate detection of nucleic acids in the design
and discovery of drugs, diagnosis of various types of cancers and genetic diseases, optical,
magnetic, electrochemical, and enzyme assay methods have been developed [110]. The advantage
of these methods is high sensitivity and low detection limits, but they have shortcomings such as
being expensive and large measuring instruments, complex measuring circuits, harmful labels, and
time-consuming preparations [111]. To resolve this problem, the ISFET method is an excellent

candidate. Currently, ISFET-based DNA sensing is performed with two mechanisms:

e Enzymatic reactions based on DNA polymerase, which lead to the production of H* and
affect the surface charge distribution of the ISFET gate.

e The other is based on DNA strand hybridization leading to the generation of negative
charges that affect the surface charge distribution of the ISFET gate and causes a change

in the electrical output of the ISFET [112].

ISFET DNA sensors have high sensitivity, fast detection, low detection limit, high
sensitivity, a simple manufacturing process, low cost, and good characteristics. Therefore, many

research groups have become interested in their use (Table 6Fable-6). Based on the advantages,
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many studies on ISFET-based DNA sensors have been developed in recent years. For example,
Mahdavi et al. used 3-aminopropyltriethoxysilane (APTES) to silanize the ISFET gate and
immobilize DNA probes on the gate, to make a sensitive DNA sensor. The steps and patterns of
the expected data in different stages of the experiment are shown in Figure 6Figure-6. The sensors
were tested during fabrication with 0-5 voltages for both the érain-seureedrain source and the
voltage electrode. The reference electrode was Ag/AgCI. Steps 1-7 represented the possible loads
for each stage of their experiment and the expected changes in the source-drain current were
plotted. DNA hybridization was done in step 5 and the changes in current were proportional to it.
This sensor produced an output signal of about 500 mV in the presence of a DNA solution at a

concentration of 10 pM. The limit of detection (LOD) of DNA can be 1 fM and the corresponding

DNA sensitivity is 50 pV/fM [113].

Table 6. Some cases of ISFET-based sensors in DNA detection.

Basis Aim LOD (uM) Linear range (uM) Year Ref.

CMOS-ISFET?  Real-time DNA hybridization 0.2 - 2016 [114]
DG-NR-ISFET® CorDNA® 5x10° 10x10° -1 2018 [115]
CMOS-ISFET  DNA molecules 1x10° 1x101%2-1 2020 [116]
EGFETY Cor DNA molecules 1x10? 1x10%-1 2020 [117]
CMOS-ISFET Direct DNA hybridization 1x10° 1x10%5-1x10° 2020 [118]

a, Complementary metal-oxide semiconductor-ISFET; b, Dual-gate nanoribbon-based ISFET; c,

Cordyceps sinensis's DNA; and d, Extended-Gate FET.
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Figure 6. Test steps pattern and expected data in different test steps. Positive charges are due to APTES entering

the surface. The yellow shape of sodium dodecyl sulfate (SDS) is negatively charged, and the red crosses are EDTA

molecules [113].
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The generation of pyrophosphates during DNA amplification lowers the pH, and this
property has been used for silicon based ISFET sensors for DNA detection. However, graphenes
are very suitable because of their surface-to-volume ratio. Graphene (n-n bonds) is used for non-
covalent stabilization of single-stranded DNA primers because it does not absorb double-stranded
DNA. In this regard, Ganguli et al. used Bst polymerase (in silico designed homolog of Bacillus
stearothermophilus DNA Polymerase 1) in a loop-mediated isothermal amplification (LAMP)
reaction in the presence of target-specific primers and crumpled graphene field effect transistors
(GFET) to detect amplification by primer reduction assay. They were able to detect the end point

of the amplification reaction with initial concentrations of only 8 x 10?1 M of E. coli DNA [119].




ISFET goes beyond the detection of nucleic acids and by entering DNA sequencing technology, it
provides important data for gene detection and gene therapy. ISFET sensors are also designed to

detect DNA base pairing, which can be useful in DNA sequencing systems [120].

6.3. Enzyme-based sensors

Enzyme-based ISFET sensors are achieved by immobilizing enzymes on the gate surface
of ISFET to detect enzyme substrates [121]. As a result of enzymatic reactions, the charge
distribution on the gate surface changes, which can be detected by the electrical output.
Accordingly, enzyme-based ISFET sensors (ENFETS) have been used to detect many biological
analytes such as glucose, penicillin, cholesterol, urea, and dopamine [122]. Due to the choice of
the small size of ISFET sensors, high adaptability, fast response of enzymatic reactions, high
sensitivity and the need for small sample volume have made ENFET sensors very popular.

Bhatt et al. developed an acetylcholinesterase (AChE) biosensor based on an electrolyte
carbon nanotube field effect transistor. The enzyme was immobilized on a flat gold gate electrode
with a linker using 3-mercaptopropionic acid. They used least-squares curve fitting and obtained
a sensitivity of 5.7 pA/decade. The real-time response was in the concentration range of 1 x 101
— 1x 107 M (constantly applied biases (Vps) = —0.2 V and (Ves) = —0.8 V) (Figure 7Figure-8A).
This test gave a proportional response to different analyte concentrations, while it was not sensitive
to glycine and serine interferences (Figure 7Figure-8B). This sensor had a high capability in real
samples, and as a result it was very resistant and flexible [123]. In general, the design of ISFET

sensors based on cholinesterases is of significant interest to researchers.
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Table 7. Some studies on the application of cholinesterases in FET biosensors.

Transistor Gate enzyme Detection substance LOD Linear range Year Ref.
(LM) (LM)
SGGT® AChEP Organophosphorus 0.01 03-3 2021 [124]
pesticide
ISFET AChE Indole alkaloids 0.5 pg/ml 2 —15 pg/ml 2022 [125]
rGO°FET AChE ACh¢ 2.3 5-1000 2020 [126]
rGOFET  AChE ACh 1 uM 1-1x 104 2018 [127]
ISFET Butyryl Glycoalkaloids - 0.03-5 2006 [128]

cholinesterase

a, solution-gated graphene transistor; b, Acetylcholinesterase; ¢, Reduced-graphene-oxide; and d, Acetylcholine.

Providing portable sensors requires high flexibility and a flexible substrate. In this regard,
Kwak et al. developed a chemical vapor deposition-grown graphene-based FET for glucose
sensing. Chemical vapor deposition-grown graphene was functionalized with glucose oxidase
enzyme linker molecules. The graphene-based FET sensor had bipolar transmission
characteristics. By measuring the Dirac point shift and drain-source differential current, the
developed FET sensor detected glucose levels in the range of 3.3 to 10.9 mM. This corresponds to
the reference range of medical examinations, and the sensor was very flexible [129]. In another
study, Wang et al. developed a FET-based glucose sensor with a bimetallic nickel-copper metal-
organic framework (Ni/Cu-MOFs) as its channel layers. They used glutaraldehyde as a linker to
immobilize glucose oxidase. The synergistic effect of Ni and Cu ions in MOFs caused the
appropriate field effect on glucose. This sensor showed a linear relationship in the range of 1 - 2 x

10* uM, a lower detection limit of 0.51 uM, and a sensitivity of 26.05 pAcm?mM-. This sensor
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had high specificity, reasonable short-term stability, excellent repeatability, and fast response time
[130]. In a study based on the glucose oxidase-like activity of nanozymes, Farahmandpour et al.
recently developed a non-enzymatic FET sensor for glucose detection. They synthesized CuO
hollow spheres decorated with reduced graphene oxide (rGO). These synthesized nanostructured
hollow microspheres (rGO/CuO-NHS) were immobilized on a flexible PET substrate between
interdigitated electrodes as the channel of a back gate transistor. The high surface-to-volume ratio
of the nanostructured shell and the selective porous hollow spheres of CuO along with the high
conductivity of rGO became the cause of glucose oxidation with a low detection limit of 1 nM and

sensitivity of 600 pA uM L. In addition, the flexible glucose sensor had high reproducibility

(Figure 7Figure-8C), repeatability (Figure 7Figure-8D), and good stability (Figure 7Figure-8E)

[131]. Table 8Fable-8 lists some studies on the use of enzymes for glucose detection.

Table 8. Some cases of glucose oxidase /glucose oxidase mimics-based FET biosensors.

Transistor Gate enzyme LOD (uM) Linear range Year Ref.
(UM)
FET Ag NPs as an enzyme - 0.1-0.25 2020 [132]
mimic
ZnO/CuO-NHS? FET Glucose oxidase 0.03 - 2023 [133]
MoS; FET Glucose oxidase 0.3 0.3-3x10* 2018 [59]
EGFET Glucose oxidase 0.001 0.1 -1 mg/mL 2020 [134]
mg/mL
Silk fibroin-encapsulated  Glucose oxidase 100 100 -1 x 10* 2014 [121]

graphene FET

rGO/C-PPy NT FET® 0.001 0.001 - 100 2015 [135]
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EGFET Ga;03 as an enzyme 20 - 2022 [136]

mimic
FET Polyaniline/glucose - 0-9x10° 2004 [137]
oxidase
FET CPPN¢ - Glucose oxidase 500 2x10%-2x10* 2008 [138]
FET Glucose oxidase 100 <1x10 2010 [139]
ISFET PSWse 3.2x10°% 104-10% 2011 [140]
ISFET Glucose oxidase 25 50-1.8x 103 2004 [141]

a nanostructure hollow spheres; b, Extended gate FET; ¢, Reduced graphene oxide-carboxylated polypyrrole

nanotube FET; d, Carboxylated polypyrrole nanotube; and e, Polysilicon wire.

Peroxidases are used as a secondary reaction during assays of various enzymatic processes
such as oxidation and immunoassays. Use of ISFET sensors instead of expensive
spectrophotometric methods is a suitable option. For example, Tomari et al. used the signal
accumulation of an ion-sensitive field effect transistor (SA-ISFET) sensor to measure sarcosine,
lactic acid, uric acid and glucose, and detect Escherichia coli (using a peroxidase-labeled antibody)
[142]. In another study, Mariia et al. used horseradish peroxidase (HRP) as a label to determine
the interaction between thrombin and its aptamer on the surface of ISFET. The complementary
SDNA probe containing HRP was replaced by the immobilized aptamer (SDNA) with thrombin,
and the HRP activity was assayed. This biosensor detected thrombin with a low detection limit of

7 x 107 M [143]. Table 1Fable-19 lists some studies based on peroxidases in FET sensors.
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Figure 7. Real-time sensor response of different acetylcholine concentrations. (D) Selectivity of the sensor for
acetylcholine in the presence of serine and glycine (description in text) [123]; (C) Reproducibility for 4 glucose
samples with a concentration of 5 nM glucose for the sensor; (D) Repeatability for different sensors with the same
manufacturing method in the presence of 5 nM glucose; (E) stability test of the sensor that retained 93% of its activity

after 14 days [131]; and (F) Schematic of thrombin displacement and identification [143].

Table 9. Some studies on the application of FET sensors based on peroxidase enzymes/ peroxidase mimics.

Transistor  Enzyme Substrate LOD Linear range Year Ref.
(LM) (UM)
ISFET HRP2 H.0, 0.5 Up to V43¥ [144]
thousands
ISFET p’-glucosidase, Amygdalin - 100 - 300 1998 [145]

mandelonitrile
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lyase and HRP

PVPyP- HRP Cyanide - 01-10 1998 [146]
ISFET
ISFET HRP, glucose oxidase, Glucose - 103 - 104 1998 [147]
and urease Ascorbic acids 250 -2 x 10°
Citric acids 0.1-10
ISFET Peroxidase Herbicide simazine 1.25ng 5-175ngmlt 2000 [148]
mi?
GFET® HRP, glucose oxidase Glucose 0.2 1-10* 2021 [149]
rGO FET MoS; Releasing H,O, from 10 - 2019 [60]
cancer cell

a, Horseradish peroxidase; b, Poly(4-vinylpyridine-co-styrene); and ¢, Graphene field-effect transistor.

Other enzymes are also used in the design of FET-based sensors. For example, Abdul Barik
et al. in 2014 used a cholesterol oxidase-potassium-doped CNT-FET to detect cholesterol. The
type P-graphene was the electrochemical as a substrate on the ITO glass, and used the N-type
graphene sediment. ZrO in the channel area played a gate insulation role. The K/PPy/CNT
composite formed the sensor layer at the top of the ZrO» layer. They moved cholesterol oxidase
on the K/PPy/CNT membrane with physical absorption techniques. The linear diagnosis range was
0.5 to 20 mM. The sensitivity of this FET was ~ 400 pA/mM/mm? (R ~ 0.998). This sensor had
Michaelis-Menten constant (Km) and the detection limit of 2.5 and 1.4 mM, respectively. Another
notable point was the very low interference of glucose, urea, and uric acid in the results [150]

(please see more examples in Table 10Fable-10).
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Although the use of nanozymes in FET-based biosensors has not yet reached maturity,
significant number of studies have been performed. MXenes are two-dimensional materials with
hydrophilicity, high conductivity, and high surface area, and thus are attractive for the design of
biosensors. In this regard, Hasnsn et al. used Ti.CTX MXene structures in an ion-sensitive field
effect transistor (ISFET) to detect chlorpyrifos (Cpy). The use of a thin layer composite poly (3,4-
ethylene dioxythiophene)-poly (styrene sulfonate) thin—layer with layered pieces of Ti:CTX
MXenes with graphene oxide and bovine serum albumin (BSA) resulted in the reduction of the
minimum electrical threshold voltage Cpy by -0.1 V (the voltage of using TiO2 which is -1.5 V).
Considering the potential of Ti-.CTx MXene-BSA two-dimensional composite, the detection of

CPY with an enzyme-free sensor was available [80].

Table 10. Application of other enzymes in the design of ISFET biosensors.

Transistor Enzyme Substrate LOD (uM) Linear Year Ref.
range (LM)

ISFET Creatinine deiminase/ Ammonia 20 20 -1000 2005 [151]
urease

ISFET Creatinine deiminase Ammonia 10 0-5000 1998 [152]

ISFET Creatinine API? - - 2016 [153]
amidohydrolase

CNTP®- Laccase ABTS® 3 up to 300 2020 [154]

ISFET

SGGT! Lactate oxidase lactic acid 0.3 3-300 2019 [155]

ISFET Carbapenemase Imipenem 0.1 - 2021 [156]

CNT- Cholesterol oxidase Cholesterol 230 500 — 25 x 2021 [157]

ISFET 103

EGFET Uricase Uric acid 0.082 mg/dL 2—-7mg/dL 2021 [158]



FET Tyrosinase Dopamine 0.003 1-120 2021 [159]

ISFET DNA aptamer / alkaline COVID-19 spike 100 copies/uL in - 2023 [91]
phosphatase proteins 10 min
EGFET Uricase Uric acid - 1-30 mg/dL 2021 [160]
ISFET Alkaline phosphatase Interleukin-5 ~1 ng/mL 1 pg/mL - 2015 [161]
10 ng/mL

a, Active pharmaceutical ingredients; b, Carbon nanotube; ¢, 2, 2-azino-bis 3-ethylbenzothiazoline-6-sulphonic

acid; and d, Solution-gated graphene transistors.

6.4. Antigen-antibody detection

Antigen-related immune detection is very important for the diagnosis and prevention of
diseases such as immune diseases, tuberculosis, and various types of cancer. The main advantage
of ISFET is the very little work potential and neutrality in the antigen-antibody interactions [13].
Many studies have been done on the reusability and sensitivity of these sensors. The multi-layered
gateway structure is the most used strategy to improve sensitivity. For example, Kutova et al. have
developed a multilayer gate from CeO,/SiO> for ultrasensitive C protein antigen. The sensor was
very practical in PBS and human serum to predict inflammation in vivo and diagnose acute
diseases [162]. Another important point is to build an ISFET gate with different structures. In this
regard, Lee et al. improved performance for antigen diagnosis from hepatitis B levels based on the
structure of two gates with an excellent detection limit of 22.5 fg/ml [47]. In addition, the use of
nanomaterials on the ISFET gate to increase sensitivity due to the high surface-to-volume ratio
can be promising. For example, Kuznetsov et al. used nanoribbons to detect prostate-specific

antigen—antigens with a limit of detection of 0.4 pg/ml [163]. Finally, it is noteworthy that
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researchers have not neglected the reusability of the ISFET-based antigen-antibody interaction

sensors. Research has been conducted to produce reusable ISFET-based sensors [164].

7. Conclusion and perspective

The design and improvement of biosensors have always been attractive and extensive
research has been conducted in this field. In this regard, ISFET sensors have also been constantly
improved. Here we reviewed the working principles and methods of gate operation in ISFET-
based biosensors in various studies. ISFETs are excellent sensors for biomolecules such as
proteins, DNA, ions, bioanalyses, and biomarkers due to their high sensitivity, reusability, real-
time detections, waterproof properties, and all-solids. Of course, these advantages do not mean the
maturity of the manufacturing process, use, and commercial development of ISFET-based
biosensors, and our perspective is mentioned below.

Debye screening at high concentrations of ionic solutions (protecting analytes from
contacting the gate) has slowed the development of ISFET biosensors. Analytes smaller and
comparable to Debye are not detected due to the high ionic strength at a distance smaller than A,
at the electrolyte-gate interface, especially for small molecule analytes whose size is comparable
and smaller than Debye. To overcome this drawback, probes can be used for connection or
nanoparticles in different forms and shapes can be used as the sensor immobilized layer.

One of the important current issues is the use of multiple measurement techniques in one
sensor. For this purpose, multiple ISFET sensors can be incorporated into one chip. However, the
miniaturization process as well as the number of wires required for switching on and off will be
large. In this case the sensors must work in shifts, and will be expensive in terms of integration
cost. However, it is possible to use the light-receiving address system for ISFET. Efforts should

also be made to increase the number of analytes measured in an ISFET.
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As with the classical behavior of MOSFET sensors, increasing the thickness decreases the
sensitivity of the device. The use of an ISFET device for the detection of other biomarkers in
readily available biological fluids, consistent with medical applications, is still nascent. Therefore,
more efforts should be made to miniaturize more ISFET sensors. Of course, it should be noted that
by reducing the thickness of layers and downsizing, the durability and stability of the device is not
affected.

One of the problems in the construction and design of most biosensors is the low stability
of immobilized biomolecules on the substrate. ISFET sensors are no exception to this rule. In this
regard, we predict that in the future research in this field should focus more on the use of
nanozymes and nanostructures in the construction and development of ISFET sensors. This will
not only provide more stability, but also resolve all the deficiencies in the early generations of

ISFET sensors.
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