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The development of GFETs for biometric
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Due to the rising prevalence of chronic diseases worldwide attributed to an aging population and the
development of big data and artificial intelligence (Al), there is a significant demand for healthcare and
long-term disease monitoring. As an emerging sensing technology, graphene field-effect transistor (GFET)
sensors are anticipated to become the backbone of future large-scale electronic applications, owing to
their rapid and accurate disease diagnosis capabilities, excellent biocompatibility, and ease of system
integration. This review summarizes the recent advances in biosensing applications using GFETs. Initially,
the working mechanism of GFETs for biosensing is briefly introduced, followed by an outline of various
gate configuration strategies employed in GFETs and a discussion on methods for enhancing sensing
performance. The multiplexing capabilities and flexible wearable applications of GFETs are then

Received 25th September 2024,
Accepted 22nd November 2024

DOI: 10.1039/d4sd00317a

summarized and highlighted, aiming to increase the diversity and applicability of these sensors.
Subsequently, a comprehensive survey of the advancements in the integration and miniaturization of
multi-component GFET biosensors is discussed. Moreover, this review provides an outlook on the

challenges and prospects associated with the commercialization of GFET technology in the biosensing

rsc.li/sensors field.
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1. Introduction

In recent decades, the intersection of the escalating global
trend towards an aging population and the rapid
advancements in big data and Al has generated a significant
demand in the market for digital healthcare and disease
prevention. Numerous emerging sensing and detection
technologies have been progressively developed and applied,

Weithao Feng is currently a
Master's student at the State Key
Laboratory of Robotics and
Systems, School of Mechatronics
Engineering, Harbin Institute of
Technology. His research focuses
on the application of graphene
biosensors for daily physiological
monitoring  applications.  He
received his Bachelor's degree in
Mechanical Engineering (2019)
from  Taiyuan University of
Technology, China, and
continued  his education at
to pursue a Master's degree in

Weihao Feng

Harbin Institute of Technology
Mechanical Engineering in 2023.

Sens. Diagn., 2025, 4, M-135 | 11


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sd00317a&domain=pdf&date_stamp=2025-02-11
http://orcid.org/0000-0003-1836-7751
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sd00317a
https://pubs.rsc.org/en/journals/journal/SD
https://pubs.rsc.org/en/journals/journal/SD?issueid=SD004002

Open Access Article. Published on 13 December 2024. Downloaded on 2/23/2026 12:40:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

encompassing methodologies such as enzyme-linked
immunosorbent assay (ELISA),“* electrochemical impedance
spectroscopy (EIS),*® surface-enhanced Raman spectroscopy
(SERS),”™ and field-effect transistor (FET) sensors,'**®
among others. Simultaneously, graphene, a single-atom-thick
two-dimensional (2D) nanomaterial renowned for its
distinctive electrical properties, has garnered substantial
attention.'®'” Given its inherent attributes, including high
carrier mobility, elevated carrier saturation drift speed, and
significant Young's modulus,'®° graphene has seen notable
advancements in its application in FET sensors. Particularly,
GFET sensors boast advantages such as label-free operation,
high sensitivity, rapid response, and a convenient detection
procedure.”*>*

At the beginning, GFET sensors are mainly built on rigid
substrates such as SiO,, often using liquid gate control with
an external gate or a flat gate for biosensing.>**® In pursuit
of enhanced detection performance and efficiency, innovative
gate configuration structures, including the back gate and
floating gate, have been explored for integration into
GFETs.”>®' However, the ductility and flexibility of
traditional rigid GFET sensors are limited, making it difficult

Siyu Hou is currently a Master's
student at the State Key
Laboratory of Robotics and
Systems, School of Mechatronics
Engineering, Harbin Institute of
Technology. Her research focuses
on miniaturization and
portability of biosensors made of
2D materials for environmental
monitoring. She received her
Bachelor's degree (2022) in
Mechanical Engineering from
Harbin Institute of Technology
and continued her research at
the State Key Laboratory of Robotics and Systems in 2023.

Siyu Hou

Dr Cong Huang is currently a
post-doctoral researcher at the
School of Mechatronics
Engineering, Harbin Institute of
Technology. He received his Ph.
D. degree from the State Key
Laboratory of Robotics and
Systems, Harbin Institute of
Technology, China in 2022. His
research focuses on wearable
electronics and flexible
biosensors.

Cong Huang

12 | Sens. Diagn., 2025, 4, 111-135

View Article Online

Sensors & Diagnostics

for them to continuously adhere to the surface of human
skin, which poses several limitations in daily life.**®
Secondly, the detection objects of sensors also need to be
diversified to meet the needs of people in digital healthcare
and disease prevention. A variety of flexible materials are
used in GFET sensors, along with the integration of digital
communication technologies. This enables the sensors to
achieve  both  multiplexing and flexible, wearable
applications.'®**™*® Compared to the large size and rigidity of
traditional electronic products, wearable devices are
lightweight, flexible, and cost-effective, and can further
maintain conformal contact with a wide range of human skin
types, improving patient compliance and expanding the
application range of GFET sensors.*' ™

This article provides an overview of recent advances in
detecting biomarkers using GFETs, as depicted in Fig. 1. We
commence with a brief comparison comparing the two
working mechanisms of GFETs for biosensing, followed by
an analysis of the various gate configuration strategies
employed in GFETs, including external Ag/AgCl gate, planar
gate, back gate, top gate, and floating gate configurations, to
elucidate ways to improve sensing performance. Then, the
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Fig. 1 The development of a GFET for biosensing applications. a) Modular concept of a GFET biosensor. Reproduced with permission.** Copyright
2019, Nano Letters. b) Optical image of a planar transistor chip. Reproduced with permission.*> Copyright 2019, ACS Sensors. c) GFET COVID-19
antigen sensor. Reproduced with permission.?® Copyright 2020, ACS Nano. d) Smart contact lens sensor. Reproduced with permission.>” Copyright
2020, Science Advances. e) Neural sensing interface based on a GFET. Reproduced with permission.** Copyright 2021, Nature Communications. f)
An integrated device for cytokine detection. Reproduced with permission.*® Copyright 2021 Small. g) An integrated device for COVID-19 testing.
Reproduced with permission.®® Copyright 2022, Nature Biomedical Engineering. h) A flexible GFET consisting of a 1 um polymer substrate.
Reproduced with permission.*® Copyright 2022, Advanced Materials Technologies. i) A type of artificial nucleotide aptamer sensor. Reproduced
with permission.*” Copyright 2023, Analytical Chemistry. j) Demonstration of an electrochemical fabric: wristband. Reproduced with permission.*®
Copyright 2023, Biosensors and Bioelectronics. k) CRISPR Cas12a-gFET biosensor array. Reproduced with permission.*® Copyright 2023, ACS

Sensors.

multiplexing capability of GFETs is analysed, wherein
different devices detect the same biological signal or multiple
modules in a single device detect multiple biomarkers
simultaneously. Additionally, the methods of achieving
flexible and lightweight wearable applications are analysed,
aiming to enhance the diversity and applicability of these
sensors. The focus then transitions to the progress of GFET
technology in the miniaturization and portability of
biomonitoring prototypes. Finally, our discussion synthesizes
the potential prospects and challenges associated with GFET
technology in the realms of healthcare, wearable electronics,
and other applications.

2. Working mechanism of GFETs

GFET sensors are commonly configured in either a liquid-
gated or back-gated arrangement. In liquid-gated GFET
sensors, the gate is usually immersed in solution and the
gate voltage is applied on top of the graphene. The coupling
between the gate and the graphene channel takes place
through the interface capacitor C, which comprises an
electric double layer (EDL) capacitor Cp;, and a quantum
capacitor Co of graphene established at the solution-to-
graphene interface, as depicted in Fig. 2a.°">*

While biomolecules as a whole are generally considered
electrically neutral, specific structural regions may exhibit
positive or negative behaviour, behaving as charged ions

© 2025 The Author(s). Published by the Royal Society of Chemistry

when adsorbed on the graphene surface. Two distinct
physical processes are employed to elucidate how a
biomolecular move to the surface of graphene induces
changes in conductivity. The first process, known as charge
transfer to the graphene surface causing doping, involves the
adsorption of ions as dopants, facilitating the exchange of
electrons into or out of the graphene. The second method
involves charge induction, which causes the capacitance of
the EDL capacitor to change, resulting in a change in the
potential of the electrolyte.””*® This potential change induces
charge accumulation on the graphene surface, consequently
altering the carrier density of graphene.

2.1 Electron exchange theory

Special attention should be paid to the charge shielding due
to the Debye length (4p) under solution detection conditions.
When tested in an electrolyte environment, it is crucial to
control the binding of charged analytes within the Debye
length, denoted as Ap, to attain the probability of direct
charge transfer to the material sensing channel. The transfer
curve of the GFET device is segmented into two branches at
the Dirac point (see Fig. 2b).>® The left side of the curve
illustrates a P-type channel, where holes serve as the charge
carriers, while the right side depicts an N-type conduction
channel, with electrons acting as the charge carriers.

Sens. Diagn., 2025, 4, 111-135 | 113
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Fig. 2 Working mechanism of GFETs. a) A schematic diagram of a double electric layer capacitor consisting of two parts: interface capacitor and
quantum capacitor. Reproduced with permission.>! Copyright 2022, Analytical Chemistry. b) Transfer characteristic curve of graphene. Reproduced with
permission.>® Copyright 2023, Advanced Functional Materials. c) The VR11 aptamer folds TNF-o. onto the graphene surface, causing a direct transfer of
charge. Reproduced with permission.>* Copyright 2018, Nanoscale. d) The sensor for detection of kanamycin A was designed by using the competitive
complementary hybridization mechanism of single DNA strands. Reproduced with permission.>> Copyright 2016, Advanced Functional Materials. ) The
DNA strand folds into a G-quadruple structure to detect Pb?*. Reproduced with permission.>® Copyright 2017, Biosensors and Bioelectronics.
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Farid et al. reported a GFET biosensor utilizing a short-
length aptamer for IFN-y detection.’® As the aptamer's length
is short, they proposed that IFN-y-aptamer binding takes
place within the Jp. Thus, the resulting charge is still not
fully screened, resulting in the allocation of electrons to the
graphene surface. This process results in an increase in the
n-conduction current, which is effectively “sensed” by the
graphene. Similarly, Wang et al observed binding
interactions between IgE and aptamer molecules even at high
salt ionic strengths (450 mM).®° They hypothesized that after
IgE capture, the conformational structure of the aptamer
underwent a major change, bringing aromatic nucleotide
chains containing a large amount of electrons in contact with
the graphene surface. This conformational structure, upon
folding, is believed to reach within the Ay range, enabling a
direct transfer of the nucleotide's charge to the graphene
surface.

In addition to opting for a shorter aptamer to ensure
binding within the Debye length, an alternative strategy
involves utilizing a longer aptamer for binding to the tested
object. In this approach, the aptamer structure can be folded
several times close to the graphene, resulting in N-type
doping, where electrons are transferred directly from the
biomarker or aptamer to the graphene sensing surface.>® For
instance, in the interaction between insulin and the IGA3
aptamer, a left shift of Vpi,. is observed, indicating the
doping of more electrons (N-type charge carriers) into
graphene.®’ IGA3 aptamers trap insulin and fold, causing
charge transfer and bringing electrons to the graphene
surface. Fig. 2¢ provides an explanation for the fact that the
original uncoiled G-quadruple aptamer can be transformed
into a more rigid parallel or antiparallel curled structure
when detecting insulin or TNF-a. The detection mechanism
is similar to IgE bound to aptamers.

2.2 Electrostatic induction theory

In addition to the theoretical explanation of N-type doping
caused by direct electron transfer, an alternative theory
proposing ion adsorption, charging of the EDL capacitance,
and electrostatic induction on the graphene surface has
garnered substantial support. For instance, Zhu et al. devised
a solid-gated sensor for pH sensing.’® It is found that the
transconductance of graphene transfer curves is basically the
same at different pH levels, suggesting that carrier mobility
remained relatively constant despite pH variations. The
researchers hypothesized that the primary sensing
mechanism involves charge sensing, leading to the charging
of the EDL capacitor.

In contrast to previous aptamers that facilitate direct
charge transfer on the graphene surface after analyte
analysis, electrostatic induction can also be induced on the
graphene surface by aptamers adopting hairpin or
G-quadruplex structures.®® Wang and colleagues engineered a
sensor for kanamycin A detection using a competitive
complementary hybridization mechanism with single strands

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of DNA (see Fig. 2d).”® Initially, aptamer molecules are
hybridized with complementary short DNA strands, forming
a double-stranded DNA hybridization structure affixed to the
graphene. Upon addition of kanamycin A, the aptamer binds
to the analyte molecules, forming hairpin complexes and
detaching from the graphene surface. Prior to the competitive
binding separation of the analyte, the hybrid molecules,
which are negatively charged, induce electrostatic effects on
the EDL capacitor at the solution interface, thereby
increasing the concentration of hole carriers in the graphene.
During the competition process, the negatively charged
hairpin complex is released into the solution and is shielded
after dissociating from the /Jp. As a result, the occurrence of
N-type doping leads to the decrease of the hole density of
graphene.

Li et al. used a G-quadruple-structure switch to detect
Pb>".>® In their GFET sensor, when Pb*>' is present, the DNA
strand folds to encapsulate Pb>" ions within a G-quadruplex
structure (refer to Fig. 2e). Subsequently, a greater portion of
the DNA's charge migrates towards the charged surface of the
EDL, inducing holes in the graphene electrostatically through
the equivalent capacitance of the EDL. This mechanism
augments the population of hole carriers, facilitating P-type
doping of the graphene sensor, thereby enabling low-label
biosensing of Pb>",

In addition to the self-folding of DNA strands influencing
charge sensing, the proximity of biomolecules to the
graphene surface induced by DNA strands can also modify
the graphene carrier concentration. For instance, Hao et al
devised a GFET for detecting interleukin-6 (IL-6).°* After
binding to IL-6, the aptamer folds near the graphene sensing
channel. IL-6 comprises negatively charged aromatic amino
acids, inducing equivalent hole carriers at the graphene
interface through electrostatic induction, which subsequently
charges and discharges the capacitors at the graphene-
solution interface.

3. GFETs with different gate
configurations

The architecture of most GFET biosensors primarily consists
of three components: the sensing channel made of two-
dimensional sensitive materials, the drain/source, and the
gate.’>®® Consequently, the classification of GFETs is based
on the structural layout of the gates, which are divided into
several types: external Ag/AgCl gate, planar gate, back gate,
top gate, and floating gate. For GFET biosensors to detect
biomarker concentrations, they must first be modified with a
probe that can bind to the target biomarker. The binding
process between the probe and the target causes a change in
the charge of the EDL capacitance, changing the carrier
concentration within the 2D material, facilitating the
transduction of biological signals. Depending on the location
of the probe modification, the mechanisms that cause the
change of carrier concentration in two-dimensional materials
can be roughly divided into the following situations: (1) the

Sens. Diagn., 2025, 4, 111-135 | 115
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probe is modified on the surface of the 2D material,*® where
the interaction between the probe and the biomarker directly
alters the charge -carrier concentration within the 2D
material. (2) The probe is modified on the gate surface, where
the binding of the probe and biomarker occurs.®” The shape
of the probe or the charge distribution in the gate area is
changed, which indirectly causes the change of the carrier
concentration inside the 2D material.

3.1 External Ag/AgCl gate

The external Ag/AgCl gate is directly inserted into the
detection solution, and by the coupling effect of the EDL
capacitance, the charge carrier concentration in the 2D
material could be effectively adjusted. The external Ag/AgCl
gate configuration is widely employed in GFET structural
design (see Fig. 3a), particularly in biomarker detection. The
graphene channel as the sensing part of the GFET sensor,
using a new graphene transfer method,*® or adjusting the
traditional flat channel to a pleated channel changes the
sensing performance of the GFET, such as the sensing
response time and sensitivity. In addition, the sensor
recognition unit, as an important part of the GFET sensor,
can improve the sensitivity and reliability of the sensor by
introducing structural improvements or special aptamer
types.®® The sensor illustrated in Fig. 3b is customized with
antibodies targeting the SARS-CoV-2 spike protein on the
GFET. The minimum detection concentration in the clinical
transport medium for this sensor is 100 fg mL™.>

Li et al introduced an MXene-GFET sensor using a
polymer connecting MXene and graphene.”* The sensor was
evaluated using a recombinant 2019-nCoV spike protein
antigen at concentrations ranging from 1 to 10 pg per
milliliter. The response time of the MXene-GFET platform
was approximately 50 ms, with an impressive LOD for the
recombinant spike protein of 1 fg mL™", underscoring the
sensitivity of the platform for virus detection. Similarly, Kang
and colleagues adapted the S1 protein to a GFET, achieving
an LOD of about 150 antibodies per 100 uL of whole serum
and reducing the diagnostic time for testing clinical serum
samples to a mere 2 minutes.””

In addition, Kong et al. reported the method of using a
Y-shaped double probe to simultaneously capture two genes
in COVID-19 nucleic acid.”® The structure of the Y-dual probe
allows it to detect not only the ORFlab gene but also the N
gene (see Fig. 3c). It has a high recognition rate in the
detection process of 1 min and realizes the breakthrough
achievement of direct five-in-one hybrid detection for the first
time.

In order to reduce the steps of virus purification and
achieve rapid sample detection, Park et al used RT-LAMP
technology to rapidly achieve RNA amplification.”” The
consumption of RT-LAMP primers was detected using a
crumpled graphene FET. Among them, the negative samples
will cause the detection curve to shift beyond the monitoring
threshold, while the positive samples have the opposite
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effect, realizing the discrimination of COVID-19 patient
samples (Fig. 3d).

Wang et al. developed a molecular-scale detection system that
uses bovine serum albumin as an antifouling layer to facilitate
rapid detection of nucleic acids in whole serum.®® The system
consists of a self-assembled rigid tetrahedral DNA structure
adsorbed on graphene as a base, and is then modified by a
single-stranded DNA cantilever and aptamer probe (see Fig. 3e).
The MOIEMS GFET can detect COVID-19 nucleic acid at a
concentration of 0.02 copies per uL and can determine whether
a nasopharyngeal swab sample is positive within 4 minutes.

Hwang et al employed a crumpled GFET electrical
biosensor to detect miRNA let-7b sequences in human serum
(refer to Fig. 3f).”> Compared to flat graphene, the crumpled
GFET biosensor exhibits an exceptionally low LOD of only
600 zM. The researchers hypothesized that the nanoscale
bending and deformation of crumpled graphene could
increase the Ap between the sensing channel surfaces and
electrolytes, thus significantly enhancing the sensitivity of
crumpled GFET sensors.

Rodrigues et al investigated the stability and charge
distribution of peptide nucleic acids (PNAs) and applied
them to GFET sensors as aptamers. To compare the
performance of PNA and DNA aptamers, they were utilized
together to detect cardiac troponin I (c¢Tnl) protein.”®
Furthermore, they found that PNA and DNA aptamers exhibit
similar dissociation constants and detection limits in PBS,
and PNAs can also adapt to complex biological fluids.

Fig. 3g illustrates graphene field-effect transistors (GFETS)
employing carbon dots (CDs) to cover the sensing region of
graphene.”” The LOD of exosomes detected by the CD-GFET
sensor can be reduced to 100 particles per pL. This suggests
that the modification of the graphene surface with carbon
dots effectively enhances the capture speed and sensitivity of
the sensor for exosomes.

Weng et al. introduced an approach to nucleic acid detection
utilizing CRISPR and Cas technology, presenting the CRISPR
Cas12a-mediated GFET, termed CRISPR Cas12a-gFET.*’ The
sensor was employed to detect synthetic target genes of human
papillomavirus and Escherichia coli plasmids, respectively, with
detection limits of 1 aM and 10 aM (see Fig. 3h). The advantage
of the Cas12a-gFET sensor over the Cas9 sensor’”’® lies in its
ability to detect ssDNA in addition to dsDNA.

Fig. 3i depicts a sensor modified with a synthetic
nucleotide aptamer.”” This modification of the traditional
aptamer sensor enables the AN-Apta-FET to specifically detect
liver cancer exosomes with a LOD of 242 particles per mL,
addressing the limitation of traditional aptamer sensors in
distinguishing between various tumor-derived exosomes. The
synthetic synthesis of the aptamer repertoire has expanded
the range of biomarkers detectable by GFET biosensors.

3.2 Planar gate

Conventional electrolytically gated GFETs necessitate an
additional gate outside the drain-source electrode plane,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 External Ag/AgCl gate configuration of the GFET. a) External Ag/AgCl gate in the solution gate configuration. b) A typical external Ag/AgCl
gate configuration in the GFET structural design. Reproduced with permission.2® Copyright 2020, ACS Nano. c) The Y-shaped probe enables
simultaneous detection of multiple genes. Reproduced with permission.”® Copyright 2021, Journal of the American Chemical Society. d) Crumpled
graphene FETs (cgFETs). Reproduced with permission.71 Copyright 2021, ACS Sensors. €) MolEMS consisting of a ssDNA cantilever and self-
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biosensor to detect miRNA. Reproduced with permission.”> Copyright 2020, Nature Communications. g) Carbon dot (CD) modified graphene for
exosome detection. Reproduced with permission.”® Copyright 2021, ACS Applied Materials & Interfaces. h) Schematic diagram of the CRISPR
Casl12a-gFET trans-cutting 20-nt polyA probe. Reproduced with permission.*®> Copyright 2023, ACS Sensors. i) Three artificial nucleotide aptamers
were used for the specific detection of hepatoma exosomes. Reproduced with permission.*” Copyright 2023, Analytical Chemistry.
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significantly impacting the miniaturization of the device.
Under the working conditions of external Ag/AgCl electrodes,
the EDL capacitance at the solution-graphene interface
functions as a gate medium. The insertion of these electrodes
may induce fluctuations in the electrical properties of 2D
materials.”” However, by integrating three electrodes -
namely, the gate and drain-source electrodes — on the same
flat surface (refer to Fig. 4a and b),>®**® thereby eliminating
the requirement for external gates,®* such planar gate FETs
have also found widespread application in graphene Hall
elements,”” pressure sensors,*" and biomarker detection.®”*

Kim et al. successfully fabricated ion-gated graphene Hall
element (ig-GHE) arrays.”” ig-GHE devices typically operate with
an ion V; of 0.35 V, a Vi of 0.2 V, and a drain current below 1
pA. At these parameters, the ig-GHE device achieves a minimum
magnetic resolution of approximately 0.3 G Hz '. The high
sensitivity of the ig-GHE device to magnetic fields at low voltages
is attributed to the excellent carrier tunability in ion gating.
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Fig. 4c illustrates a pressure sensor utilizing p-glycine/
chitosan as an insulator to form a metal-insulator-metal
(MIM) sandwich structure.®’ Due to the sensitive layer of the
three-layer sandwich structure, the sensor can operate at an
operating voltage of 50 mV. In addition, the sensor exhibits
variable sensitivity in the pressure range from 5 to 20 kPa
and from 20 to 35 kPa.

Deng et al fabricated carbon quantum dot (CQD)
modified GFETs for label-free DNA detection.®> CQDs were
modified on the gate using thioglycolic acid, and then the
ssDNA probe was adsorbed to the CQDs by n-n adsorption
(refer to Fig. 4d). The sensor demonstrates a detection range
for DNA from 1 aM to 0.1 mM.

Similarly, Zhang et al. synthesized boric acid groups to
CQDs and modified CQDs to the gate of a planar gate GFET
sensor.’® By detecting sialic acid, the planar gate sensor
exhibited a detection range from aM to uM, with a sensitivity
reaching 107° M.

Au

Au

Potential

Channel

Electrolyte  Gate

— Gate/CQDs
——Gate/CQDs/ssDNA
—— 1 nM Complementary DNA

1300

N -

phene  PBASE  Antibody ~ GFA|

N B W

One GFET device

Fig. 4 Planar gate configuration of GFETs. a) Diagram of a planar gate in a solution gate configuration. b) Optical image of a planar transistor
chip, including the source (S), drain (D), and gate (local view). Reproduced with permission.*> Copyright 2019, ACS Sensors. c) The pressure sensor
uses a B-Gly/Cs film as the sensitive layer. Reproduced with permission.®* Copyright 2020, ACS Applied Materials & Interfaces. d) Planar gate GFET
using carbon quantum dots (CQDs). Reproduced with permission.®” Copyright 2022, Analytical Chemistry. €) GFET sensor with planar side-gate Pt
electrodes. Reproduced with permission.®® Copyright 2022, ACS Nano. f) Planar GFET array with a common gate. Reproduced with permission.®
Copyright 2022, ACS Sensors.
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Fig. 4e depicts a GFET sensing device for the detection of
multiple opioid metabolites.** Kumar and colleagues
designed a planar gate sensor with integrated side (Pt)
electrodes. The detection limits for noroxycodone (NX),
2-ethyl-1,5-dimethyl-3,3-diphenylpyrrolidine ~ (EDDP), and
norfentanyl (NF) were 38, 27, and 42 pg mL™", respectively, in
wastewater diluted 20-fold with buffer.

Xu et al. conducted research on the detection of glial
fibrillary acidic protein (GFAP), a type of biomarker
associated with various neurological diseases and utilized for
detecting traumatic brain damage (refer to Fig. 4f).** The
sensor they developed achieved a LOD of 400 aM in PBS and
4 fM in human plasma. Compared with ELISA, the GFAP
GFET demonstrated the ability to significantly reduce the
detection time of patient samples and enhance detection
sensitivity.

3.3 Back gated configuration

In addition to the traditional liquid gate GFETs, GFET
sensors with back gated or buried gated configurations (refer
to Fig. 5a) are also widely used for detection of nucleic
acids,”” exosomes, biological small molecules,*® etc. The
external Ag/AgCl gate and planar gate generate a gating
electric field that penetrates the sample solution, and this
gating electric field may interfere with the affinity binding
between the biomarker and the probe, thus reducing the
stability of the biosensor.* The back gating configuration is
placed through the back of the gate to isolate the gate from
the solution. In the structural design of back gates, SiO, is
predominantly used as the dielectric layer. Due to the low

Solution Drain

Source
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dielectric constant of SiO, (¢ = 3.9), a working gate voltage
(Vg) of 40-50 V is required, posing potential risks to the
human body. It is necessary to utilize oxide layer materials
with higher dielectric constants to ensure greater safety.

Huang and colleagues implemented a back gate to achieve
gated doping and used a dielectric layer of Al,O; to reduce
the gate voltage, thereby enhancing the detection
performance for miRNA.?® They developed a dual-gate GFET
incorporating a graphene oxide/graphene (GO/G) layered
structure for the detection of miRNA-21 (refer to Fig. 5b).

The sensitivity of the sensor using only a single V, is 19.26
mV dec™, and when the back gate is utilized for gating doping
in dual-gate control, the sensitivity of the sensor increases to
33.65 mV dec’. The sensor exhibits a linear response to
miRNA concentrations ranging from 10 fM to 100 pM.

Kordrostami et al. depicted a flexible back-gated sensor
designed for glucose detection.”® This sensor consists of a
back-gated GFET fabricated by stacking CuO hollow spheres
on a flexible PET substrate. Glucose concentration detection
is performed in two modes: resistance and FET. The results
indicate that the FET mode yields a greater current compared
to the resistance sensor. In this work, the sensitivity of the
flexible sensor for glucose detection is reported to be 600 aM,
with a LOD of 1 nM.

Gao et al. developed a back-gated configuration GFET
modified with a hairpin DNA probe.>® This sensor enables
signal amplification for nucleic acid detection through
hybridization chain reaction (refer to Fig. 5c). The detection
limit for 21-mer was approximately 5 fM, albeit with a longer
detection time of 1 hour. The same research group also
created an aptamer sensor for arsenate detection using a
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Fig. 5 Back gated configuration of GFETs. a) Diagram of a back gated configuration of a GFET. b) Dual gate GFET with planar interfinger
electrodes. Reproduced with permission.®° Copyright 2021, ACS Applied Electronic Materials. c) A back gated configuration GFET sensor for
nucleic acid detection based on hairpin probe DNA. Reproduced with permission.2Copyright 2018, Nano Letters. d) Back gated GFET for arsenate
detection. Reproduced with permission.’* Copyright 2022, ACS Applied Nano Materials.
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similar reverse-gating configuration.”® Furthermore, the
aptamer folds upon binding with arsenate, introducing
negative charge to the surface of the sensing channel,
enabling the detection of arsenate in the range of 0.05 to
1000 ppb (refer to Fig. 5d).

Klein et al. developed back-gated GFETs for the selective
detection of exosomes.”® In this device, a microfluidic
channel exposes a graphene film conjugated with an anti-
CD63 antibody to the solution. However, this sensor is
currently limited to sensing a low concentration of exosomes
at 0.1 ug mL ™', and further studies are needed to enhance
the efficiency of antibodies in trapping exosomes.

3.4 Top gated configuration

Due to the advantages of top-gated structure FETs (refer to
Fig. 6a), such as the obvious gate gating effect and effective
reduction of parasitic capacitance, their research direction is
mainly focused on frequency doublers,”® radio frequency
applications,’°® biological detection using nanogaps inside
the top gate,””*® etc.

Jung et al. assembled a top gated GFET with Al,O; as a
dielectric layer.'®* They fabricated the Al,O; dielectric layer
by atomic layer deposition (ALD) and PMMA wet transfer,
and further compared the hole mobility of the GFET with the
two processing methods. It was found that PMMA wet
transfer could reduce the damage to the graphene membrane
and avoid the doping of graphene produced by ALD.

The electron mobility of two-dimensional materials can
be affected by the insulating substrate. Kim et al. reported
the growth of a silicon nitride (SiON) single crystal
insulating layer on SiC wafers.”® They fabricated two types
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of top-gated GFETs with SiON/SiC wafers and SiO,/Si wafer
substrates (see Fig. 6b). In a comparison experiment
between the SiON/SiC wafer and SiO,/Si wafer, the
graphene electron mobility can be increased by about 1.5
times using SiON/SiC wafers.

In addition, when the top and back gates are combined to
form a double gate structure, the transconductance of the
GFET can be improved. Hwang et al conducted
measurements and comparisons of the transfer characteristic
curves of dual-gate GFETs and single-top gated GFETs.'*> The
maximum transconductance of the DG-GFET can be up to 1.5
times that of the SG-GFET, demonstrating the potential of
the multi-gate architecture for improving GFET performance.

Fig. 6c¢ illustrates a pressure sensor based on back gate
and movable top gate design GFETs.*' Performance analysis
indicates that the movable top gate can potentially detect
nanoscale displacements, and the structural design of the
double top gate can also provide higher sensitivity than the
single top gate.

Kumada et al. fabricated a graphene photodetector with a
ZnO top gate.'® The single layer of graphene in the
photoelectric conversion region is encapsulated by double
layer hBN (Fig. 6d). By measuring the temporal distribution
of the photocurrent in the sample, Kumada et al. provided a
new explanation for the O-E transition mechanism in
graphene, with the help of the time-controlled phenomenon
of photocurrent generation.

The biodetection applications utilizing the top gate
configuration involve the creation of a nanogap within the
top gate oxide. When the target substance and the bioprobe
interact within this nanogap, it alters the effective gate
capacitance, resulting in signal transduction.’® Amiri et al.
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Fig. 6 Top gated configuration of GFETs. a) Diagram of a top gate configuration of a GFET. b) Top-gated FET of a 2D material/SION/SiC wafer.
Reproduced with permission.>® Copyright 2023, Nano Letters. c) A dual-gate pressure sensor with a movable top gate. Reproduced with
permission.>* Copyright 2020, AEU - International Journal of Electronics and Communications. d) A graphene photodetector using ZnO as a top
gate. Reproduced with permission.°® Copyright 2022, Nature Photonics. ) DNA hybridization detection is implemented in the nanogap at the top
gate.®” Reproduced with permission. Copyright 2020, Materials Science and Engineering: C.
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constructed nanogaps inside gate oxides and modified
targeted DNA to detect the DNA of Neisseria gonorrhoeae
(Fig. 6e). With a biosensing detection area of only 240 nm?,
they achieved a relative sensitivity of about 1 mV nm™,
potentially yielding a highly and compact
biosensor.”

sensitive

3.5 Floating gated configuration

The floating gated structure can capture and release
electrons, thereby changing the charge carrier density of the
active dielectric layer, so the GFET of the floating gated
structure (Fig. 7a) can be used in logic operations,'® data
storage,'**'° rectifier switching,'®” etc.

Fig. 7b shows a logic device based on a three-layer
heterogeneous structure; the three-layer material distribution
is WSe,/h-BN/graphene.'”® Through the change of operating
voltage such as the drain and the floating gate, the bipolar
WSe, can realize switchable AND and XNOR logic operations,
ensuring the reconfigurable logic operation ability of the
device.

Traditionally, biomarker detection relies on a solution
environment as a carrier. However, Wang et al. proposed a
fully-solid-state  (FSS) transistor.’'> 1In this approach,
graphene is already encapsulated in a solid dielectric
material. To create a biomolecular interaction-sensitive
interface, Wang et al. introduced a functionalized metal
floating gate to the top layer of the dielectric. The solid
dielectric layer above the graphene enhances its gating
efficiency compared to the traditional solution EDL interface.
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As a result, the sensor achieved a concentration LOD of 929.8
fM using a Pb*" unlabeled DNA enzymatic bioassay.

Sheibani et al. designed a sensor based on a platinum
expansion gate.'®® The separation of the sensing region and
electrical energy conversion is achieved by transferring
graphene to the gate of platinum. In a physiological fluid
environment, the device can detect cortisol concentrations in
the Ap range with a LOD of 0.2 nM from 1 nM to 10 uM. They
also proposed a 3D sensing concept (see Fig. 7¢).

Fig. 7d depicts a remote floating gated (RFG) FET."'° The
sensor was primarily utilized for detecting the SARS-CoV-2 S
protein, with a sensitivity of 5.1 mV dec™" in saliva mixed
solutions. The floating gate structure electrically isolates the
sensing material through an insulator and connects it with
the gate capacitance of the FET transducer to achieve signal
transmission. No current flows through the sensing material
area, thereby preventing adverse effects of interface traps,
defects, and redox reactions of the sensing material itself.
Recently, this research group reported the application of a
RFGFET for diagnosing nasopharyngeal swab samples
(Fig. 7e)."" In this study, the sensor was capable of directly
detecting nasopharyngeal swab samples collected from
patients, achieving an accuracy of label-free SARS-CoV-2
detection of 90.6%, with high repeatability.

To date, the development of GFET biosensors based on
various gate configuration strategies has achieved relatively
abundant progress. Table 1 summarizes the potential
application scenarios and advantages of various gate
configurations and provides a comparative overview of their
sensing performance across specific applications.
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Fig. 7 Floating gated configurations of GFETs. a) Diagram of a floating gate configuration of a GFET. b) MFGFET device with a three-layer
heterogeneous structure for logic operation. Reproduced with permission.'°® Copyright 2023, Nano Letters. c) A concept of an integrated cortisol
sensor using a back gate configuration. Reproduced with permission.’°® Copyright 2021, Communications Materials. d) A remote floating-gate
(RFG) FET. Reproduced with permission.**® Copyright 2022, ACS Applied Materials & Interfaces. e) Schematic representation of a RFGFET modifying
NAb or ACE-2 probes. Reproduced with permission.''* Copyright 2023, ACS Applied Materials & Interfaces.
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Table 1 Performance summary of GFET biosensors with different gate configurations

Gate Probe position Response
configurations Advantages Target Material (signal transduction) LOD time Ref.
External Effectively modulates the charge ssDNA Crumpled Sensitive material — 35min 71
Ag/AgCl gate  carrier concentration, convenient graphene surface
operation process SARS-CoV-2 Graphene Sensitive material 0.02 0.1-4 39
nucleic acid surface copies min
per uL
Planar gate Avoids electrical disturbance caused ssDNA Graphene Gate surface 1aM 54 min 67
by external electrode insertion, high Glial fibrillary ~Graphene Sensitive material 4 fM <15 min 84
integration, compact component acidic protein surface
structure, suitable for flexible wearable
applications
Back gate Avoids the interference of the liquid gate miRNA-21 Graphene Sensitive material 10 fM — 90
gating on the combination of the target oxide/graphene surface
and biological probe, compact component  Arsenite Graphene Sensitive material 0.02 ppb 1s 91
structure. The high dielectric constant oxide surface
layer can reduce the gate voltage, suitable
for portable applications
Top gate The sensing area exhibits high sensitivity DNA Graphene Sensitive material — — 97
per unit area and a compact overall layout surface
Floating gate  Avoids the adverse effects of interface traps, SARS-CoV-2S rGO Sensitive material — 5 min 110
defects, and redox reactions of the sensing  protein surface
material itself, high reliability and less time SARS-CoV-2 rGO Sensitive material 5x10 <5min 111
drift spike protein surface TU ml™

4. GFET array toward multiplex
detection

Arrays and multiplexing of sensors are highly appealing for
the simultaneous detection of viruses, nucleic acids, and
antigen proteins.""®*'* Multiplex sensing methods can be
categorized into two main approaches: (1) simultaneous
detection of multiple markers: this approach involves
measuring a variety of markers concurrently. Multiple
sensing units are combined to independently detect various
markers, generating separate detection signals for integrated
analysis.*®*'"® (2) Detection of the same marker in multiple
modes or devices: in this approach, the same marker is
detected using multiple modes or devices."'*"*° The
reliability of the measurement process is ensured by cross-
validating multiple sets of data.""

In the production and application process of GFETs, how
to achieve reuse and cost saving is always faced with
problems. Dai et al. achieved a modular design in which the
GFET is reversibly assembled and disassembled by splitting
the sensor into independent biometric and sensing modules
(Fig. 8a).** Among them, the biometric module is mainly PEG
hydrogel, and penicillinase or urease is added as a
recognition probe to detect penicillin G and urea.

Fakih et al. developed a multi-ion sensitive FET array,'*
which can simultaneously measure K', Na', NH," and other
ions, and also monitor the changes in ion concentration
caused by mineral absorption by detecting the growth of
aquarium plants (Fig. 8b).

There are many kinds of biomarkers for Alzheimer's
disease, such as AP1-42 and t-Tau. Fig. 8c illustrates the
differentiation and multiple detection achieved by exploiting
differences between biomarker isoelectric point values. The

122 | Sens. Diagn., 2025, 4, 111-135

LOD of fM concentration can be reached in biological fluids
including human plasma and artificial cerebrospinal
fluid."*

Lyme disease, primarily caused by Borrelia burgdorferi, can
result in stiff and swollen joints as well as damage to the
cardiovascular system. Gao et al. designed a four-quadrant
GFET for the simultaneous detection of multiple Lyme
disease antigens."”” This method utilizes four antibodies to
modify four quadrants, enabling simultaneous detection in
four lanes at concentrations as low as 2 pg ml™.

Sweat is an important body fluid, rich in chemicals that
reflect the metabolic and physiological states of the human
body. Wearable sweat analysis enables non-invasive and
continuous biomarker monitoring. Wang et al. fabricated
graphene electrodes on a polyimide (PI) substrate and
combined several modules, such as microfluidic components,
to create a flexible sensor patch.*** The patch could induce
and collect sweat, and further detect the concentration
changes of leucine, tryptophan, and other amino acids in
sweat (see Fig. 8d). The researchers further demonstrated
wearable and continuous monitoring of amino acid changes
after meals.

The multiplexing of GFETs has also been developed in
terms of recording the electrical activity of neurons and
constructing sensing neural interfaces. Because of its good
biocompatibility, graphene can be developed as a neural
probe to detect the potential of the cerebral cortex. Fig. 8e
showcases a flexible sensing system comprising a 64-channel
g-SGFET array.** This system demonstrates the stability and
excellent biocompatibility of the graphene array neural probe.
The probe's performance was evaluated by monitoring a
freely moving rat model continuously for 24 hours over an
extended period.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 GFET array toward multiplex detection. a) The GFET sensor that can replace the biometric module. Reproduced with permission.**
Copyright 2019, Nano Letters. b) Detection of change of ion concentration during plant growth. Reproduced with permission.'?? Copyright 2020,
Nature Communications. c¢) A multiplex sensor modified with Ap1-42 and t-Tau antibodies. Reproduced with permission.’*®> Copyright 2020,
Biosensors and Bioelectronics. d) Multiplexed sensor array for the detection of metabolites in sweat. Reproduced with permission.*?* Copyright
2022, Nature Biomedical Engineering. €) A neural interface with 64 channels. Reproduced with permission.** Copyright 2021, Nature
Communications. f) GFET array and microfluidic circuit fabricated on a sapphire substrate. Reproduced with permission.!?> Copyright 2022,
Advanced Functional Materials. g) GFET array for cancer exosome detection. Reproduced with permission.'?® Copyright 2023, ACS Nano.

Dupuit et al. combined a multi-channel microfluidic
platform and a GFETs array for the detection of neurite and
nerve spike.'”® The device (Fig. 8f) can detect spontaneous
activity in neurons at an early stage of culture, providing
multimodal detection of the nerve spike shape and
amplitude.

Yin et al. integrated multiple sensor arrays on a common
gate to detect pancreatic cancer exosomes.'>® This biosensor
can accurately distinguish between stage 1 and stage 2 cancer
within 45 minutes by detecting specific exosomes expressing
GPC-1 (see Fig. 8g).

5. Flexible GFETs toward wearable
applications

With the improvement of living standards, people have put
forward the demand for early prevention and diagnosis of
diseases.*® Traditional GFETs are mainly rigid substrates,
which are not conducive to long-term wear and use of
patients.**"?%129 Flexible sensors are expected to become an

© 2025 The Author(s). Published by the Royal Society of Chemistry

important part of wearable devices by virtue of their excellent
elasticity and stretchability, small size and easy to carry

features.*® In general, materials used as substrates for
flexible GFETs include polydimethylsiloxane (PDMS),
polyethylene naphthalate (PEN),"*' Mylar,"** polyimide

(P1),"** polyethylene terephthalate (PET),"**™%° etc.

Initially, flexible GFET sensors mainly use flexible
materials instead of silicon substrates'®” and explore the
change trend of sensing performance of GFETs after bending,
folding and other deformation. Wang et al. developed a GFET
sensor on a Mylar film."** Electrodes were fabricated on a 2.5
um thick flexible substrate. The sensor was capable of
detecting TNF-o. under surface deformation with a LOD of 5
X 107'* M (refer to Fig. 9a). Further, by coating Tween 80 to
inhibit non-specific adsorption during TNF-o. detection and
by pre-stretching to maintain a consistent fit during finger
movement (Fig. 9b), the detection limit was reduced to 2.75
pM in artificial tears."*®

Since the surface of human skin is not uniform, such as
human fingerprints, thinner flexible substrates will be more

Sens. Diagn., 2025, 4, 111-135 | 123
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Fig. 9 Flexible GFETs toward wearable applications. a) Flexible GFET prepared on a Mylar film substrate. Reproduced with permission.t*?

Copyright 2019, Advanced Functional Materials. b) Stretchable biosensors attached to a finger. Reproduced with permission.**® Copyright 2020,
Nanomaterials. c) A transparent GFET fabricated on a 1 um polymer substrate. Reproduced with permission.*® Copyright 2022, Advanced Materials
Technologies. d) Stretchable and foldable sensor using a PET substrate. Reproduced with permission.t*® Copyright 2022, ACS Applied Bio
Materials. e) A sensor for ion detection combined with an ion selective membrane on a PET substrate. Reproduced with permission.>* Copyright
2022, Small. f) Illustration of a headband and wristband woven from carbon nanotube/graphene (CNT/G) composite fibers. Reproduced with
permission.*® Copyright 2023, Biosensors and Bioelectronics. g) An integrated wearable contact lens for cortisol detection. Reproduced with
permission.>” Copyright 2020, Science Advances.
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suitable for the skin. Huang et al. proposed a GFET sensor
made of a 1 um polyethylene terephthalate substrate.*® In
order to maintain flexibility and transparency, the electrode
part is made of WO5;/Au/WO; (81% transparency) (Fig. 9¢) for
the detection of r-cysteine. In mechanical performance tests,
it can be recovered after 100 deformations such as bending,
folding and shrinking.

Fig. 9d shows another graphene aptamer nanobiosensor
fabricated on a PET substrate.’® Among them,
polyethylenimide (PEI) is used for graphene surface
antifouling, which can reach the LOD of hemoglobin (Hb) in
human serum of 14.2 fM, and the sensor can also resist
hundreds of cyclic stretching and bending strains.

Compared with photolithography, laser micromachining

can quickly manufacture flexible electrodes and
microstructure patterns. Furlan De Oliveira et al. produced
an rGO liquid-gated transistor (LGT) using laser

micromachining technology.*® The sensing channels of rGO
and an ion selective membrane (ISM) were functionalized
(Fig. 9e) to obtain ion screening and fast response
characteristics. It can operate at a low voltage (0.5 V) and has
a linear response to K and Na" in artificial sweat, and the
detection concentration range is 10 uM-100 mM.

To enhance the functionality of the pressure sensor, Paul
et al. affixed crumpled graphene onto a graphene-chitosan
(GO-CS) substrate."*® This sensor facilitates remote control
of robot movement. When affixed to the temples of the face,
it responds to facial muscle activity, generating a signal.

Moreover, the integration of sensors into wearable fabrics
enables seamless real-time monitoring of human skin sweat
for disease detection. Illustrated in Fig. 9f is a fabric
composed of carbon nanotube/graphene (CNT/G) composite
fibers.”® This flexible fabric system is adaptable for wear on
various body parts. Functionalizing the IL-6 aptamer within
the fabric enables the detection of IL-6 in sweat.

Fig. 9¢ showcases a wearable contact lens designed for
wireless communication and real-time detection of cortisol
levels.*” The sensor contains a graphene sensing channel, an
NFC device, and a stretched antenna, which enables real-
time host computer transmission of the detected
concentration in tears. Notably, the contact lens boasts non-
invasiveness, reliability, and good biocompatibility, validated
through experiments conducted on living rabbits.

6. System-level integration of GFETs
toward commercialization

Although some progress has been made with individual
sensing systems, there is an eternal need to integrate more
functional components into devices.'>””"**"'*> Commercial
sensor  systems  usually require  sensing  units,
communication, data processing, power supply and so
3743 The miniaturization and integration of FET sensor
systems can simplify the detection process and reduce weight
and power consumption, while improving the detection
stability and facilitating market applications,*"*4344

on.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10a shows the application of CRISPR technology to a
GFET sensor and the anchoring of the Cas9 protein and
graphene sensing channel to complete the modification.”® In
this work, rapid guidance of RNA-Cas9 complexes and
detection of homozygous and heterozygous DNA samples
were used to improve the efficiency of gene targeting in sickle
cell patients.

Fig. 10b illustrates an integrated GFET sensor referred to
as an EV chip."*" The EV chip reader integrates multiplexer,
microprocessor controller, potentiostat, and serial interface
components. Through the modification of CD63 and CD151
probes, this EV chip enables the detection of plasma
exosomes associated with age-related diseases, facilitating
early diagnosis of conditions like Alzheimer's disease.

Kim et al. integrated an antibiotic-modified GFET and a
microfluidic chip for clinical Gram-positive bacteria typing.*®
Notably, the portable sensor, depicted in Fig. 10c,
incorporates a  battery, communication module,
microcontroller, and other components to achieve real-time
transmission of detection signals. This setup achieves a LOD
of 10 CFU mL™" with minimized manual intervention.

During the COVID-19 pandemic, many researchers began
to focus on creating miniaturized, integrated biosensors for
biomarker diagnostics. Hao et al. employed Tween 80 for
surface antifouling of GFET sensors to detect cytokines in
biological fluids.*® Illustrated in Fig. 10d is a biosensor
device featuring an integrated OLED screen, wireless signal
transmission, and a sensor signal acquisition module. This
device is adept at detecting cytokines in patients and
wirelessly transmitting the data to smartphones for early
warning and reminders.

Fig. 10e shows a portable prototype device for SARS-CoV-2
detection,®® which can detect and distinguish between
COVID-19 negative and positive patients within 4 minutes.
The portable prototype device integrates a controller, signal
processing output module, rechargeable lithium battery and
other components, which can be connected to smart phones
or computers through USB, WiFi or Bluetooth.

Park et al. integrated RT-LAMP technology with crumpled
graphene to develop a cgFET device for SARS-CoV-2
detection.”” After isothermal amplification of the samples,
cgFETs were employed for detection within a closed chamber,
yielding results within 35 minutes. The platform (refer to
Fig. 10f) demonstrates the capability to detect the virus
within a concentration range of 10-10* copies per uL in virus
transport medium.

Dai et al. integrated various antibodies on a GFET to
capture the novel coronavirus with diverse configurations."**
The results obtained from nasopharyngeal swabs showed
approximately 100% consistency with the actual results, with
a diagnostic time of less than 40 seconds in artificial saliva.
The virus LOD can reach 3.5 x 107" pg mL™". Additionally,
they developed a multi-antibody FET sensor packaged with a
PCB substrate (depicted in Fig. 10g). This platform facilitates
rapid, cost-effective, and high-precision antigen detection
using either a single or a 10-in-1 mixed sample.
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Sections 4-6 summarize representative applications of
GFET biosensors, including multiplex integrated arrays,
flexible wearable applications, and system-level integrated
devices. Table 2 presents a comparative analysis of the
performance of the latest GFET biosensing applications,
detailing aspects such as the selection of gate configuration
strategies, anti-interference capabilities in the biosensing
area, reproducibility across different batches of sensing
devices, and the number of human subjects involved in
proof-of-concept studies.

126 | Sens. Diagn., 2025, 4, 11-135

7. Challenges and future outlook

As an emerging sensing technology, GFET sensors have
demonstrated exceptional capabilities in terms of
biocompatibility, sensing performance, and potential system
integration. For instance, traditional cytokine detection
methods, such as ELISA™>'*® and immunofluorescence
assays,'*”'*° are commercially available and enable specific
and sensitive detection. However, these commercial methods
are often limited by labor-intensive, complex operations and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of sensing performance for GFET biosensing applications
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Response Gate

Robustness (interference

Reproducibility Human

Material Target LOD time configurations target) (device num.)  subjects Year Ref.
Graphene Penicillin G — — External Urea >35 — 19 44
Ag/AgCl gate
Graphene DNA 25 aM 40 min  Planar gate SNP >5 — 19 45
Graphene SARS-CoV-2 1fgmL™” — External MERS-CoV spike proteins — 3 20 26
antigen Ag/AgCl gate
protein
Graphene Cortisol 10 pg — External Ascorbic acid, lactate, >10 1 20 37
ml™ Ag/AgCl gate  and urea
Graphene IFN-y 476 ftM 7 min Planar gate Insulin and IL-2 >3 2 21 36
Graphene SARS-CoV-2 0.173 20-72's  Planar gate — 5 38 21 144
spike protein copies per
uL
Crumpled graphene ssDNA — 35min  External dsDNA >3 20 21 71
Ag/AgCl gate
Graphene SARS-CoV-2 0.02 0.1-4 Planar gate Human cDNA and related 15 87 22 39
nucleic acid  copies per min coronavirus IVT RNA
uL
Graphene L-Cysteine 22 nM — Planar gate p-Methionine, >3 1 22 46
fmoc-L-tryptophan
Graphene Hemoglobin  14.2 fM 6-8 min  Planar gate Lactate dehydrogenase, >3 — 22 139
human creatine kinase
MB
Laser-engraved Leucine — 7 min Planar gate Tryptophan, tyrosine, 12 26 22 124
graphene isoleucine and valine
rGO K" and Na* — 5-15 s Planar gate Cl', NH," 40 — 22 33
Graphene HepG2 242 9 min External — 3 14 23 47
exosomes particles Ag/AgCl gate
per mL
Graphene dsDNA 10 aM 30 min  External SNP 48 — 23 49
Ag/AgCl gate
Graphene GPC-1 — 45 min  Planar gate Healthy exosomes 281 26 23 126
cancerous
exosomes
Carbon IL-6 280 fg 3 min Planar gate BSA, HSA, DCD, IL-8 5 1 23 48
nanotube/graphene mL™’
composite fibers
extended processing times. Additionally, label-free, highly = modules, etc.,, showing more conceptual application
sensitive, and specific detection techniques, including validation in neural interfaces, contact lenses, sewage

EIS"™®'" and differential pulse voltammetry (DPV),'*>'%?

have been widely employed in electrochemical biosensors.
Despite these advancements, most detection techniques still
require lengthy offline analysis and rely on complex
instrumentation. Due to extensive research focused on
wearable and portable integration, GFET biosensors are
anticipated to form the foundation for future large-scale
electronic applications sooner. In conclusion, we review and
highlight the recent progress of GFET sensors and discuss
how to improve the response of GFETs to detected
substances through charge transfer or electrostatic induction,
and on this basis, combined with a variety of gate
configuration strategies, and achieve high sensitivity and
high specificity marker detection on a single GFET device. In
addition, multimodal detection of the same marker and
cross-validation in multiplexing ensure the measurement
reliability of GFETs, and the simultaneous detection of
multiple markers also makes GFETs an important step in
practical application. Wearable flexible GFET sensors are also

often integrated with power supplies, communication

© 2025 The Author(s). Published by the Royal Society of Chemistry

treatment, etc. It is important to note that GFET biosensors
are predominantly dependent on laboratory settings, with
many applications remaining at the proof-of-concept stage.
In this section, we enumerate several critical challenges and
explore potential avenues for future research.

7.1 Standardization

In the realm of commercial medical diagnostics and
health testing, both the exactitude and dependability of
sensor detection results, alongside cost reduction, are
paramount.  Achieving these objectives necessitates
standardized production and testing procedures. The
problem faced by current mass production is how to
obtain two-dimensional sensors with stable and consistent
device performance. For large-scale production of GFET
biosensors with consistent device quality, emphasis must
be placed on the graphene growth process, including the
use of CVD large-area growth technology and stringent
control manufacturing parameters to

over minimize
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variations in channel materials. Additionally, securing
high-density probe molecules on channel surfaces requires
identifying an appropriate chemical coupling method to
enhance sensor performance repeatability. Implementing
surface antifouling strategies is crucial for maintaining
sensor consistency. In the presence of complex fluids like
saliva, blood, and wurine, wunspecific adsorption of
contaminants at active sites diminishes GFET sensitivity.
To address this issue, researchers have formulated various
protocols, such as the use of bovine serum albumin
(BSA),*® PEL"™ Tween 80,"*® and ethanolamine.'”*
Moreover, the avoidance of toxic substances is essential
for environmentally sustainable large-scale production.
Standardization of sensor wusage and result analysis
procedures is also necessary to ensure accuracy and
reproducibility of detection outcomes. Through the
establishment of a comprehensive standardized process,
GFET sensors can achieve device interchangeability and
enhanced cost-effectiveness.

7.2 Artificial intelligence and regulation

Currently, the focus of GFET biosensors has gradually
expanded from detecting single biomarkers to the
simultaneous  monitoring of multiple physiological
parameters, which provides significantly richer data. To
effectively analyze and process this vast amount of data,
artificial intelligence (AI) and big data analytics have become
increasingly integrated into the field.>'*" For instance,
multimodal data collected in real time from individuals
consuming alcohol via electronic skin, when analyzed using
machine learning algorithms, can accurately predict
personalized behavioral responses.'”> With the global
proliferation of smartphones, numerous smartphone
applications have entered the biosensor field, and biosensing
systems have progressively incorporated features such as data
analysis, storage, and sharing. As GFET biosensors gather
vast amounts of human physiological data, concerns over
data usage and user privacy are becoming increasingly
prominent. The disclosure of clinical data could subject
patients to social challenges, such as unequal treatment from
insurance companies. Therefore, regulators must establish
clear guidelines on data privacy and security, standardize the
processes for data usage and sharing, and enhance regulatory
frameworks to facilitate the early widespread adoption of
GFET biosensors.

7.3 Promotion of flexible wearable GFETs

Flexible GFET sensors are anticipated to be one of the most
promising research directions in biosensing due to their
remarkable elasticity, stretchability, portability, and close
adherence to human skin. However, these flexible sensors
currently face a significant challenge regarding long-term
stability. Flexible sensing modules typically consist of
multiple layers of flexible materials, each with differing
fatigue resistance and elasticity. During actual use on the

128 | Sens. Diagn., 2025, 4, 111-135
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human body, these sensors inevitably experience mechanical
stressors such as bending, stretching, and torsion, which can
result in interface separation between materials, thereby
significantly diminishing sensor performance and potentially
causing damage. Additionally, over prolonged detection
periods, environmental physical and chemical pressures,
including temperature and humidity variations, can alter the
material properties of the flexible sensor, affecting detection
accuracy. To mitigate the issue of interface separation caused
by disparate material properties, it is essential first to
minimize the differences in mechanical properties between
material layers by selecting materials with similar fatigue
resistance and elasticity, thus facilitating sensor composite
fabrication.  Furthermore, developing adhesives with
enhanced interfacial adhesion can enable effective structural
interconnection of different materials, reducing the
likelihood of interface separation and ensuring long-term
comfort for the user. To address the issue of long-term sensor
performance degradation, developing new materials that
exhibit insensitivity to environmental pressures is a viable
solution. Stability in flexible sensor systems can be
progressively enhanced through the development and
modification of emerging materials. Additionally, sensor
modules can be encapsulated to minimize environmental
noise and temporal drift. For instance, applying antifouling
coatings, such as bovine serum albumin (BSA), effectively
mitigates the non-specific adsorption of substances onto the
sensor. Reasonable packaging is crucial to ensure the
repeatability and reliability of flexible GFET biosensors.

In summary, GFET biosensors have significant prospects
for personalized healthcare due to their ultra-high sensitivity,
ease of integration, and high biocompatibility. Addressing
key challenges such as standardized mass production, long-
term stability, and responsible data utilization is essential to
facilitate the commercialization process of GFET biosensors.
In the foreseeable future, researchers will continue to
advance GFET sensing systems with high reliability,
biocompatibility, low power consumption, and cost-
effectiveness, which are anticipated to be widely adopted
across fields including wearable electronics, drug delivery,
health monitoring, and healthcare.
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