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Abstract

Field-effect transistor biosensors (Bio-FET) have attracted great interest in recent years owing to their distinctive properties
like high sensitivity, good selectivity, and easy integration into portable and wearable electronic devices. Bio-FET perfor-
mance mainly relies on the constituent components such as the bio-recognition layer and the transducer, which ensures device
stability, sensitivity, and lifetime. Nanomaterial-based Bio-FETs are excellent candidates for biosensing applications. This
review discusses the basic concepts, function, and working principles of Bio-FETs, and focuses on the progress of recent
research in Bio-FETSs in the sensing of neurotransmitters, glucose, nucleic acids, proteins, viruses, and cancer biomarkers
using nanomaterials. Finally, challenges in the development of Bio-FETs, as well as an outlook on the prospects of nano

Bio-FET-based sensing in various fields, are discussed.
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Introduction

Biosensors have received great attention in fields including
clinical diagnostics, environmental monitoring, sports sur-
veillance, agriculture, and the marine sector.'=> Biosensors
are devices that convert a biological response into quanti-
fiable electrical signals.* Several biosensors are available
in the market that are useful in health monitoring, such as
glucose sensors and oxygen sensors (Clark electrode).’® In
addition, enzyme-based sensors,’ immunosensors,® and pH
biosensors’ have been increasingly reported in recent years.
An example is the rapid antigen testing kit for the detection
of the SARS-CoV-2 virus.'” Multiple sensing techniques are
available for the detection of biomolecules, such as surface
plasmon resonance (SPR), micro-cantilever, electrochemi-
cal, colorimetric, fluorescence and chemiresistive-based sen-

sors,! ™13 with their pros and cons.'* For long-term health
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care monitoring, it is evident that a device with high sensi-
tivity, selectivity, and low-cost fabrication is required.'>!¢
In recent years, field-effect transistor (FET)-based sensors
have received much attention owing to their unique proper-
ties such as low power requirements for operation, preci-
sion, low cost due to well-established chip manufacturing
processes, label-free character, and ease of surface function-
alization.!®!”!® Bio-FETs consist of a bio-recognition layer
and transducer, and have become promising candidates in
point-of-care testing (POCT) applications due to develop-
ment in state-of-the-art fabrication techniques.'”

A FET consists of a metal oxide and a semiconduc-
tor channel, with three electrodes, namely source, drain,
and gate,20 as will be detailed later. Bio-FET sensors are
conventionally based on novel functional materials such
as metal-oxide—semiconductors including zinc oxide
(ZrlO),ZI’22 and indium gallium zinc oxide (IGZ0);* organic
semiconductors including poly(3,4-ethylene dioxythio-
phene) (PEDOT);**?® one-dimensional (1D) nanostruc-
tured materials including silicon nanowires (SiNWs)>-32
and carbon nanotubes (CNTs),>*** and two-dimensional
(2D) nanostructured materials such as graphene, transition
metal dichalcogenides (TMDCs),***” and black phospho-
rous.*®*% Nanostructured materials have been extensively
used as a channel materials for FET sensors and are a better
replacement for conventional metal-oxide semiconductor
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(MOS)-based devices due to high surface-to-volume ratio,
unique electrical properties, high sensitivity, good chemical
stability, and biocompatibility,*! making them suitable for
detecting biomolecules such as neurotransmitters, proteins,
nucleic acids, and cancer biomarkers.?*? A representation of
Bio-FET-based detection using nanomaterials is illustrated
in Fig. 1.

Significant research has been carried out in the field of
nano Bio-FETs such as a SINW-based FET sensor for sensi-
tive (1071) dopamine (DA) detection, a PEDOT: PSS (poly-
styrene sulfonate) Bio-FET for DA detection in the range of
5nM,* and a graphene-based FET (G-FET) with a detection
limit in the range of 1 nM with high selectivity.** Several
reviews have been reported on FET-based sensors in recent
years* ™8 with a focus on the materials employed, structure
of the FET, and signal enhancement. However, only a few
reviews on Bio-FET devices have been reported. This review
aims to analyse the development of nanostructured material-
based Bio-FET sensors over the past decade. Initially, the
basic structure, function, and working principle of FET-
based sensors will be discussed followed by the discussion
of recent developments in the detection of various analytes
such as DA, glucose, nucleic acids, and cancer biomarkers.
Finally, an outlook on the challenges and future perspectives
will be presented, keeping in mind the potential of nanoma-
terials, the development of tools for synthesis/fabrication,
analysis and characterization, and the prospects of device-
level fabrication and integration for different applications.

Basic Structure and Working Principle

A biosensor is an analytical device that can estimate the
amount of analyte present through the production of electri-
cal,* thermal,’® or optical signals,”! as shown in Fig. 2. A
typical biosensor has three elements, (1) a bio-recognition
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component which can detect or recognize a biological mole-
cule (enzymes, proteins, antibodies, tissues), (2) a transducer
that converts the interaction between the bio-recognition
component and the analyte into a signal, and (3) an ampli-
fier which intensifies the signal from the transducer, >3 as
indicated in Fig. 3.

A FET is a semiconductor device that consists of a metal
oxide semiconductor as the transaction medium. A typical
FET has three electrodes, namely source, drain, and gate.zO’S4
It is composed of a semiconducting material with two doped
regions, viz., source and drains which are separated by a
channel layer (region depleted of charge carriers) under a
metal gate and insulator. Generally, a FET has bottom-gate
and top-gate geometries depending on the position of the
source-drain electrodes and gate electrodes such as top gate
(top contact), bottom gate (back channel-etch), bottom gate
(coplanar) and bottom gate (etch stopper).”>> In the case of
a Bio-FET, the metal gate/insulator interface accommodates
an immobilized biological sensing membrane. The semi-
conducting channel is in contact with electrolyte solution
through the gate electrode. Generally, the insulator layer
consists of a Si0,/Al,0,/Si;N, layer.”® In most cases, highly
doped silicon acts as substrate and gate electrode.’” When
a potential is applied, the carrier concentration changes in
the channel layer through a mechanism, such as accumula-
tion, depletion, or inversion, which induces band bending.58
When the applied gate voltage is higher than the thresh-
old voltage, it inverts the channel and allows current flow,
thereby turning on the transistor.'®!° In a Bio-FET, the ion
concentration or pH value of the analyte solution affects
the channel conductivity. The electrostatic behaviour at the
electrode—electrolyte interface changes when an analyte
binds to a bio-receptor on the immobilized membrane and
is enhanced through the resulting charge transfer or electro-
static gating.3>°°°! This makes the current—voltage (I-V)
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Fig. 1 Schematic illustration of Bio-FETs employing nanomaterials, their immobilization techniques and applications.
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Fig.3 Schematic representation of the working of a biosensor. An
example of DNA detection is shown.

characteristics shift positively or negatively, which can
be read and calibrated against known concentrations. The
schematic representation of a typical laboratory-scale study
employing nanomaterial Bio-FETs is provided in Fig. 4,
covering stages from fabrication, testing, analysis, and final
optimizations.
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The response of a Bio-FET depends on the charge
exchange characteristics between the analyte and the sensing
membrane. When a negatively charged analyte is at a p-type
channel, the valence band bends upwards towards the Fermi
level and causes holes to accumulate at the interface of the
insulator. In this case, the mobility of the majority charge
carriers across the junction is enhanced. Conversely, if a
positively charged analyte is placed at a p-type channel, the
valence band bends downwards, and depletion of majority
charge carriers occurs in the channel, reducing the charge
transport across the junction,®>% as shown in Fig. 5. The
analyte interacts with the channel material either through
physisorption or chemisorption.*** The binding forces and
hence the sensing signal are affected by parameters such
as temperature, pH, ionic strength, and concentration of
the analyte. For consistent response, interactions through
chemisorption are preferred, which includes a covalent
attachment, cross-linking, and entrapment. The commonly
involved probe groups immobilized on the sensing mem-
brane for Bio-FETs include the thiol group (—SH), amino
group (-NH,), and the carboxylic acid group (-COOH).’
For instance, the thiol group is used as a linker to gold nano-
particles (Au NPs) due to strong Au—S bonding. On these
self-assembled monolayers, the NPs are adsorbed, inducing
rapid electron transfer between the substrate and Au NPs.

The sensitivity of a Bio-FET can be summarized using
the following equation:
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Fig.4 (a) Structure, (b, c) working principle, (d, e) electrical characterization, and (f) sensing response of TMDC-based FET sensors. Reprinted
from Chen et al.%! under the terms of Creative Commons (CC BY 4.0) license.
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Fig. 5 Working principle of a p-type channel biosensor. (a) Charge accumulation on the surface. (b) Energy band diagrams of a metal oxide
semiconductor junction.
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dl, dp dvgg dl, 1
2 =(de=F — ()
I dc dp dvgg Ip

(Sensitivity) (i) (i) (i)

where (i) is the charge exchange at the sensor interface,
quantified by the change in the drain—source current (dp,
(i) is change in effective gate voltage (dVgg), and (iii) is the
change in drain current (dI, ). Here, dc represents the change
in analyte concentration, and I}, represents the change in the
current without the target analyte (from a baseline exposure).

Nanomaterials as a Sensing Platform
for Bio-FETs

In recent years, Bio-FETs have been extensively used for
real-time label-free detection of biomolecules. The sensing
performance of a Bio-FET being influenced predominantly
by the channel material, many researchers have explored
several options, from inorganic to organic materials, com-
plimentary biomolecules, macroscopic to 1D/2D materials,
conducting polymers, and so on for a wide range of analytes,
including gases, ions, organics, and biomolecules. Nano-
materials exhibit unique and tunable electrical and optical
properties, including high specific surface area, excellent
mechanical properties, good thermal and chemical stabil-
ity, high catalytic activities, and usually a facile synthesis
process, which all facilitate their furthering for high-perfor-
mance biosensing.%>%® Nanostructure-based Bio-FETs have
shown a very low limit of detection (LOD) towards specific
biomolecular systems. Various nanomaterials such as metal
oxides,®’ graphene,’® and TMDC® have been explored and
reported for FET biosensors, as they can be used for flexible
biosensor fabrication with high selectivity and sensitivity.
The defining characteristics of a nanomaterial-based Bio-
FET are shown in Fig. 6, detailing the parameters that can
be helpful for direct comparisons between different materi-
als as well as for establishing benchmark performance. Bio-
FETs with 1D nanomaterials such as SiNWs and CNTs have
shown high sensitivity, for example in DA detection down
to the femtomolar range (fM), as well as selective detection
of single virus particles using a SINW-FET.”® However, 1D
nanomaterials such as SINW-based FET sensors are still
limited in their practical applications due to relatively higher
cost in large-scale fabrication compared with G-FET sen-
sors and lack device scalability due to difficulties in precise
orientation (which considerably influences charge transfer
and hence the sensing performance).’!

In the following sections, we highlight some important
biosensors developed using semiconductors and layered

@ Springer
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Fig.6 Characteristics of Bio-FET sensors which help define bench-
marks and comparative analyses between materials, device structures,
and analytical practices.

nanomaterials. Some of the significant results will be dis-
cussed in detail.

Detection of DA

DA is a significant neurotransmitter in the human body that
plays a vital role in the functioning of the central nervous
system, hormone regulation, and the cardiovascular sys-
tem.”””’* The normal dopamine level in the human body
is in the range of 107 M to 1078 M.”>7¢ Abnormal levels
of DA can lead to various neurological disorders such as
Parkinson’s disease, Alzheimer’s disease, and schizophre-
nia.’>’7~"° Therefore, rapid, portable, low-cost, and precise
detection of DA levels in the human body is very important
for diagnosis and disease prevention.®’ Various Bio-FET-
based devices have been reported for the detection of DA
with high selectivity and sensitivity.

A SiNW has a large surface-to-volume ratio which ena-
bles local charge transfer on the surface of the wire that
could be sensed through accumulation or depletion of charge
carriers inside the SINW-FET owing to an electric field
effect. This leads to the modulation of conductance when
analyte molecules specifically bind to the bio-recognition
elements at the surface of the nanowire. SINWs have been
fabricated by either a bottom-up or top-down approach
which typically requires metal-catalytic growth and opti-
cal or e-beam lithography. This is a high-cost technique.
For instance, Lin et al.3! developed a poly-SiNW Bio-FET
for the detection of DA. The poly-SiNW channel was fab-
ricated by poly-Si sidewall spacer technique. In this study,
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the SiNW channel was functionalized with an amino group
introduced by 3-aminopropyltriethoxysilane (APTES) and
then cross-linked to carboxyphenyl boronic acid (CPBA).
The selective binding of CPBA towards dopamine forms a
dopamine—boronate ester complex, producing a net nega-
tive charge at the poly-SiNW-FET interface and a change
in the drain current. This device showed sensitivity in the
range of 1075 M. The sensing mechanism is schematically
represented in Fig. 7.

Recently, a deoxyribonucleic acid (DNA)-aptamer-mod-
ified multiple parallel-connected (MPC) SiNW-FET for
selective detection of DA was reported by Li et al.®? The
MPC SiNW-FET device is composed of hundreds of p-type
single crystals, while traditional SINW-FETSs possess only a
single or a few SiNWs. These multiple connections of SINW
enable high detection sensitivity, larger transconductance,
and better signal-to-noise ratio when compared to traditional
SiNW-FETs. The aptamer is a smaller molecule relative to
other bio-receptors (enzyme or antibodies), and therefore
binding of DA is closer to the transducer channel, and the
immobilization density of the aptamer is higher, resulting
in a stronger electrical signal and hence relatively higher
sensitivity, evident from the detection of DA down to 107"
M. Even though the SINW-FET showed excellent sensitivity
towards DA, which may be attributed to its small size and
high surface-to-volume ratio, it still suffers from selectivity
which is not explained.

Si nanowire
Si0,
Sisubstrate

OH OH OH APTES

—

:
o

—

e &_"’ ?

In addition to SiNWs, both single-walled (SWCNT)
and multiwalled CNTs have also been explored in the
construction of the Bio-FET channel.®? The rolling-up
direction of the graphene sheets and the alignment of the
n-orbitals determine the electronic properties of the nano-
tubes.®* Dharmalingam et al.®° stated that the large specific
surface area of CNTs facilitates the immobilization of a
large number of functional molecules at the surface. The
pure and high-quality SWCNT has been prepared by post-
synthesis treatment, including ultracentrifugation, elec-
trophoresis, chromatography, or post-synthesis selective
etching. But it is very difficult to control surface defects
and contamination that lead to low carrier mobility of the
FET device. An alternative approach was proposed by Li
et al.%¢ to synthesize high-quality semiconducting SWC-
NTs (S-SWCNT) via in situ selective hydrogen etching.
The S-SWCNT integrated FET could detect DA down to
107'® mol/L in phosphate-buffered saline (PBS) solution.
In an electrolyte gate FET (EG-FET), the semiconducting
channel is directly in contact with a gate electrode through
an electrolyte. In an EG-FET, the channel conductance is
altered by the gate voltage through the capacitive field-
effect mechanism at the channel/electrolyte interface. An
EG-FET can modulate conductance at an ultralow volt-
age due to high parallel plate capacitance. Similarly, Bhatt
et al.%” successfully demonstrated a low-cost and flexible
polyimide substrate for sensitive detection of DA below

(éj\) DA/gN',H\

Fig.7 A SiNW Bio-FET for DA detection. A one-dimensional nanostructure offers benefits of high sensitivity and ease of functionalization,
albeit having drawbacks of a tedious fabrication process and poor repeatability.
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femtomolar (fM) range using an electrolyte gating CNT-
FET. The amide group of the polyimide substrate cova-
lently functionalizes on its surface, which eliminates the
need for additional APTES functionalization.

Joshi et al.®® made a highly sensitive regenerative and
nonenzymatic dopamine sensor using CNTs on an inter-
digitated electrode, with the source and drain formed by
Cr/Au. The selective formation and charge transfer through
a boronate ester modulates the charge on the semicon-
ducting channel. The detection range of dopamine was
observed from 0.1 uM to 1 fM in 10 mM PBS solution
with the CNT-FET device being regenerated in hydrochlo-
ric acid. In addition, the performance of the biosensor was
also found to be influenced by the pH, ionic strength, and
nature and chemical structure of the buffer solution. The
same group also demonstrated dopamine-based CNT-FET
sensors with varying concentration of DA in three different
buffer solutions, namely MES (2-(N-morpholino) ethane-
sulfonic acid), HEPES (4-(2-hydroxyethyl) piperazine-
1-ethane sulfonic acid), and TRIS (tris(hydroxymethyl)
aminomethane) and observed varying sensor responses.
The different concentrations of DA solutions prepared in
the MES buffer showed an increase in drain current as the
concentration of DA increased, similar to the behaviour
observed in the PBS buffer. However, the drain current
decreased with the same variations in DA concentrations
in HEPES and TRIS buffer solutions, the difference being
attributed to the chemical structure of the buffer solution.
The —OH group of the HEPES and TRIS forms a boro-
nate ester complex with CPBA instead of CPBA and DA,
interfering with and lowering the electrical response of
the sensor.

Since the invention of graphene in 2004, it has thrived as
a channel material in FET sensors due to exceptional elec-
tronic properties such as carrier mobility (15,000 cm? V~!
s~!) at room temperature, high surface area (2630 m?g™"),
electrical conductivity, easy chemical functionalization, high
flexibility, ambipolar nature, and biocompatibility.’+39-%3
The atomic thickness of graphene allows low-noise opera-
tion,’* and the aspect ratio (width/length) greatly influences
the transconductance (g,,) and particularly the noise.” Noise
is generated due to the random movement of electrons in the
trap states. A high g, value and large surface area reduce
the flicker noise, which complicates the surface conduction
phenomena of MOS (caused by carrier recombination and
interface traps).”®®” Graphene and other 2D materials are
free of dangling bonds, which reduces the scattering centres
and interface traps.”’98 For semiconductors, flicker noise
is mostly generated between the gate oxide and the silicon
substrate. This is due to surface trapping states and releasing
current carriers. The flicker noise of graphene is suppressed
owing to the charge traps at the interface. These traps act as
external scattering centres.

@ Springer

The flicker noise (1/f) is due to the fluctuation of the num-
ber of defects or gate oxide trap states and is defined by the
equation

. q*N, WL
!

where S is the power spectral density of current noise, g is
the elementary charge, N, is the density of oxide traps, Wis
the width of the channel, L is the length of the channel, and
fis the frequency.”

A solution-gated graphene transistor (SGGT) can exhibit
high sensitivity, high throughput detection, and is suitable
for real-time application. This device can also operate at
low voltage (less than 1 V) in an aqueous medium, which
is a requirement for biological sensing. In an SGGT, the
gate insulator is replaced by an electrolyte that is directly
in contact with the graphene channel. The selectivity of the
SGGT device is further improved by functionalizing the gate
electrode with a biocompatible layer. Zhang et al.** proposed
an SGGT Bio-FET sensor for DA detection, able to detect
DA with a limit of 1 nM. Mechanistically, p doping upon the
addition adsorption of DA at the graphene channel through
strong m—r stacking interactions was proposed as the source
of the signal change. The sensitivity of a G-FET towards
DA detection had a limitation of 1 nM. DA was oxidized to
ortho-dopamine quinone at the gate electrode at a suitably
applied potential, leading to a potential drop over the electric
double-layer capacitance (EDLC) (Cg ) and consequently
to an increase in the potential drop over the EDLC (Cg ()
where Cg_ and Cy_ were the capacitance of the gate/elec-
trolyte and electrolyte/channel interfaces, respectively. An
increased selectivity towards DA was achieved by modify-
ing the graphene gate with Nafion, wherein interfering mol-
ecules like ascorbic acid (AA) and uric acid (UA) gave a
signal which was 3—4 orders of magnitude lower than that
of DA. The negative charge of the Nafion in PBS solution
can electrostatically interact with negatively charged species
such as UA and AA. Due to this interaction, the interference
substance could effectively distinguish from DA. The device
achieved a detection limit of 1 pM for AA and 10 uM for
UA. Freeman et al.'% analysed dopamine by using a chemi-
cally modified ion-sensitive FET (ISFET) with a detection
limit of 7 X 10~>M. The ISFET was functionalized with phe-
nylboronic acid with the formation of a boronate—dopamine
complex on the surface of the channel. A timeline of the
evolution of nanomaterial-based Bio-FETs for the detection
of DA is presented in Fig. 8.

Metal-oxide—semiconductors have been recently incor-
porated into Bio-FETs owing to their good electrical proper-
ties, including high electron mobility, transparency, and easy
fabrication.!?! Nanostructured metal oxides (NMO) provide
improved electron-transfer kinetics and strong adsorption

(@)
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Fig.8 A timeline of the events and findings of nanomaterial-based Bio-FETs for the detection of DA.

of biomolecules.'” The target biomolecules can be immobi-
lized on the surface of NMOs through physical adsorption
or covalent bonding. ZnO, In,0;, Cu,0, and IGZO are some
of the examples of NMO-based biosensors for the detection
of various analytes. Generally, metal-oxide—semiconductors
are realized via a solution process or a sputtering process.
Kim et al.'” produced highly sensitive Bio-FET arrays, fab-
ricated using chemical lift-off lithography. In,O; was used
as the active semiconducting channel material, and DA
selectively bound to an aptamer immobilized on it, which
changed the charge potential on the ultrasensitive In,O; sur-
face. The sensor could detect a picomolar concentration of
dopamine and showed good selectivity.

Recently, transistors based on ion gels and solid elec-
trolytes have become increasingly suitable for device-level
applications, as they can function at very low voltages
because of strong ionic/electronic interaction with elec-
trolytes.!*® The accumulation of charge carrier density at
the gate/electrolyte and electrolyte/semiconductor channel
interfaces is induced by strong EDLC formation. When the
gate voltage is applied in such devices, the ions in the elec-
trolyte mobilize to the gate/electrolyte and semiconductor/
electrolyte interfaces. This leads to the formation of EDLC
with huge capacitance. Due to the strong electrostatic gating

effect, net charge carriers accumulated or are depleted in the
semiconductor channel. Thus, the high capacitance facili-
tates the EDLC with high carrier density with a low gate
voltage.'™ Liu et al.'% proposed an EDL transistor based on
an oxide homo-junction for DA detection with an operating
voltage of 0.8 V. The sensing mechanism was the modifica-
tion of the surface potential of the indium tin oxide (ITO)
bottom gate electrode induced by the selective binding of
DA molecules to phenylboronic acid, with high sensitivity
(up to 0.1 nM) and good selectivity. The EDL transistor was
fabricated on an ITO glass substrate, and solid electrolyte
and IZO were deposited on it. The ITO bottom gate was
surface-functionalized and immobilized by APTES and
CPBA. When a voltage was applied to the gate electrode,
strong EDL effects were observed on the electrolyte/IZO
channel interface. Because of the EDL effect, a large specific
capacitance of —2.0 uF/cm?® was obtained at 0.1 Hz.

Bio-FETs for DA Detection: A Summary
The concentration of DA is extremely low (<1071 M) in
the extracellular fluid of Parkinson's disease patients and

in the urine/blood of paragangliomas patients, dictating
the minimal levels that need to be detected. However, the
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existing electrochemical techniques mostly reach limits at
around 10~° M. Moreover, the redox potential of DA in
urine, blood, and the central nervous system coexists with
other electroactive species such as AA and UA, posing bar-
riers for constructing high-performance Bio-FETs with high
selectivity. In this regard, Bio-FETs based on SINW®! and
MPC-SiNW*2 have been developed to detect DA, offering
pathways for selective detection. Even though studies with
poly-SiNWs have demonstrated sensitivities in the 107> M
range, and aptamer-modified SiINW-FETs in the 1071 M
range towards DA, they have not been shown to be selective,
and have slow response times. The whole SGGT device** has
been developed specifically to improve selectivity towards
DA by modifying the gate electrode with the biocompatible
polymer Nafion, with a sensing capability down to 1 nM.
However, the whole device is required to be immersed in an
aqueous electrolyte, which will degrade the device stability
due to unwanted side reactions.

A device that can operate with minimal voltage require-
ments is essential for portable applications. This has been
demonstrated by the EG-FET device, which lowers voltage
requirements by strong EDL modulations at the electrode/
electrolyte channel interface. An IZO-based Bio-FET'® is
another potential combination for operating with low gate
voltages (0.8 V), also due to the strong EDL effect at the
channel/electrolyte interface. Thus, a strong electrostatic
interaction at the analyte/material interface is crucial for
the achievement of low-power-consumption Bio-FETs for
DA detection.

Although FET-based DA biosensors have become com-
petitive for POCT applications, an important challenge
in the commercial biosensor market is the cost, which is
typically high due to the active channel material (example
being indium) and/or the fabrication process. Specifically,
nanoparticle morphologies (such as 1D nanomaterials) that
have been proven to be highly sensitive for DA detection
often require processes such as chemical vapour deposition
(CVD) and lithography techniques, for steps such as material
deposition and growth, transfer to the substrate, patterning,

Tablel Summary of DA detection using nanomaterials

and further processing steps. The main drawbacks of this
procedure are a requirement of special instruments in a clean
room with a well-controlled environment, expensive chemi-
cals for processing, skilled personnel, and the associated low
yields of workable devices.

In addition to sensitivity and selectivity, flexible and
stretchable Bio-FET devices can immensely benefit the field
of wearable diagnostic devices and implantable electronic
chips. Flexible polymeric substrates are gaining attention in
POCT diagnostics, as they are thin, lightweight, easy to use,
and biocompatible. A CNT EG-FET, for example, has been
fabricated on a flexible polyimide substrate.

Reusability of the device is an alternate approach to
reduce the cost of the device. Indeed, the CNT-FET device®
with high sensitivity down to the fM range can be regener-
ated in an acidic environment, enabling the reusability of
the sensor device. With progress in the field of wearable and
paintable electronic devices, it stands that this progressing
field can be of critical importance to the field of DA detec-
tion using nanomaterials (see Table I).

Detection of Glucose

Diabetes mellitus is a group of metabolic disorders that are
a worldwide health problem. This disorder is caused by the
deficiency of insulin in blood glucose, being responsible for
heart disease, kidney failure, and blindness. Therefore, con-
tinuous glucose monitoring is essential for early diagnosis
as well as management of diabetes.!°!%” The development
of sensitive and selective glucose sensors with a recent focus
on developing wearable, non-invasive, and reliable devices
is a thrust area of recent research.!*®!% Glucose detection
can be done through different methods such as electrochemi-
cal, fluorescent, acoustic, transdermal, and optical sensing
techniques. 14110 However, FET-based biosensors have prom-
ising potential in glucose detection with the advantages of
sub-micromolar detection, developments in miniaturization

Material Receptor Detection limit  Fabrication technique(s) Substrate References
Graphene CPBA 1 nM Thermal evaporation, CVD Glass/PET 44
P-SiNW CPBA 1 fM P-Si side-wall spacer technique Silicon 81
MPC-SiNW APTAMER 107''M CVD, thermal evaporation, photolithography Silicon 82
SWCNT CPBA 107" mol/L. In situ hydrogen etching PET 86

CNT CPBA 10 fM Photolithography, thermal evaporation, spray deposition Polyimide 87

CNT CPBA 1fM Photolithography, thermal evaporation, spray deposition Polyimide 88
Al,Ojgate/silicon  CPBA 7x107° M Chemical modification Silicon 100

In,04 CPBA 100 pM Sol-gel processing, spin coating, chemical lift-off lithography  Silicon 102

120 CPBA 0.1 nsM Plasma-enhanced CVD (PECVD), sputtering Glass 105
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and cost of the sensing chip, and low-power operation, to
mention a few.!'!!

The mechanism of glucose detection is based on the
oxidation of glucose to gluconic acid and hydrogen perox-
ide in the presence of glucose oxidase (GO,), as shown in
Fig. 9. The subsequent dissociation of H,0, to oxygen leads
to potential changes in the sensing membrane, which are

detected as follows: >
Glucose + O, + GO, gluconic acid + H,_O, (3)
H,0,0, + 2H" + 2e¢” @

Besteman et al.''? introduced glucose sensors based on
SWCNTs in the FET configuration. The major challenge
in employing CNTs is the separation of metallic nanotubes
from semiconducting ones and the fact that they are too
small to interface with larger biomolecules. Lee et al.*?
investigated the fabrication of transparent and flexible
SWCNT ISFET sensors for glucose detection using lithog-
raphy and layer-by-layer (LbL) self-assembly. SWCNTSs
and poly-(diallyl dimethylammonium chloride) (PDDA)
were deposited between the source and drain electrodes pat-
terned on a flexible PET substrate. This polymer substrate
is biocompatible, inexpensive, and eliminates the need for
an insulator layer. Glucose has been detected by local pH
change with the help of the GO, multilayer, with a sensitiv-
ity of 18-45 pA/mM in the range of 2—10 mM of glucose.

Huang et al.!'® developed real-time SGGT biosensors
based on chemical vapour deposition (CVD)-grown macro-
graphene films on a quartz substrate. Source and drain
electrodes were prepared by silver paint at the edges of the
graphene film. Glucose or glutamate were detected by sur-
face-functionalized GO, with a detection limit of 0.1 mM.
The increment of channel current of the SGGT device is due
to the products from the oxidative reaction of glucose, while

GOD
GOD

Semiconducting channel

REDUCTION

OXIDATION

GOD

oxidation

the mechanism was not investigated in detail. Kwak et al.''*
fabricated an SGGT biosensor prepared by CVD-grown gra-
phene on a flexible PET substrate. Source and drain elec-
trodes were prepared by silver paint with a binding epoxy at
the two ends of the graphene film. The sensor could detect
glucose levels in the range of 3.3—-10.9 mM, at par with the
physiological range for diabetes screening. In the case of
tuning charge carriers, the electrochemical gate is more pre-
ferred than the back gate contact because the applied gate
potential in the solution-gated Bio-FET interacts directly
with biomolecules and double-layer formation at the gra-
phene/solution interface. However, the interaction between
H,0, and GO, is not explained clearly, and the LOD of the
device is high, while other transistor-based glucose sensors
could detect glucose down to uM levels. To explore a novel
Bio-FET and achieve better sensing performance, we need
to understand the mechanism of SGGT-based glucose sen-
sors. Zhang et al.''"®> demonstrated a new type of glucose
sensor based on an SGGT in which both channel and gate
are made up of graphene. In this device, graphene gate elec-
trodes were functionalized with Pt nanoparticles, leading
to a much lower detection limit of 30 nM. Khadija et al.''®
demonstrated a nonenzymatic glucose sensor where graphite
oxide (GO) was the channel material and was assembled
between the electrodes. The sensitivity of the device was
enhanced by adding Ag and Cu nanoparticles. A positive
gate voltage increased the density of conducting electrons
in the channel, enhancing conductivity and consequently
the drain current. GO with Cu nanoparticles showed better
performance at low glucose concentration, with the detec-
tion limit at 1 pM, albeit a wide range of detection from 1
UM to 30 mM.

Ultrathin (few atoms) TMDCs have been found to exhibit
excellent gate electrostatics, high surface-to-volume ratio,
tunability in bandgap and electronic properties with layer
thickness, scalability down to monolayer dimension, and
surface activities when used as channel materials,''"~'?° with

Glucose

B-D glucose

+2e*

Gluconolactone

reduction

Fig.9 Schematic representation of reaction mechanism between the Bio-FET channel, glucose, and GO,.

@ Springer



1960

T. Manimekala et al.

Bio-FETs based on TMDC channels offering excellent sensi-
tivity at room temperature for the detection of analytes.>®!?!
Lee et al.'?> made a highly sensitive and reusable membrane-
less WSe, biosensor for glucose detection, as shown in
Fig. 10. They intentionally created surface defects by low-
intensity O, plasma treatment on the WSe, channel, provid-
ing extra binding sites for holding the APTES as a linker for
enhancing the sensitivity of the device. The WSe, channel
was additionally functionalized with glutaraldehyde (middle
linker) and GO, (bio-receptor). The negatively charged NH,
group of APTES repelled the electrons at the APTES/WSe,
channel interface, causing n doping. The redox reactions
(1) and (2) produce a greater number of electrons as the
concentration of glucose increases on the conductive WSe,
surface of the device, increasing the channel current, with a
detection range of 1mM to 10 mM of glucose.

Shan et al.'?* demonstrated a MoS,-based Bio-FET for
glucose detection at extremely low concentrations. MoS, is
bound through weak van der Waals interactions!>*'?> and

(a)

Glutaraldehyde

APTES

has great potential as a channel material owing to a few
uncoordinated bonds on the surface, a stable structure, and
low leakage currents due to a direct bandgap.'?*!?* MoS,
nanosheets showed good electrochemical sensitivity to glu-
cose with a linear response in the range of 0-30 mM with a
detection limit in the range of 300 nM. The FET device had a
sensitivity of 260.75 mA mM ™! and a response time of < 1s.

Recently, ZnO-based FET biosensors have been widely
investigated in glucose detection owing to their high isoelec-
tric point (IEP) of —9.0 which facilitates immobilization of
enzymes such as GO, and cholesterol oxidase.?""1?":128 They
are also attractive because of their biocompatibility, non-
toxicity, chemical stability, direct bandgap (3.37 eV), and
maturity of high-yield synthesis methods.'?”!>-13! Among
the various morphologies of nanostructured ZnO, nanorods
(NRs) have been widely used for biomolecule immobiliza-
tion.”> By using ZnO nanowires functionalized with Ag,
Ali et al.!?” demonstrated glucose detection coupled with a
commercial MOSFET. Here, response time and stability of

(b) K B
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Fig. 10 The glucose sensing performance of membrane-less WSe,
Bio-FET. (a) WSe, Bio-FET with GO, bioreceptor. (b) Electron
transfer reactions to the WSe, channel surface. (c¢) I,—V character-
istics of the WSe, Bio-FET exposed to different concentrations of
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glucose. (d) Sensitivity values as a function of gate voltage under dif-
ferent glucose concentrations. (e) Average sensitivity values from five
different glucose concentrations. Reprinted from Lee et al.'?? under
the terms of Creative Commons (CC BY-NC-ND 4.0) license.



Nanomaterial-Based Biosensors using Field-Effect Transistors: A Review

1961

the extended gate MOSFET were studied through three dif-
ferent ZnO nanowire structures, such as a vertically aligned
uniform ZnO nanowire, a uniform nonaligned ZnO nanow-
ire, and a nonuniform nonaligned ZnO nanowire. Among
these, the uniform and well-aligned ZnO nanowire sensors
showed stable signals and a response time less than 100 ms.
Nonaligned and nonuniform distribution of ZnO nanow-
ires sensor showed slower response time. This is because
nonuniform structures take more time to have contact with
the analyte solution. It was concluded that the distribution
and alignment of the ZnO nanowire partially impacts the
response time and stability of the sensor design. Moreover,
the ZnO nanowire has an IEP of 9.5, while the GO, has an
IEP equal to 4.2. This huge difference leads to electrostatic
interaction of the GO, on the ZnO nanowire surface. The
immobilization of GO, on the ZnO nanowire is responsible
for the direct electron transfer between active sites of the
enzyme and electrode surface. This implies that the high
sensitivity, stability, and higher affinity towards the enzyme
by ZnO nanowires.

Though ZnO shows high sensitivity, it suffers from
poor stability; hence, it is necessary to modify the surface
to improve stability without loss of sensitivity and selec-
tivity. To this end, copper oxide, iron oxide, magnesium
oxide, and titanium oxide materials have been employed
as composites.'” Iron oxide NPs enhance the surface area
and improve the stability of ZnO NRs.!*? Ahmad et al.!*?
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Fig. 11 (a) Schematic representation of a nonenzymatic glucose sen-
sor based on a Fe,0;-ZnO NR Bio-FET. (b) Transfer characteristics
of the nonenzymatic glucose sensor in 0.1 mM PBS solution. (c)

have reported a nonenzymatic glucose sensor with verti-
cally oriented ZnO NRs between Ag electrodes (source
and drain) on a seeded substrate. The poor response was
noticed with unmodified ZnO NRs, whereas a linear
response was observed with Fe,0;-modified ZnO NRs, as
shown in Fig. 11. The reaction mechanism can be given as

2Fe (III) + glucose2 Fe (II) + Gluconolactone + H,O

®
Gluconolactone + H,O2H* + Gluconate 6)
2Fe (II)2Fe (III) + 2e~ @)

The modified ZnO NR Fe,O; had a sensitivity of 105.75
uA/mMcm? in the range of 0.05-18 mM with a detection
limit of 12 uM and a response time of 10 s. Long-term
storage stability was investigated for 10 weeks and found
to be quantitatively better than nonenzymatic glucose
sensors. Glucose detection in samples from blood and
serum showed a consistent response, taking this device
a step closer to field applications. Similarly, Fathollahza-
deh et al.!** used ZnO NRs as an n-type channel layer on
the surface of gold interdigitated electrodes for a liquid-
gated FET. The change in conductance was attributed to
hydronium ions produced as the product of the enzymatic
reaction between GO, and glucose. The sensitivity of the

VO®
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Transfer characteristics of the Fe,05-ZnO NR FET for the detection
of glucose in 0.1 mM PBS. Reproduced with permission from Ahmad
et al.'*3 Copyright (2017), Elsevier.
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device was 60.5 hAmM~'cm~2 within the range of 0-13.9
mM of glucose.

Recently, Zong and Zhu'** developed a glucose biosen-
sor using ZnO NRs for continuous glucose monitoring,
as shown in Fig. 12. ZnO NRs were grown between two
microelectrodes by an alternating current (AC) electric field-
assisted hydrothermal method, and the ZnO NRs transduced
the biological interaction into an electrical signal at a differ-
ent frequency, measured by a lock-in amplifier. GO, immo-
bilization led to high sensitivity of 1.6 mA/uMcm? within
an area of 180 um?, and the detection limit was found to be
as low as 1 uM. The reduced size makes minimally invasive
glucose monitoring feasible, such as in dermal interstitial
fluid (IF). This ZnO NR Bio-FET showed 38-hour continu-
ous monitoring of the glucose with long-term stability and
minimal drift.

Du et al.!*® introduced transparent amorphous IGZO,
hitherto a promising candidate in various electronic
devices due to excellent electrical and optical properties
and transparency.'?” The IGZO FET was functionalised
with amino silane groups that were cross-linked to GO,.
Glucose sensing occurs through the decrease in pH during
glucose oxidation, which modulates the positive charge
of the amino silane groups attached to the IGZO surface.

The change in charge affects the number of acceptor-like
surface states, changing the electron density in the n-type
IGZO semiconductor. An increase in glucose concentra-
tion causes an increase in acceptor states and a decrease
in drain—source conductance due to a positive shift in the
turn-on voltage. The specificity of this reaction minimized
interference from the most common cross-sensitizing ana-
lytes, namely acetaminophen and ascorbic acid.

Chen et al.'*® developed an ultrasensitive and highly
reproducible FET biosensor using 2D metal oxide semi-
conductors through a solution process. The biosensor was
constructed using In,05; on Si/Si0O, substrate by a facile
spin-coating process. The quasi-2D In,O; surface was
functionalized with boronic acid, and the glucose-sensing
performance was studied through the boronic acid-glu-
cose interaction. The boronate anions produced as a result
induces electrostatic gating and depletes the carrier con-
centration at the semiconductor/electrolyte interface in the
In,O; film. A significant change in sensing current over
the concentration range of 107"3 to 10~> M was observed,
with an LOD below 7 fM and a precise sensing range from
107! to 107> M. Figure 13 elucidates the progress in the
study of nanomaterials for the detection of glucose.
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Fig. 12 (a) Configuration of a ZnO NR-based Bio-FET for detection of glucose. (b) The fabrication process, (c) growth of ZnO NRs, and (d)
functionalization process of the bio-receptor. Reproduced with permission from Zong and Zhu'*® Copyright (2017), Elsevier.
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Fig. 13 Detection of glucose using nanomaterials and progress in the same since the inception of nano Bio-FETs.

Outlook on Bio-FETs for Glucose Detection

The normal physiological range of glucose concentration
is 2—30 mM in the interstitial fluid and 0.1-0.4 mM in tear
fluid. Most of the glucose sensors are enzyme-based, whose
performance depends on an enzyme to catalyse the reac-
tion. Enzyme-based electrodes are unstable, expensive, and
easily degrade the device performance if enzyme function-
alization deteriorates over time. To overcome these issues,
nonenzymatic sensors should be developed with additional
advantages of being feasible for low-cost mass production.
The long-term stability of glucose Bio-FET sensors is a
challenge that has seen little progress. Along with detec-
tion of glucose using various nanostructured materials such
as 1D nanomaterials, 2D nanomaterials, and metal oxides,
devices with the SGGT architecture have been successfully
developed, operating in aqueous electrolytes at low voltages
(less than 1 V), making them viable candidates for portable
devices.

NMOs have attracted great attention for fabricating
high-performance nonenzymatic sensors with good cata-
lytic activity in an alkaline medium. Detection of glucose
with GO as well as with quasi-2D In,0;, for example, has

demonstrated detection limits in the femtomolar range. Con-
siderable onus lately has been on the development of non-
invasive and disposable glucose biosensors, which can moni-
tor blood glucose levels in interstitial fluids continuously.
Current continuous glucose monitoring (CGM) devices,
albeit robust, portable, atmosphere-proof, and wireless-
compatible, can benefit from improvements in a few areas.
The sensor itself, for example, needs to be replaced every
few days. Another area for improvement is the possibility of
accommodating a self-regulating sensor which can be part
of a feedback loop for revising dietary recommendations
based on the input received from the sensor. Bio-FETs are
especially suited in this regard, as they have demonstrated
good cyclability, low sensitivity, low power requirements,
and miniaturization possibilities (Tables II, III, and IV).

Detection of Nucleic Acids

Rapid and highly sensitive DNA detection is significant for
the diagnosis of genetic diseases, molecular biology, and
environmental monitoring. Most DNA detections depend
on real-time polymerase chain reaction (RTPCR) or optical
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Table Il Summary of glucose detection using various nanomaterials

Material ~Receptor Detection limit Fabrication technique(s) Substrate References
SWCNT GO, 2mM Sputtering, lithography, LbL assembly PET polyester 33
SWCNT GO, 0.ImM CVD, e-beam lithography Silicon 112
Graphene GO, 0.1 mM CVD Quartz 113
Graphene GO, 3.3 mM CVD PET 114
Graphene GO, /Nafion 30 nM CvVD Glass 115
GO GO, 1 uM Thermal evaporation using shadow mask, hummers method, sputtering  Silicon 116
WSe, GO, 1 mM Mechanical exfoliation, optical lithography, e-beam evaporation, O, Silicon 122
plasma treatment
MoS, GO, 300 nM Mechanical exfoliation, ultraviolet (UV) photolithography, e-beam Silicon 123
evaporation
ZnONR GO, 12 uM Radio-frequency (RF) magnetron sputtering Silicon 133
ZnONR GO, 3.8 uM Photolithography, hydrothermal Glass 134
ZnONR GO, 1 uM Thermal oxidation Silicon 135
1GZ0O GO, 7tM Thermal oxidation, e-beam evaporation Silicon 136
In, 04 GO, 7tM Thermal oxidation, e-beam evaporation Silicon 138
Table lll Summary of DNA detection using various nanomaterials
Material Analyte Receptor Detection limit Fabrication technique(s) Substrate References
Graphene DNA Probe DNA 0.01 nM Chemically modified graphene from graphene oxide Silicon 71
MoS, mi-RNA Probe mi-RNA 0.1 fM Drop casting, Sputtering, photolithography Silicon 134
Graphene DNA Probe DNA 0.01 nM CVD Silicon 140
Graphene DNA Probe DNA 10 aM CVD Cu/PMMA 141
rGO DNA Probe DNA 2 M Photolithography, e-beam evaporation, O, plasma Silicon dioxide 142
treatment
rGO DNA PNA probe 100 fM CVD, Photolithography, e-beam evaporation Silicon 143
Graphene DNA Probe DNA 10 tM Direct transfer technique Silicon 144
Au/graphene mi-RNA PNA 10 tM Photolithography, e-beam evaporation Silicon 145
MoS, DNA Probe DNA 10 tM Shadow mask, thermal evaporation, photolithography  Silicon 146
Cu** /MoS2 DNA DNA probe 10 nM Optical photolithography, e-beam evaporation Silicon 147

or electrochemical transduction that conventionally requires
expensive optics and detectors as well as fluorescent/elec-
trochemical tags.'*® Recently, G-FET sensors have shown
potential in nucleic acid sensing with label-free detection,
high sensitivity, and rapid measurement. As mentioned pre-
viously, graphene shows an ambipolar electric field so that
its semiconducting behaviour can be altered by controlling
the gate voltage, as shown in Fig. 14. The minimum con-
ductance of graphene is known as the Dirac point which
indicates the potential at which the number of holes and
electrons are equal. The Fermi level (Ey) of pristine gra-
phene corresponds to the Dirac point. When a biomolecule
binds on the graphene surface, there is a modulation in E;
of graphene leading to a shift in the Dirac point. In p doping
of graphene, the Dirac point shifts to lower potential, while
in n doping, the Dirac point shifts to a higher potential. >
Based on this mechanism, G-FETs have been employed as
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a sensing platform for detecting various analytes, including
DNA, micro-ribonucleic acid (miRNA), glucose, DA, and
viruses, as explained in the following section.

Mohanty et al.”! developed a chemically modified G-FET
sensor for studying DNA interactions, in which single-
stranded DNA (ssDNA) was connected onto a chemically
modified graphene surface as a probe, and the hybridization
of DNA on exposure to the complementary strand led to
a huge increase in graphene conductivity. In 2010, Dong
et al.'*" utilized a large-sized CVD-grown G-FET sensor for
label-free DNA sensing. The IV, curves showed that the
gate voltage at which the base current was reached (Dirac
point) could be utilized to identify the doping condition of
graphene. The Dirac point shift was correlated with DNA
concentration, with a sensitivity of 0.01 nM and the capa-
bility to differentiate a single base mismatch. A G-FET
designed by Campos et al.'*! achieved label-free detection
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Table IV Summary of cancer biomarker detection with nanomaterials
Material Analyte Receptor Detection limit Fabrication technique(s) Substrate Reference
MoS, Streptavidin Biotin 100 ftM Micro-mechanical exfoliation, Silicon 59
photolithography, e-beam
evaporation
Graphene BSA N/A 0.3 nM Micro-mechanical exfoliation, Silicon 149
Scotch tape method, e-beam
lithography, a lift-off process
Graphene  SARS-Cov-2 Virus SARS-Cov-2 Antigen 1 fM Photolithography, reactive ion Silicon 151
etching, thermal evaporation
rGO HER2 HER2- monoclonal antibody 1 pM Modified Hummers method, Silicon dioxide 152
lithography, a chemical lift-off
process
rGO PSA Monoclonal-antibody 100 fg/ml Thermal evaporation using metal ~ Glass 153
shadow mask
MoS, PSA PSA antibody 375 tM Mechanical exfoliation, photoli-  Silicon 154
thography, thermal evaporation
MoS, PSA PSA antibody 1 pg/ml Mechanical exfoliation, photoli-  Silicon 155
thography, thermal evaporation
MoS, TNF-a TNF-a antigen 60 fM Exfoliation, photolithography, Silicon 157
lift-off process, atomic layer
deposition (ALD)
Pt NP BNP BNP-antibody 100 fM Photolithography, e-beam evapo-  Silicon 158
decorated ration
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Fig. 14 Band diagram of graphene. The shift in Dirac point which governs the conductivity and hence the sensing mechanism has been shown

here.

@ Springer



1966

T. Manimekala et al.

of DNA with an LOD of ~ 25 nM. The dynamic range of the
device encompassed over five orders of concentration mag-
nitude with excellent selectivity to detect single-base mis-
matches. Stine et al.'*? fabricated a label-free DNA detection
biosensor based on a reduced graphene oxide (rGO) FET
which could detect 2 nM DNA. Cai et al.'* fabricated an
rGO-based FET biosensor for DNA sensing in which peptide
nucleic acid (PNA) was employed as the capture probe. The
hybridization of integral DNA with the probe PNA caused
n doping of the sensor that led to a shift of the Dirac point.
In this study, the reusability of the sensors was explored by
immersing the sensors in a urea solution. The sensor signal
stayed at 96.67% and 83.33% in the second and the third
cycles, respectively, demonstrating the robustness of the
device when subjected to unintentional liquid exposure. The
surface defects of rGO make the immobilization procedure
much easier, in which the involved radicals are hydroxyl,
carbonyl, or oxygen groups. While the defect sites are not
uniform and difficult to control precisely, CVD grown gra-
phene has provided advantages in its uniform binding and
controllability via surface modification of the graphene
structure by utilizing T—x interactions.

Zheng and co-workers'** developed CVD-grown single-
layer graphene that was transferred onto a pre-fabricated sen-
sor array surface (directional transfer technique) for highly
specific detection of DNA having a detection limit of 10
fM with good reproducibility and stability. This directional

(a) Ag/AgCl

|

Si/SiO, |

Al,O3/SU-8
Cr/Au

Fig. 15 (a) Schematic illustration of a MoS, device operated by solu-
tion gating for DNA detection. (b) Configuration of a MoS, Bio-FET.
(c) and (d) are optical images of multiple and single MoS, devices,
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transfer technique has advantages such as simple operation
and a higher yield of usable graphene structures compared
to conventional transfer techniques. Cai et al.'* reported a
Au NP-decorated G-FET biosensor to analyse miRNA with
a detection limit of 10 fM.

Lee's group'“ utilized MoS, nanosheets as a channel
material to analyse DNA hybridization, fabricated through
the reaction of H,S gas with a patterned Mo layer. The metal
electrodes were passivated by SU-8 epoxy resin to reduce
leakage current and biomolecules adsorption, as shown in
Fig. 15. This MoS,-based FET sensing device could detect
down to 10 fM of DNA with a high sensitivity of 17 mV/
decade and had a high dynamic range of 10°.

As can be seen from the earlier studies, 2D nanomateri-
als provide extremely low detection limits, enable label-free
detection of target nucleic acids without any pre-amplifica-
tion, giving real-time, continuous quantification of nucleic
acids as opposed to PCR, which is not compatible with
continuous monitoring of biological samples. Moreover,
device fabrication of such nano Bio-FETSs is generally com-
patible with standard lithographic techniques, advantageous
for mass production. Park et al.'*’ investigated the effect of
doxorubicin on DNA nanostructures with a copper ion/MoS,
hybrid structure in which Cu** induced a positive charge in
the DNA receptor. This positive charge of the Cu** could
enable the sensing ability of negatively charged doxorubicin
(target). The high sensitivity of 1.7 x10® A/A was achieved

Drain

respectively. Reprinted from Yan et al.'*® under the terms of Creative
Commons (CC BY 3.0) license.



Nanomaterial-Based Biosensors using Field-Effect Transistors: A Review

1967

in this Cu?**-DNA/MoS,-based Bio-FET which is due to
the minimal distance between the biomolecules and sensor
surface and without the usage of a high-k dielectric layer
between the channel region and the receptor. From this
result, it was concluded that the sensitivity of the Bio-FET
mainly relies on the dielectric constant and thickness of the
dielectric material.

Recently, Majid et al.'*® proposed a label-free biosen-
sor using MoS, for ultrasensitive detection of miRNA-
155, a breast cancer biomarker in human serum. The probe
miRNA-155 was immobilized onto MoS, by physical
adsorption. This device showed a low subthreshold swing
of 48.10 mV/decade and a low LOD of 0.03 fM with a linear
range from 0.1 fM to 10 nM. Figure 16 shows the evolution
in employing nanomaterials for DNA detection.

Bio-FETs for DNA Detection: A Summary

Bio-FETs are an alternate approach to the common meth-
ods for the detection of DNA without the requirement of
labelling. G-FET- and TMDC-based Bio-FETs are the most
common designs that have been extensively employed in

this regard, owing to high sensitivity, high transparency, and
ease of manufacturing and integration into on-chip device
fabrication. CVD-grown single-layer graphene has shown
the most promise for detecting DNA down to 100 fM, but the
most significant challenge is in preparing and transferring
into the device architecture of high-quality graphene without
surface contamination. Moreover, the small on/off current
ratio, due to the lack of a bandgap in graphene, hinders their
practical utility and inhibits the sensitivity of the device due
to a high possibility of interfering species causing the sens-
ing response. TMDC materials are also an attractive material
class due to ease and maturity of fabrication processes, lower
cost (compared to mono-layer graphene synthesis), and simi-
lar sensing performance, thereby showing immense potential
for realizing DNA sensors. This has been expounded by a
study reviewed here which has demonstrated that in a direct
comparison with a GFET-based DNA sensor, a MoS,-based
Bio-FET device could sense down to 10 fM DNA with a
high sensitivity of 17 mV/dec. Further improvements in
TMDC devices, specifically in terms of improving the sens-
ing properties such as response time and repeatability, can
further TMDC:s for use in DNA detection.

Au NP + G-
: FET LoD of CVD graphene [{€izisg i ST
CMG bio-FET RSN Y80V  architecture LOD - 10 aM
nM
Real time,
label free bio-
FET
CVD single layer Directional Label free detection ST TR (€0

graphene for

el rGO bio-FET with

by PNA-DNA Bio-FET

DNA detection FET LoD of 100 M interaction
Au NP + G-
FET for mi-
RNA
Gy doxorubicin -
LoD of 10eM Ultrathin MoS, DNA/MoS . CU2T-DNA .
channel LoD of 10 fM hybrig . interaction studies

mi-RNA-155
breast cancer

biomarker
detection

Fig. 16 Timeline of DNA detection through nanomaterial-incorporated FET sensors.
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Bio-FETs for Other Analytes

Immunosensors are the class of biosensors that facilitate
quantifying and monitoring the functioning of the immune
system; they can specifically detect the antibodies or anti-
gens through the antigen—antibody interactions in bio-
logical samples. Apart from the most common analytes
detailed above, immunosensors have wider applications in
the early detection of disease biomarkers, environmental
monitoring, and even food safety. The analyte is a microor-
ganism such as a virus or bacterium. Although the immu-
nosensors have been utilized in a variety of transducing
mechanisms, this review is focused on immunosensors
based on FET. Immunosensors based on Bio-FET sensing
platform offer several advantages such as miniaturization,
integration into an electronic chip, reusability, and use in
portable devices.

Detection of Proteins

Ohno et al.'>* examined single-layer graphene-based FET
biosensors for bovine serum albumin (BSA) detection.
They have also investigated an aptamer-modified graphene
Bio-FET for selective detection of immunoglobulin (IgE)
for specific detection of IgE protein. Sarkar et al.>” demon-
strated a MoS,-based biosensor with a HfO, gate dielectric
for detection of biotin—streptavidin interactions at a con-
centration of 100 fM. MoS, has free dangling bonds which
reduce the surface roughness scattering and interface traps.
It leads to better electrostatic control and reduces the noise
of the device. Due to the hydrophilic nature of dielectrics
like HfO,, it has a low affinity to biomolecule adsorption.
Although this issue can be circumvented by additional sur-
face functionalization using molecules such as APTES,
it affects device sensitivity due to the ionic screening of
such functionalizing molecules. The material combination
in this study was investigated for pH detection and had
sensitivity 74 times higher compared to graphene-based
biosensors. In Bio-FETs, n-type or p-type semiconducting
material with a bandgap act as a channel in which the elec-
trons possessing higher energy than the source-to-channel
barrier will begin to flow from source to drain. When the
semiconducting material bandgap is extremely small, more
electrons are mobilized to the drain from the source. Due
to the zero bandgap of graphene and extreme thinness of
the barrier, the electrons are transported from the source
to drain through tunnelling. This promotes an increase in
leakage current in off-state conditions and leads to low
sensitivity.

@ Springer

Detection of viruses

Seo et al.!>! developed a graphene-based biosensing device
for the detection of SARS-CoV-2 virus (COVID-19) in
which SARS-CoV-2 antigen was functionalized with the
graphene channel material. The performance of the sensor
was demonstrated using antigen protein, cultured virus,
and nasopharyngeal swab specimens from COVID-19
patients. They measured the transfer curves of the G-FET
after pyrenebutanoic acid succinimidyl ester (PBASE)
functionalization which showed a positive shift due to the
p doping effect of the pyrene group. The transfer curve was
shifted negatively, suggesting that the positive charge of
the antibody exerted an n-doping effect on graphene. This
FET sensor could detect concentrations of 1 fg/ml in PBS
and 100 fg/ml of clinical transport medium (for preserving
viral viability). Moreover, enzyme-linked immunoassay
(ELISA) confirmed that the antibody is selectively bound
to the SARS-CoV-2 antigen and that it does not interfere
with MERS-CoV spike protein and BSA.!*! Figure 17 pre-
sents a picture of proteins, cancer biomarkers, and viruses
that have been studied with nano Bio-FETs.

Detection of Cancer Biomarkers

Myng et al.'>? studied the detection of cancer biomarkers
with an r-GO-encapsulated nanoparticle biosensor with a
detection limit of 1 pM for human epidermal growth factor
receptor-2 (HER2) and 100 pM for epidermal growth factor
receptor (EGFR) target cancer biomarkers. Kim et al.'> used
r-GO for ultrasensitive detection of prostate-specific antigen
(PSA) as a cancer biomarker. To immobilize the PSA mono-
clonal antibody (m-Ab) on the r-GO channel, the channel
layer was first covered with an Al,O5 dielectric + PDDA
layer followed by surface treatment with PBASE linker post
which PSA m-Ab was added. The interaction between anti-
gen and antibody was proportional to the analyte protein
concentration with a wide dynamic range of up to 10°in 1
UM PBS solution and an LOD as low as 100 fg/ml.

A bio-functionalized MoS, nanosheet FET device for
cancer marker detection was demonstrated by Wang et al.'>*
An HfO, dielectric deposited on a mechanically exfoliated
MoS, surface in a solution-gated FET configuration was
employed for PSA detection. The channel conductance of
the n-type FET increased when negatively charged PSA was
bound to the antibody receptor. Sensitivity to concentrations
up to 375 fM with good specificity and rapid detection was
reported. In addition to functioning as a gate dielectric, HfO,
also reduces the loss of binding sites due to the hydrophilic
nature and protects metal electrodes from ionic degradation,
thereby enhancing the life of the device.

An oxide-free approach of MoS, Bio-FET fabrication
has been explored to detect PSA by Lee et al.'>> MoS,
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Fig. 17 Timeline of investigation of nanomaterials for the detection of proteins, viruses, and cancer biomarkers.

nanosheets had a 75.77° contact angle with water, confirm-
ing its hydrophobic nature which suits biomolecular interac-
tions. The hydrophobicity of MoS, has a higher affinity for
biomolecular—surface adsorption than the hydrophilic sur-
faces.' The specific antigen was detected by the back-gated
MoS, Bio-FET without the need for a dielectric layer on the
top of the channel, simplifying and thereby strengthening the
device design. This MoS, Bio-FET sensor could achieve an
LOD of up to 1 pg/ml which is considerably lower than the
clinical cutoff level of —4 ng/ml.

Nam et al."”” investigated the differences between a HfO-
coated and HfO-free MoS, Bio-FET sensor for tumour
necrosis factor (TNF-a) antigen detection. For the HfO
layer-covered sensor, antibody receptors were functional-
ized on the HfO layer. The charge exchange with the TNF-a
target molecule through antigen—antibody binding was only
capacitively coupled with the MoS, channel and moved the
threshold voltage without changing its mobility or transcon-
ductance. For the HfO layer-free sensor, antibodies were
directly bound on the MoS, channel, which modulated its
ON-state transconductance. This was due to the disordered
potential formation in the MoS, channel which contributed
to the reduction of FET mobility. Moreover, HfO layer-free
sensors could enable the easy surface functionalization

processes without using complicated linkers. Lei et al.!*®

introduced a label-free biosensor based on Pt NPs added to
rGO for the detection of brain natriuretic peptide (BNP) in
blood wherein the LOD was down to 100 fM.

Bio-FETs for Cancer Biomarker Detection:
A Summary

The sensitivity of a Bio-FET highly relies on the thickness
of the dielectric, its dielectric constant, and the interface
between the channel and the dielectric. For instance, if the
thickness of the dielectric is less, the transconductance will
increase consequently and lower the operating voltage. How-
ever, after a minimum thickness, this also leads to a leakage
current, rendering the device useless for detection.

In general, it is seen that MoS, Bio-FETs for cancer
marker detection can have high sensitivity, high flexibility,
and transparency, especially when compared to SINW, CNT,
and G-FET biosensors.*® The pristine MoS, surface is free
of dangling bonds, which reduces the low density of electron
scattering centres and surface roughness. This in turn leads
to lower electronic noise, one of the main sources of noise
in FET biosensors. The direct energy bandgap of MoS, also
significantly reduces the leakage current compared to G-FET

@ Springer
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sensors for example.'>” However, MoS, Bio-FETs still suffer
from instability and poor reusability due to decomposition
from side reactions during detection, such as those between
the reaction products and the electrodes. To overcome this,
MoS, with other polymer materials such as PANI, poly
(diallyl dimethylammonium chloride) (PDDA), and poly-
dopamine (PDA) for electrode passivation may be used as
channel materials for biosensing applications, with improved
stability and sensitivity.

Summary and Challenges

In this review article, we have highlighted the potential of
the Bio-FET device architecture for detecting multiple ana-
lytes since their use with nanomaterials. Nanomaterial-based
Bio-FET sensing over the last decade has employed novel
materials that are continuously evolving with new morpholo-
gies, chemistries, and architectures to improve sensing per-
formance. Since the advent and requirement of flexible sen-
sors with low power consumption, Bio-FETs, in general,
have garnered their importance in the sensing field due to
multiple prospects such as repeatable fabrication and device
performance, and optimized costs considering improvements
to device yield and portability for use in POCT for example.
With such progress, implantable devices are indispensable
as the next evolutionary step and indeed can be proposed to
be inevitable considering the pace of progress in the relevant
fields of research for a wide variety of applications. The
major challenges in nanomaterial Bio-FETs that remain to
be solved, in the opinion of the authors, are important for
formulating solutions for addressing these challenges.

Two-dimensional nanomaterials such as graphene and
MoS, offer unique electronic properties, high surface area,
high carrier mobility, and a tunable bandgap, making them
a promising emerging sensing platform for Bio-FET-based
biological detection.

Compared with 1D nanomaterials such as CNTs and
other NWs such as SiNW, and even G-FET biosensors,
MoS,-based FET biosensors exhibit high sensitivity, high
flexibility, transparency, device scalability, easy device fab-
rication, and large-scale integrability in the lab scale. An
evolutionary 2D nanomaterial seems to be WSe,, which,
when employed for Bio-FET sensors, exhibits a higher ON
state owing to its ambipolar transport property in compari-
son with MoS, sensors. These 2D nanomaterial Bio-FETs
face a predominant challenge in terms of high-throughput
device fabrication. Specifically, there is still no repeatable
process for multiple material classes for precise placement/
transfer of the device architecture onto a synthesized 2D
nanomaterial or vice versa. This is a primary reason why
the greater part of 2D Bio-FETs is only at the lab scale.
Developing the scalability in terms of the transfer techniques

@ Springer

will revolutionize the field penetration of Bio-FETs. Another
technicality involving 2D materials is achieving efficient
regeneration of the molecular recognition layer, which
has direct implications in the cost. Although costs can be
reduced by multiple directions such as switching to alterna-
tive materials and by device structure optimizations, a sim-
pler approach can be by improving the reusability of the sen-
sor by achieving efficient regeneration of the sensing layer
or improving the stability of the electrodes and contacts.

Bio-FETs need to be biocompatible (for achieving
implantable devices) and environmentally stable to increase
robustness, for example in the case of wearable devices, and
to increase shelf life. In the case of implantable devices, the
sensor chip will necessarily come in contact with complex
biological environments, which can degrade the device per-
formance quickly. To address this issue, systematic investi-
gations of 2D material stability such as coating and storage
strategies are being incessantly developed. One approach
to improve stability/reusability is to have the sensing area
separated from the electrode area wherein connections can
be made between the two sections.

Another challenge to achieving better commercialization
is to understand the specifics of the interaction mechanisms
between biological molecules and the sensing materials. A
few of the phenomena, such as anomalous differences in
sensitivity to biomolecules based on differences and nature
of binding to the sensing layer, kinetics of adsorption and
desorption in the presence of interfering molecules, the
influence of contaminants and the tendency for their repeti-
tive presence during different stages of material/device
fabrication, and the dynamics of charge transfer between
enzymes and the sensing layer, need further appreciation in
this regard. It can be envisioned hence that with the advent
of promising technologies in multiple fronts, nanomaterial-
based Bio-FETs have huge potential for commercial bio-
medical devices.
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