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1. Introduction

Biological Field Effect Transistors (Bio-FETs) are redefining the standard of

biosensing by enabling label-free, real-time, and extremely sensitive detection
of biomolecules. At the center of this innovation is the fundamental
empowetring role of advanced materials, such as graphene, molybdenum
disulfide, carbon nanotubes, and silicon. These materials, when harnessed
with the downstream biomolecular probes like aptamers, antibodies, and
enzymes, allow Bio-FETs to offer unrivaled sensitivity and precision. This
review is an exposition of how advancements in materials science have
permitted Bio-FETs to detect biomarkers in extremely low concentrations,
from femtomolar to attomolar levels, ensuring device stability and reliability.
Specifically, the review examines how the incorporation of cutting-edge
materials architectures, like flexible / stretchable and multiplexed designs, is
expanding the frontiers of biosensing and contributing to the development of
more adaptable and user-friendly Bio-FET platforms. A key focus is placed on
the synergy of Bio-FETs with artificial intelligence (Al), the Internet of Things
(1oT), and sustainable materials approaches as fast-tracking toward transition
from research into practical healthcare applications. The review also explores
current challenges such as material reproducibility, operational durability, and
cost-effectiveness. It outlines targeted strategies to address these hurdles and
facilitate scalable manufacturing. By emphasizing the transformative role
played by advanced materials and their cementing position in Bio-FETs, this
review positions Bio-FETs as a cornerstone technology for the future
healthcare solution for precision applications. These advancements would
lead to an era where material innovation would herald massive strides in

biomedical diagnostics and subsume.

Field-effect transistors (FETs) are among
the foundation stones of modern electron-
ics, widely used in communication, compu-
tation, and sensing technologies.!*?] Their
inherent ability to modulate electrical sig-
nals has been instrumental to drive ad-
vancements of electronic and biosensing
device functionality and integration. [>*! In
recent years, the adapation of FETs to bi-
ological applications - known as biological
FETs (Bio-FETS) - has emerged as powerful
platform in biosensing, enabling real-time
detection of biomarkers with high sensitiv-
ity an selectivity.

Initially, due to more established fab-
rication techniques and better stabilized
electrical properties, Bio-FETs were built
from silicon-based semiconductors.l>7)
These materials were limited because of
their low surface functionalization capa-
bility, reduced sensitivity because of bulk
charge transport, and interference caused
by electrolyte solutions.®% To overcome the
abovementioned challenges, other materi-
als were studied, which led to significant
advances in Bio-FET technologies. With
the arrival of organic semiconductors at
the end of 1990, not only did they provide
better biocompatibility but also gave rise
to flexible biosensing devices.l'”) However,
their reduced charge carrier mobility
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limited their overall performance in real-time detection ap-
plications. The 2000s witnessed the rise of a major break-
through in Bio-FET development due to the appearance of
carbon-based nano-materials, such as carbon nanotubes and
graphene.l""12) With remarkable surface-to-volume ratios, higher
charge carrier mobility, and label-free detection capabilities, these
materials provided considerable improvements in biosensing
performance.!'314

More recently, research into Bio-FET technology has also ad-
vanced with the integration of 2D materials, such as molybde-
num disulfide (MoS,), black phosphorus, or MXenes, among
others.['>17] They are mechanistically ultrathin materials, which
means they could provide great charge modulation and, there-
fore, improved sensitivity in the detection of biomolecular in-
teractions. Recently developed tunable electronic properties and
better stability in physiological environments make 2D materi-
als among the most promising candidates for incorporation into
next-generation real-time diagnostic applications.['®2] Innova-
tions via these materials has been improving the Bio-FET detec-
tion performance by a variety of fundamental mechanisms: 1) in-
creased surface-to-volume ratios heightening the charge interac-
tions and lowering the detection limits; 2) enhancing the charge
carrier mobility, thus increasing analyte response times; 3) im-
proving biocompatibility with better functionalization, though
with less need for complicated surface modifications; and 4)
diminshing interference effects, and, thereby, enhancing the
signal-to-noise ratio in biosensing measurements. By taking ad-
vantage of these innovations, Bio-FETs have matured into very
advanced biosensors to detect an extensive range of biomolecules
with incredible accuracy and in record time.[21-2*]

Bio-FETs present several key advantages over electronic com-
ponents such as Bipolar Junction Transistors (BJTs) and resistors
when comes to biosensing applications. High input impedance
allows Bio-FETs to capture minute modifications in charge dis-
tributions due to biomolecular interactions, which is one of their
key attributes for this purpose. Unlike BJTs that make use of cur-
rent amplification to control conduction and, thus, require a con-
tinuous supply of base current, Bio-FETs are operated through
voltage-controlled conduction.[?*] This makes them sensitive to
the electrostatic environment introduced by biomolecules, which
is very useful in a label-free detection mode, allowing near real-
time sensing with no additional reagents or complex labeling
required. Another attractive aspect of Bio-FETs relates to their
fast response time and low power consumption. Since they di-
rectly transduce biochemical interactions into measurable electri-
cal signals, Bio-FETs do not need signal amplification, as it is the
case with resistive sensors that work on changes in resistance.!*!
Such scalability of Bio-FET technology provides opportunities for
ultrasensitive detections down to a single-molecule level. Their
small size and compatibility with CMOS technology allow them
to be integrated into portable and miniaturized biosensing plat-
forms, enhancing their practicality for point-of-care diagnostics.
Similarly, the electrostatic gating mechanism in Bio-FETS pro-
vides an intrinsic advantage against conventional resistive sen-
sors since their presence induces a shift in threshold voltage or
drain current, allowing highly selective and specific detection.
Conversely, BJTs are still thermally unstable due to inherent base
current fluctuations, while Bio-FETs exhibit higher operational
stability and reproducibility in biosensing environments.!26:%"]
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In light of these distinctive capabilities, Bio-FETs are not
merely incremental improvements but represent a paradigm
shift in the design and functionality of biosensing technolo-
gies, offering a seamless interface between biological recog-
nition and electronic signal transduction. Bio-FETs merge the
semiconductor-based structure of conventional FETs with biolog-
ical recognition elements, such as but not limited to enzymes,
antibodies, or nucleic acids, enabling real-time, label-free detec-
tion of biomolecules. This transformative capability opens av-
enues for applications in healthcare, environmental monitoring,
and beyond. As healthcare and related environmental sectors in-
creasingly demand rapid, precise and decentralized diagnostic
tool,[282%] Bio-FETs stand at the intersection of biological recog-
nition and electronic signal processing. Their technological ver-
satility, empowered with advanced materials, position themselves
as a transformative platform for next-generation. biosensing and
precision healthcare.30-32]

Bio-FETs work by directly electronically detecting biolog-
ical interactions instead of traditional methods that mostly
depend on molecular labeling techniques.[**] This character-
istic simplifies the analytical procedure and shortens assay
completion time.’***! For example, glucose-sensing, enzyme-
functionalized FETs (ENFETs) have developed diabetes man-
agement; DNA-functionalized FETs (DNA-FETS) are pushing
personalized medicine forward, thanks to genetic analysis.[*!
Immuno-FETs, taking advantage of antigen—antibody interac-
tions, are changing the detection of cancer- or infectious-disease-
related biomarkers. Rooted in the technology of Bio-FETs are the
materials from which they derive their powers. The contribution
of advanced materials, such as graphene, molybdenum disulfide
(MoS,), carbon nanotubes (CNTs), and other 2D materials, in ad-
vancing the capacities of Bio-FETs is worth noting.[3”3#] These
materials confer high surface-to-volume ratios, outstanding elec-
tric conductivity, and mechanical flexibility, which are crucial for
achieving ultralow detection limits and operational stability in
complex biological environments.[6*]

The use of nano- and micro-structures, such as nanopar-
ticles and polymers, in the functionalization of Bio-FET sur-
faces improve sensitivity and specificity.[**#!l Functionalized sur-
faces enhance the binding efficiency of biomolecules and mini-
mize nonspecific interactions that, in turn, decrease noise and
increase signal-to-noise ratios.””] For instance, functionaliza-
tion with aptamers or antibodies enables selective detection
of target analytes, while surface modifications with biocom-
patible coatings are known to increase device stability in bi-
ological environments.[***?] Despite impressive advancements,
Bio-FET material development still features several challenges.
These include reproducible signal transduction, long-term sta-
bility, and scalability issues.****] Many of the challenges that
arise from ionic interference in biological fluids often disre-
gard signal transduction via Bio-FETs. lonic screening effects
and nonspecific binding would often impede various sensor per-
formances. Therefore, innovative material designs such as hy-
brid organic-inorganic interfaces and nanostructured surfaces
are being developed to mitigate these challenges.*S] Crafting
Bio-FETs with mass-producible properties would unquestionably
present another barrier. Such production alike shall involve so-
phisticated materials like graphene and MoS, with the guaran-
tee of precise regulation of both material quality and device ar-
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chitecture. In addition, compatibility with the complementary
metal-oxide—semiconductor (CMOS) process should be guar-
anteed for commercialization. Balancing performance against
mass-producibility would remain a primary center of attention
for Bio-FET research.[*]

Our review presents a comprehensive, material-centric analy-
sis of Bio-FETs that distinguishes it from previous works by offer-
ing a broader perspective on advanced materials, their impact on
biosensing performance, and their role in overcoming key chal-
lenges such as reproducibility, stability, and scalability. Unlike
prior reviews that focus on specific materials such as graphene or
carbon nanotubes (CNTs), the current review systematically com-
pares graphene, molybdenum disulfide (MoS,), CNT5, silicon-
based Bio-FETs, and emerging hybrid materials.[*’] This compar-
ative approach provides a clearer understanding of how different
materials influence Bio-FET sensitivity, selectivity, and real-world
applicability. In addition to material advancements, the current
review explicitly addresses the critical challenges that hinder the
commercialization of Bio-FETs. Previous articles, such as the re-
view by Li et al. on the commercialization of CNT-FET biosen-
sors, primarily focus on a single material platform.[*¥] In com-
parison, the current review extends this discussion to all major
material platforms and highlights strategies for improving de-
vice reproducibility, fabrication consistency, and long-term oper-
ational stability. It discusses surface functionalization, passiva-
tion layers, and scalable manufacturing techniques as potential
solutions, ensuring that Bio-FET technology can transition from
research labs to real-world applications. Moreover, it bridges the
gap between research innovations and practical applications by
exploring the translational potential of Bio-FETs in diverse fields
beyond conventional biomedical diagnostics, including point-of-
care testings, organ-on-chip systems, and wearable biosensing
platforms.[#-1]

A key aspect that sets the current review apart is its integra-
tion of Bio-FETs with emerging technologies such as Al-driven
biosensing, machine learning for real-time signal processing,
and the development of flexible and stretchable Bio-FETs for
wearable electronics.[®°253] While most existing literature re-
mains focused on static Bio-FET platforms, this review explores
the future of intelligent, adaptive, and miniaturized Bio-FET
sensors, which are poised to play a critical role in next-generation
biomedical and environmental monitoring systems.l>* Finally,
the review looks ahead to the future of Bio-FETs by discussing
standardization efforts, regulatory considerations, and next-
generation fabrication approaches that will be essential for
widespread adoption. Unlike previous reviews, which primarily
summarize past research, our work provides actionable insights
into the future trajectory of Bio-FETs, making it a valuable
reference for researchers, engineers, and industry professionals
working on advancing this technology.

2. Fundamentals of Bio-FET Technology

Bio-FETs improve upon traditional FETs by integrating biological
recognition elements and advanced materials, enabling highly
precise and efficient biosensing. This sub-section will highlight
the fundamentals of FET operation, the importance of biologi-
cal elements integration, and the use of advanced materials for
enhancing biosensor functionality. Understanding these funda-

Adv. Healthcare Mater. 2025, 14, 2500400 2500400 (3 of 34)

www.advhealthmat.de

mentals reveals the high sensitivity and specificity of Bio-FET5,
making them effective even in complex biological environments.

2.1. Basic Principles of FETs

FETs are among the basic elements in an electronics, serving to
regulate the flow of current through a semiconductor material.
The designer encompasses four major components: 1) Gate: A
terminal that modulates the conductivity of the channel. By ap-
plying a voltage to the gate, it creates an electric field, which con-
trols current flow through the channel. 2) Source: The terminal
through which current enters the FET. 3) Drain: The terminal
through which current exits the FET. 4) Channel: The pathway
through which current flows; this is made of semiconductor ma-
terial (like silicon).!

The efficiency of FETs, driven by their voltage-controlled
current conduction and high input impedance, makes them
ideal electronic components.[>>>®! Similarly to other devices,
Bio-FETs have been able to carry on the fundamental electrical
properties while incorporating extra design modifications for
compatibility with biomolecular detection. An important factor
in helping Bio-FETs achieve their intrinsic electrical character-
istics is the electrostatic gating mechanism. In a standard FET,
a gate voltage controls the current flow through the channel.
Likewise, in a Bio-FET, interactions of the target biomolecule
can induce changes in surface charge that modulate conduction
through the channel, thereby effectively functioning as a shift in
the gate voltage. This provides a voltage-controlled amplification
mechanism by which the Bio-FETs are still functionally able to
respond to biochemical signals.[*®]

In addition to this, Bio-FETs maintain their high input
impedance, which is vital for sensitive detection. The use of nano-
materials, including graphene, transition metal dichalcogenides,
and silicon nanowires, enhances this property by decreasing leak-
age currents and boosting the efficiency of signal transduction.>”]
These nanomaterials, unlike conventional silicon FETs, have a
larger surface-to-volume ratio, allowing for the highest number
of biomolecular activity without disrupting the electrical charac-
teristics. Moreover, through the surface functionalization tech-
niques employed here, Bio-FETs maintain their selectivity and
responsiveness to specific analytes while guaranteeing electri-
cal stability. Functionalizing the gate surface with biomolecules
like antibodies and aptamers enables specific interactions with-
out disrupting transistor operation. Combining this feature with
the very sensitive interaction with biomolecules will allow Bio-
FETs to provide high sensitivity, fast response, and label-free op-
eration, allowing the underlying core electrical behavior of FETs
to remain intact.[*>58]

2.2. Bio-FET Concept, Principle, and Significance

Bio-FETs incorporate the very basic principles of FETs with the
aim of detecting biological molecules, thus becoming a power-
ful tool for real-time, label-free sensing. These devices have bi-
ological recognition elements such as DNA, enzymes, or anti-
bodies adsorbed onto the surface of the FET, allowing them to
interact with specific biomolecules directly. The main compo-
nents of a Bio-FET include: Biological Recognition Elements:
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These elements selectively bind to target molecules, known as an-
alytes. For instance, DNA strands are able to recognize and bind
their corresponding sequences. Enzymes can be utilized to detect
metabolic changes in the body, such as glucose levels. In addi-
tion, antibodies can be used to detect specific proteins (antigens),
which may indicate the presence of disease. Electrical Transduc-
tion: Biological interactions (like DNA hybridization or antigen—
antibody binding) induce variations in charge distribution in the
surrounding vicinity of the FET’s surface. These variations are
then transduced into electrical signals by changes in channel con-
ductivity, influenced in most cases by pH or ionic concentration.

2.2.1. Structural Composition and Fabrication of Bio-FETs

A Bio-FET is constructed by integrating a biological recogni-
tion element with a FET platform, enabling real-time, label-
free biomolecular detection. The fundamental structure of a Bio-
FET consists of the following key components: 1) Semiconduc-
tor Channel: It acts as the conduction pathway between the
source and drain electrodes. Traditionally made of silicon, but ad-
vanced materials like graphene, transition metal dichalcogenides
(TMDs), and silicon nanowires offer enhanced sensitivity and
biocompatibility.>) 2) Gate Dielectric Layer: An insulating layer
(e.g., SiO,, HfO,) that separates the channel from the gate and
prevents leakage currents. In Bio-FETSs, the dielectric also serves
as a sensing interface, where biomolecular interactions induce
an electrostatic potential that modulates the channel conductiv-
ity. 3) Source and Drain Electrodes: Provide electrical contacts to
the semiconductor channel, allowing for current flow modula-
tion in response to biomolecular interactions. 4) Functionalized
Sensing Surface: Biomolecules (e.g., antibodies, DNA probes, ap-
tamers) are immobilized on the gate dielectric or directly on the
semiconductor channel. Surface functionalization techniques in-
clude self-assembled monolayers (SAMs), covalent bonding, and
electrostatic adsorption, which enhance selectivity and specificity
for target analytes.[“0)

2.2.2. Fabrication and Implementation of Bio-FETs

The fabrication of Bio-FETs involves integrating semiconduc-
tor technology with biomolecular recognition elements, enabling
highly sensitive and label-free detection of biological analytes.
There are two primary fabrication strategies: the Top—Down and
Bottom—Up approaches, each with distinct advantages and chal-
lenges in achieving high-performance Bio-FETs.[®]

Top—Down Approach: The Top—Down fabrication approach is
a lithography-based conventional approach where a bulk mate-
rial, such as a silicon wafer, is patterned and etched in a sys-
tematic manner to produce nanoscale structures. This technique
finds widespread use in CMOS-compatible Bio-FETs in conjunc-
tion with the requirements of microfabrication such as pho-
tolithography, electron beam lithography (EBL), and reactive ion
etching (RIE). The key steps in perhaps realization of Bio-FETs
according to the top—-down approach are 1) substrate prepara-
tion: the substrate is typically silicon wafers or any other semi-
conductor material such as silicon-on-insulator; 2) the deposition
of semiconductor layer: thin layers of SiO, or high-k dielectrics
are deposited through one of the following means: chemical va-
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por deposition (CVD) or atomic layer deposition (ALD); 3) lithog-
raphy and etching: the desired transistor structure, including
source, drain, and gate electrodes, is defined using either pho-
tolithography; and 4) biomolecular functionalization: modifying
the transistor channel with biorecognition elements such as en-
zymes, antibodies, aptamers, DNA probes, among others to pro-
vide for selective detection.[162]

Bottom—Up Approach: This Bottom—Up approach deals with
the Bio-FET’s fabrication, starting from the atomic level of
construction using the intrinsic self-assembly characteristics of
nanomaterials-CNTs, graphene, 2D materials like MoS2, black
phosphorus, and quantum dots. This has its inspiration deeply
implanted in nanotechnology and molecular assembly tech-
niques. The specific steps involved in the fabrication of Bio-FETs
using the Bottom—Up Approach include the following: 1) Nano-
material Synthesis: Nanomaterials of high purity such as CNTs,
graphene, and MoS2 are synthesized using a combination of
chemical vapor deposition, hydrothermal synthesis, or exfolia-
tion methods. 2) Self-Assembly and Patterning: The deposition
of nanomaterials chemically or electrostatically on the transistor
channel in a pre-patterned electrode way. 3) Electrode Formation:
Building of the source and drain electrodes using techniques of
metal evaporation or printing. 4) Biorecognition Functionaliza-
tion: The bio-functionalization of nanostructured surfaces using
antibodies, aptamers, or enzymes for the selective detection of
biomolecules.[63-6]

2.2.3. Operational Regions of FETs and Their Role in Biosensing

Depending on the applied gate—source voltage (V) and drain—
source voltage (Vys), FETs operate in different regions. The re-
gions determine the transistor’s behavior and are key in various
applications, including Bio-FETs. The Cutoff Region (OFF State)
is when V¢ is below threshold voltage (Vyy;), resulting in no con-
duction through the transistor and hence no current between the
source and drain. In Bio-FETs, this region is invoked for baseline
signal measurement to provide a well-defined reference state be-
fore biomolecular interactions set in. The linear (Ohmic) region
occurs when V¢ is much less than Vg — V. In the Region,
the transistor behaves as a variable resistor, whereby the drain
current increases linearly with respect to V. In the case of Bio-
FETs, this region is helpful in tuning sensitivities because mi-
nor surface charge changes due to biomolecule binding translate
proportionately to changes in the drain current. This variable re-
sistance or transition region lies between the Linear and the sat-
uration regions, and here, the transistor transits from resistive
mode to saturation. Some biosensing applications exploit this re-
gion to realize adaptive response modulation, optimizing detec-
tion sensitivity based on analyte concentration. Finally, there is
the Saturation Region (Active Mode), when V4 exceeds Vg —
Vi hence, full conduction occurs, whereby drain current be-
comes V¢-independent. This region finds a lot of exploitation
in high-sensitivity biosensors where even minor perturbations
in gate potential due to biomolecule binding produce consider-
able changes in the conductivity of the channel. Graphene-based
Bio-FETSs often operate in this mode due to their remarkable sen-
sitivity to charge variations which render them highly effective
for the detection of biomolecular interactions.[66:7]
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The significance of Bio-FETs is underscored by their trans-
formative potential for real-time, high-sensitivity detection with-
out requiring molecular labeling. This reduces complexity and
cost, making them invaluable for applications in personalized
medicine, environmental monitoring, and rapid diagnostics. In
glucose monitoring, enzyme-functionalized Bio-FETs (ENFETS)
utilize glucose oxidase to catalyze reactions, changing the lo-
cal pH and producing measurable signals. Similarly, DNA-FETs
designed to detect specific sequences, like cancer biomarkers,
have shown exceptional utility in point-of-care testing.[?®! Bio-
FETs offer numerous advantages: 1) Label-Free Sensing: Un-
like traditional methods that rely on fluorescent or radioactive
tags, Bio-FETs detect interactions directly, eliminating additional
preparation steps. 2) Real-Time Detection: The instantaneous
signal readouts make them ideal for the dynamic monitoring
of biological processes. 3) High Sensitivity: Advanced materi-
als like graphene and silicon nanowires allow for femtomo-
lar sensitivity, enabling the detection of even trace biomolec-
ular concentrations.l®] For instance, in diabetic patients, EN-
FETs were used for non-invasive monitoring of glucose and pro-
vided real-time data through wearable devices. DNA-FETs have
shown that they are useful for mutation detection in cancer
biomarkers,[®®! such as KRAS or BRCA1,/7%l which allow early di-
agnosis and treatment planning. Further applications include the
utilization of aptamer-based Bio-FETs for the detection of envi-
ronmental toxins such as aflatoxins, thus ensuring food safety.l’!]
Advanced materials such as graphene, silicon nanowires, and car-
bon nanotubes have greatly enhanced the performance of Bio-
FETs by improving their sensitivity, specificity, and stability in
complex biological environments. Besides, new methods of fabri-
cation have been developed, like 3D printing and soft lithography,
allowing Bio-FETS to be scalable for commercialization.[>”3] Re-
cent innovations, including flexible electronics and IoT-enabled
Bio-FETs, have expanded their applications into wearable health-
care devices and remote diagnostics. Coupled with artificial in-
telligence (AI), these devices now have the capability for pre-
dictive analytics, allowing early interventions in critical condi-
tions. Whether used in disease monitoring, environmental as-
sessments, or personalized healthcare, Bio-FETs are shaping
the future of multidisciplinary applications, offering both re-
searchers and industry professionals a transformative technology
with vast potential.[*]

2.3. Types of Bio-FETs

The functionalization of Bio-FETs transforms basic transistors
into highly specific biosensors capable of detecting minute bio-
logical signals. This section outlines the various strategies used to
immobilize biomolecular probes, including aptamers, antibod-
ies, and enzymes, onto the transistor’s surface. Readers will gain
insights into how these strategies optimize sensitivity, specificity,
and stability for real-world biosensing applications.

2.3.1. Deoxyribonucleic Acid Field-Effect Transistors (DNA-FETs)

DNA-based FETs (DNA-FETs) integrate single-stranded DNA (ss-
DNA) probes onto the surface of a FET, enabling highly spe-
cific and label-free detection of target DNA sequences. When
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complementary DNA strands hybridize, the resulting surface
charge variation modifies the local electric field at the gate, in-
ducing a measurable change in the conductivity of the semicon-
ductor channel. This electronic transduction mechanism elimi-
nates the need for molecular labeling, allowing real-time, highly
sensitive biosensing applications in molecular diagnostics, en-
vironmental monitoring, and personalized medicine. The ver-
satility of DNA-FETs has propelled their use in a variety of
fields, from early cancer biomarker detection to the develop-
ment of DNA-based data storage technologies, bridging biosens-
ing with computational applications.['*7#] The performance of
DNA-FETs has been significantly enhanced through the inte-
gration of microfluidic platforms and CMOS technology. These
advancements have increased sensitivity, improved automation,
and enabled noninvasive diagnostics. For example, microflu-
idic DNA-FETs have demonstrated the ability to detect cancer-
associated microRNAs at attomolar levels, with detection limits
reaching 84 am for microRNA-195 and 75 am for microRNA-
126 within a rapid 5-h workflow. Such developments pave the
way for miniaturized, high-throughput point-of-care diagnos-
tic devices, particularly for early-stage breast cancer detection
(Figure 1A).° In addition to microfluidic integration, the use
of advanced 2D materials such as molybdenum disulfide (MoS,)
and graphene has driven further improvements in DNA-FET
performance. MoS,-based DNA-FETs, functionalized with DNA
tetrahedrons, have exhibited outstanding detection limits of 1
femtogram per milliliter (fg mL™!) for prostate-specific anti-
gen (PSA), a crucial biomarker for prostate cancer diagnosis
(Figure 1B).") Meanwhile, graphene-functionalized DNA-FETs
have demonstrated exceptional sensitivity, detecting vascular en-
dothelial growth factor (VEGF165), a key biomarker for cancer
and vascular diseases, at concentrations as low as 3.24 picograms
per milliliter (pg mL~!, Figure 1C).””] The high conductivity and
large surface area of graphene provide enhanced sensitivity, mak-
ing it an essential material for next-generation biosensing plat-
forms. Beyond traditional biomedical applications, DNA-FETs
are expanding into nontraditional fields such as DNA-based data
storage.

Selective DNA hybridization mechanisms enable ultrasensi-
tive, reusable nanoporous DNA-FETSs, achieving sub-femtomolar
detection limits while offering a stable platform for computa-
tional functionalities (Figure 1D).”®] Additionally, the integra-
tion of Cu?*-DNA/MoS, hybrid structures has opened new av-
enues in cancer drug interaction monitoring. These hybrid DNA-
FETs exhibit remarkable reusability and a sensitivity of 1.7 X
10° A/A, making them ideal for real-time doxorubicin detec-
tion, a widely used chemotherapy drug (Figure 1E).[”"! Such ad-
vances in hybrid material-based biosensors enhance both sen-
sitivity and specificity, enabling real-time drug response moni-
toring in oncology and precision medicine. The rapid evolution
of DNA-FETs into multifunctional biosensing platforms high-
lights their growing importance in biomedical diagnostics, drug
development, and emerging nanotechnology applications. How-
ever, challenges such as long-term stability, device reproducibil-
ity, and large-scale manufacturability remain key barriers to com-
mercial adoption. Addressing these challenges through the stan-
dardization of fabrication techniques, surface passivation strate-
gies, and hybrid material integration will be essential for en-
suring the reliability and scalability of DNA-FETs. Future re-
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Figure 1. A) Microfluidic-based DNA-FET systems to detect microRNAs, reproduced from!7>! with the permission of Springer. B) DNA-based func-
tionalization of 2D MoS, FET biosensor for ultrasensitive detection of PSA, reproduced from,!”¢] copyright Elsevier. C) Graphene DNA-FETs for VEGF
Detection, reproduced froml?’] copyright Elsevier. D) Nano-porous DNA Field Effect Transistor with Potential for Random-Access Memory Applica-
tions, reproduced froml78] Copyright Wiley. E) M-DNA/Transition Metal Dichalcogenide Hybrid Structure based Bio-FET, reproduced from,[7°] Copyright

Science Report.

search must focus on enhancing device robustness while main-
taining ultrahigh sensitivity, enabling DNA-FETs to transition
from research labs to real-world clinical and industrial applica-
tions. To further illustrate the diversity of applications, mate-
rials, and innovations in this field, the following comparative

Adv. Healthcare Mater. 2025, 14, 2500400 2500400 (6 of 34)

Table 1 summarizes key features and outcomes of notable DNA-
FET studies. This provides a comprehensive overview for re-
searchers and practitioners alike, highlighting the progress and
opportunities in leveraging DNA-FETs for real-world applica-
tions.
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Table 1. Various case studies summary regarding DNA-FETs.
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Ref. Target biomolecule Materials and techniques Detection limit Applications Significance
[75] microRNA-195 and CMOS technology with 84 aM for microRNA-195, Early-stage breast cancer Automated, sensitive platform
microRNA-126 microfluidics 75 aM for microRNA-126 diagnosis for early cancer diagnosis
[78] Single-stranded DNA for Nanoporous DNA probes Sub-femtomolar DNA-based data storage Bridges biosensing and
data storage computational
functionalities
[79] Doxorubicin Cu?*-DNA/MoS, hybrid 1.7 x 10° A/A Real-time monitoring of High reusability and sensitivity
structure cancer drug interactions for oncology applications
[76] Prostate-specific antigen MoS, functionalized with 1fg mL™! Cancer biomarker detection Advances in 2D materials for
(PSA) DNA tetrahedrons biosensing
[77] Vascular endothelial DNA-functionalized graphene ~ 3.24 pg mL™" Cancer diagnostics and Scalable and versatile
growth factor FET vascular health diagnostic tool
(VEGF165) monitoring
[80] RNA Graphene FET (G-FET) with 0.1 aM for PNA probe, RNA detection in biomedical ~ High specificity and rapid
PNA and DNA probes 100 aM for DNA probe research and early clinical detection of RNA
diagnosis
[871] Various biomolecules InGaZnO field-effect 0.1 pM Low-cost detection of Cost-effective and highly

(e.g., DNA, RNA) transistors (IGZO FETs)

biomolecules sensitive biosensing

2.3.2. Enzyme-FETs (ENFETs)

Enzyme-based FETs (ENFETs) combine the high sensitivity of
FET technology with the specificity of enzyme interactions to de-
tect biomolecules in real time. Their working principle involves
the following steps:

1) Enzyme Immobilization: Specific enzymes are immobilized
on the FET’s sensing surface. These enzymes act as biological
recognition elements, selectively interacting with the target
analyte (e.g., glucose, urea, acetylcholine).

2) Target Analyte Interaction: When the target molecule inter-
acts with the enzyme, a chemical reaction occurs. For in-
stance, in glucose sensing, glucose oxidase catalyzes the ox-
idation of glucose to gluconic acid, releasing hydrogen perox-
ide (H,0,).

3) Signal Transduction: The product of the enzymatic reaction
(e.g., ions, protons, or chemical by-products) causes a change
in the local charge near the FET surface. This alters the elec-
tric field at the gate region of the FET.

4) Electrical Signal Generation: The change in the local electric
field modulates the conductivity of the FET’s channel (e.g.,
graphene, CNT, or rGO). This results in a measurable electri-
cal signal, such as a shift in the threshold voltage (Dirac point)
or changes in current between the source and drain terminals.

5) Signal Amplification and Detection: The amplified electrical
signal correlates with the concentration of the target analyte,
enabling highly sensitive detection.[*8283]

ENFETs have emerged as highly efficient biosensing technolo-
gies, providing unique solutions to issues in medical diagnos-
tics, environmental monitoring, and therapeutic research. EN-
FETs combine enzymes with FET technology to provide highly
sensitive, selective, and real-time biomolecule detection. Leverag-
ing advanced materials such as graphene and reduced graphene
oxide, these devices achieve improved stability, selectivity, and re-
producibility. Key case studies demonstrate their revolutionary

Adv. Healthcare Mater. 2025, 14, 2500400 2500400 (7 of 34)

potential, highlighting how ENFETs are driving innovations and
tackling current challenges across various fields. For instance, a
silk fibroin-encapsulated graphene FET was developed for glu-
cose detection (Figure 2A), leveraging the biocompatible and flex-
ible nature of silk fibroin for enzyme immobilization. This device
demonstrated a linear detection range of 0.1-10 mM and a detec-
tion limit (LOD) of 0.1 mM, showcasing its potential for wearable
and implantable continuous glucose monitoring.®* Similarly, a
silk fibroin hydrogel-encapsulated graphene FET improved en-
zyme stability and minimized nonspecific adsorption, achieving
an impressive LOD of 200 nM with excellent regenerative capa-
bilities over multiple cycles (Figure 2B).[]

Reduced graphene oxide-based enzyme FETs (rGO-EnFETs)
have shown significant potential in neurological research, partic-
ularly in studying acetylcholine (ACh) for Alzheimer’s disease.
These devices quantified ACh levels within a range of 1 uM—
10 mM and assessed enzyme-inhibitor interactions (Figure 2C),
making them valuable tools for drug screening and thera-
peutic research.®] Similarly, an rGO-based FET functional-
ized with urease demonstrated the ability to detect urea con-
centrations as low as 1 uM while simultaneously quantifying
heavy metals like Cu?* at 10 nM (Figure 2D). These exam-
ples demonstrate the multifunctionality of ENFETs in advanc-
ing both medical diagnostics and environmental monitoring.[®’!
In the realm of lactate monitoring, a graphene-based lactate
biosensor demonstrated high selectivity and stability over 12
days, indicating its suitability for critical care diagnostics, as
shown in Figure 2E. This device underscores the importance
of ENFETs in point-of-care applications, particularly for condi-
tions like ischemia and respiratory failure.[®¥ Additionally, a dual-
gated CNT-based enzyme FET (shown in Figure 2F) demon-
strated enhanced sensitivity for acetylcholine detection, high-
lighting its utility in neurological diagnostics and therapeutic
studies.[®]

In addition to their impressive advancements in biosensing,
ENFETs have also benefited from the integration of emerging
technologies such as machine learning.[*®) Machine learning
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Figure 2. A) Silk fibroin-encapsulated graphene FET for glucose detection, reproduced from,[34] copyright Elsevier. B) Silk fibroin hydrogel-encapsulated
graphene FET for glucose detection, reproduced from,[#] copyright Elsevier. C) Reduced graphene oxide-based enzyme FETs for acetylcholine (ACh) for
Alzheimer's disease detection, reproduced from,[8¢] copyright Elsevier. D) Reduced graphene oxide-based enzyme FETs for urea detection, reproduced
from,187] Copyright Elsevier. E) A graphene-based enzymatic biosensor using a FET for -Lactic Acid Detection, reproduced from,[88] Copyright MDPI.
F) Carbon nanotube-based dual-gated enzyme FET for acetylcholine detection, reproduced from,[3°] Copyright Springer.

algorithms have been employed to optimize sensor designs, im-
prove detection accuracy, and enable rapid data analysis, making
them powerful tools in the evolution of next-generation biosen-
sors. In a recent study, researchers employed a computer model
to verify the functions of two biosensors: one that detects lac-
tate and one that detects troponin (cardiac protein). The model
was designed based on how electric charges traversed through
the sensor, and the model prediction results were in good agree-
ment with lab results. To enhance device performance, a ran-
dom forest machine learning model was applied to optimize the
sensor using a novel figure of merit. The sensitivity and limit
of detection (LOD) were subsequently calculated, revealing that
polyaniline exhibited superior sensitivity 220 (nM)~! for lactate
biosensing and 484 (g mL~")~! for troponin detection. Addition-
ally, polyaniline demonstrated nearly ten times lower power con-
sumption due to its exceptionally low threshold voltage of —170
mV, making it an attractive candidate for energy-efficient biosen-
sor applications.”! This integration of machine learning with
biosensor development exemplifies a transformative shift in the
field, enabling the creation of highly sensitive, selective, and ef-
ficient diagnostic tools. By leveraging computational models and
advanced data analytics, researchers are pushing the boundaries

Table 2. Different case studies comparison for EN-FETs.

of biosensor capabilities, paving the way for more precise and
scalable healthcare solutions.

Collectively, these advancements reflect overarching trends in
ENFET research, including material innovation, enhanced en-
zyme stability, and expanded application scope. By leveraging
biocompatible materials and multifunctional designs, ENFETs
are poised to address pressing challenges in healthcare and en-
vironmental sustainability. Their importance lies in their abil-
ity to combine high sensitivity with miniaturization, paving the
way for real-time, portable, and noninvasive diagnostics. How-
ever, challenges such as long-term stability, scalability, and cost-
effectiveness must be addressed to unlock their full potential
for commercial applications. The following comparative Table 2
summarizes key features and outcomes of notable Enzyme-FET
studies.

2.3.3. Immuno-FETs

Immuno-FETs utilize antigen—antibody interactions to achieve
highly sensitive and real-time detection of biomolecules. By in-
tegrating precise molecular recognition with the ultrasensitive

Ref. Target analyte Materials /techniques Detection limit Applications Impact
[84] Glucose Silk fibroin encapsulation on 0.1 mM Continuous glucose Biocompatible, flexible, and
graphene FET monitoring wearable for medical diagnostics
[85] Glucose Silk fibroin hydrogel 200 nM Regenerative glucose High specificity and reusability for
encapsulation sensing long-term biosensor applications
[86] Acetylcholine rGO-based enzymatic FET 1uM Alzheimer’s biomarker Enables drug screening and
analysis enzymatic kinetics studies
[87] Urea, Cu?* Layer-by-layer 1uM for urea, 10 nM Environmental and Multifunctional biosensor for dual
urease-modified rGO FET for Cu2+ health monitoring analyte detection
[92] Glucose, UA, PANI/Nafion-graphene Not specified Noninvasive Broad applicability for saliva-based
cholesterol bilayer on OECTs biomarker detection diagnostics
[93] L-Arginine Cascading enzymes (arginase 10 uM Real-time metabolic Label-free and selective detection
and urease) on rGO monitoring for amino acid analysis
[88] Lactate Lactate dehydrogenase on Not specified Critical care Stable, low-cost platform for
graphene diagnostics point-of-care lactate monitoring
[89] Acetylcholine Dual-gated CNT-based Not specified Neurological Enhanced sensitivity for
enzyme FET diagnostics neurotransmitter activity
detection
[94] Nitrate OFET-based biosensor 45 ppb Water quality Low-cost, flexible platform for
monitoring environmental applications
[95] Various biomarkers ISFET integrated with 1pgmL~! Point-of-care Portable and cost-effective platform
(e.g., glucose, UA) immunoassay diagnostics for infectious disease monitoring
[96] Dopamine Extended-gate OFET with 0.029 ppm Urinalysis Highly selective biosensor for
laccase-linked mediator dopamine detection in human
urine
[97] APOA1 Magnetic bead-assisted 12.5 ng mL™! Protein biomarker High-performance biosensor

EGFET

detection

integrated with microfluidics
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electronic properties of FETs, these biosensors offer an efficient,
label-free platform for medical diagnostics, environmental mon-
itoring, and industrial applications. Their working mechanism
is based on a series of electrochemical events that occur when a
target antigen binds to immobilized antibodies on the FET sur-
face. This interaction redistributes surface charges, modulating
the electric field near the gate, which, in turn, alters the conduc-
tivity of the semiconductor channel. These electrical variations
are then amplified and processed, enabling quantitative analysis
of biomarker concentration with exceptional specificity. The use
of advanced nanomaterials, such as graphene, silicon nanowires
(Si-NW), and MXene-graphene hybrids, has significantly im-
proved sensitivity and detection limits, making Immuno-FETs a
powerful tool in various fields.[%®°]

A major strength of Immuno-FET technology lies in early dis-
ease detection, where conventional methods often suffer from
low sensitivity or time-consuming protocols. A graphene-based
Immuno-FET, for example, has demonstrated ultrahigh sensitiv-
ity in detecting Lyme disease, utilizing single-chain variable frag-
ment (scFv) antibodies with an exceptional detection limit of 2
pg mL~! (Figure 3A)."*] This innovation reduces false positives
and enhances the reliability of point-of-care diagnostics, offer-
ing a major improvement over traditional immunoassays.[1%°! Be-
yond infectious disease detection, Immuno-FETs are transform-
ing cancer diagnostics, particularly for ovarian cancer monitor-
ing. A flexible, multiwalled carbon nanotube /reduced graphene
oxide hybrid FET-based apta-sensor has been developed for de-
tecting the CA125 antigen, achieving a detection limit of 5 x
1071% U mL! (Figure 3B).'%Y The wearable, portable nature of
this sensor makes it highly adaptable for real-time health mon-
itoring, addressing the growing demand for personalized can-
cer diagnostics. The incorporation of rGO enhances sensitiv-
ity and long-term stability, ensuring reproducible and accurate
biomarker quantification in complex biological fluids.

In addition to medical applications, Immuno-FETs are prov-
ing vital in environmental monitoring. A graphene FET has been
utilized to detect chlorpyrifos, a highly toxic pesticide, achieving
a detection limit of 1.8 femtomolar (fM) (Figure 3C).1%2 This
level of sensitivity is crucial for detecting trace amounts of en-
vironmental pollutants, making Immuno-FETs an effective tool
for ecological safety assessments. Similarly, the development of
MXene-graphene hybrid FETs has revolutionized virology, en-
abling the rapid detection of influenza and SARS-CoV-2 with a
detection limit as low as 1 femtogram per milliliter (fg mL-!) and
a reaction time of only 50 ms (Figure 3D).3% The synergy be-
tween MXene’s chemical sensitivity and graphene’s superior con-
ductivity provides a scalable and robust approach for pandemic
preparedness and virus outbreak monitoring. Further expand-
ing their diagnostic potential, Immuno-FETs based on Silicon
nanowires (Si-NWs) have been employed for exosome detection,
a critical biomarker for various diseases, including cancer. Func-
tionalized with CD63 antibodies, these sensors achieved a detec-
tion limit of 2159 particles per milliliter, allowing label-free, real-
time biomarker quantification.[*!! This advancement highlights
the growing role of Immuno-FETs in liquid biopsy applications,
facilitating early-stage cancer detection and personalized treat-
ment strategies. The advancements in Immuno-FETs underscore
their broad potential across healthcare, environmental monitor-
ing, and industrial biosensing. The integration of highly selective

Adv. Healthcare Mater. 2025, 14, 2500400 2500400 (10 0f34)
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biomolecular probes, advanced nanomaterials, and cutting-edge
sensing architectures has positioned these devices as a power-
ful alternative to conventional diagnostic methods. However, key
challenges remain in ensuring long-term stability, reproducibil-
ity, and large-scale manufacturability. Future research must focus
on enhancing device durability, developing cost-effective fabrica-
tion techniques, and optimizing surface functionalization meth-
ods to minimize signal drift and biofouling effects. Addressing
these limitations will be crucial for the widespread adoption of
Immuno-FET technology in clinical and commercial settings.
The following Table 3 demonstrates the broad applicability of
Immuno-FETs across diverse domains, underscoring their trans-
formative potential to address critical global challenges.

2.3.4. lon-Sensitive FETs (ISFETs)

Ion-sensitive FETs (ISFETs) serve as highly adaptable biosensors,
capable of detecting specific ions and biomolecules through real-
time electrical transduction. Their functionality is based on sur-
face charge modulation, where interactions between target ana-
lytes and a functionalized sensing surface induce local charge re-
distribution. This alteration in charge density modifies the elec-
tric field at the gate, subsequently changing the transistor’s con-
ductivity. The resulting variations in electrical signals are pro-
cessed and quantified, enabling highly sensitive, label-free detec-
tion of a wide array of analytes. These unique properties allow
ISFETs to be widely employed in medical diagnostics, environ-
mental monitoring, and precision agriculture.[>4]

One of the most significant applications of ISFET technology
in clinical diagnostics is where nanoribbon-based ISFETs (NR-
ISFETs) have demonstrated ultrasensitive detection of prostate-
specific antigen (PSA) at a detection limit of 10 pM (Figure
4A).['%] The ability to operate directly in human plasma under-
scores the clinical viability of ISFETs, particularly in early can-
cer detection. Similarly, a complementary CMOS-based ISFET-
photodiode platform has been developed to simultaneously de-
tect glucose and cholesterol in serum (Figure 4B), offering a
cost-effective, multi-analyte solution for metabolic health mon-
itoring and disease prevention.l''% These innovations exemplify
ISFETS’ ability to transform personalized healthcare through low-
cost, real-time biochemical sensing. Beyond metabolic and can-
cer diagnostics, ISFETs are making strides in genetic analysis.
A peptide nucleic acid (PNA)-functionalized ISFET array has
been shown to detect microRNA Let-7b reliably at concentrations
as low as 1 nanomolar (nm), highlighting its utility for point-
of-care nucleic acid testing (Figure 4C).''!) The integration of
dual-gate ISFET configurations with microfluidic channels has
further enhanced sensitivity and efficiency in DNA detection,
facilitating rapid molecular diagnostics with minimal sample
requirements.[''2] These advancements position ISFETS as a key
technology in personalized medicine, genetic disease screening,
and biomarker discovery.

The versatility of ISFETs extends beyond pure healthcare ap-
plications, addressing critical health-related environmental chal-
lenges. A graphene-based ISFET integrated with a nitrate ion-
sensitive membrane has achieved an ultralow detection limit
of 0.041 parts per trillion (ppt) (Figure 4D), offering a power-
ful tool for real-time water quality monitoring.['13] This capabil-
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Figure 3. A) Graphene-based Immuno-FETs for detecting Lyme disease, reproduced from,['%! copyright IOP Publishing. B) A flexible, MWCNT-rGO
hybrid FET-based aptasensor for CA125 antigen detection, reproduced from, 1] copyright Elsevier. C) Graphene FETs to detect chlorpyrifos, reproduced
from,1192] copyright Scientific Reports. D) MXene-graphene hybrid FETs for detecting influenza and SARS-CoV-2, reproduced from,[3%] copyright ACS.

ity ensures safe drinking water and contributes to global envi-
ronmental conservation efforts. Additionally, silicon-on-insulator
(SOI)-based ISFETs have been combined with odorant-binding
proteins (LUSH) to detect ethanol concentrations as low as
0.001%, underscoring their potential in chemical monitoring and
toxic substance detection.['™) These applications highlight IS-
FETY role in environmental safety and public health, offering
highly precise, field-deployable solutions for contaminant anal-
ysis. In agriculture, ISFET-based sensors are driving advance-
ments in precision farming and soil nutrient monitoring. An
extended-gate FET (EGFET)-based potassium sensor has demon-
strated high sensitivity and stability across a wide concentra-
tion range, enabling efficient nutrient management for opti-
mized crop yields (Figure 4F).I'"] This innovation reduces fer-

tilizer waste, minimizes environmental impact, and enhances
food production sustainability. Furthermore, ISFETs integrated
with nitrate detection technologies provide comprehensive soil
analysis solutions, ensuring balanced fertilization and resource
efficiency.[''] These breakthroughs underscore ISFETS ability
to improve agricultural sustainability while reducing ecological
damage, positioning them as crucial tools in modern precision
agriculture.

The rapid advancements in ISFET technology illustrate a uni-
fying vision where medical diagnostics, environmental safety,
and precision agriculture converge into a single sensing frame-
work. The adoption of graphene, CMOS integration, and dual-
gate architectures has significantly enhanced ISFETS’ sensitivity,
specificity, and real-world applicability. However, challenges such

Table 3. Comparative table of Immuno-FET case studies.

Materials /techniques

Detection limit

Applications

Impact

Ref. Target analyte
[100] Borrelia burgdorferi
antigens
[32] Antibody-antigen
complexes
[33] Cancer antigens
(CEACAMS/1)
[37] Exosomes
[34] IgG-antigen complexes
[103] Mycobacterium
tuberculosis Ag
[104] Oral cancer biomarker
(CYFRA)
[105] Japanese Encephalitis
Virus (JEV) and Avian
Infuenza Virus (AIV)
[107] Ovarian cancer antigen
(CA125)
[106] Streptavidin-biotin
reaction
[107] Ebola glycoprotein
[30] Influenza and SARS-CoV-2
[102] Chlorpyrifos
[108] Human chorionic

gonadotropin

Graphene FET with scFv
antibodies

SOI-FET biosensor

Silicon nanowires under EEF

Si-NW FET with CD63
antibody

DNA origami-based
reconfigurable FET

SWCNT-based FET with

Ab85B
WO3 thin-film FET

Graphene FET on Si/SiO,
substrate

MWCNT/rGO hybrid FET

ISFET with microfluidics

rGO dielectric-gated FET

MXene-graphene hybrid FET

Graphene FET

Graphene FET with pyrene
esters

2 pg mL~!

Theoretical analysis

Not specified

2159 particles mL™!

Antigen-triggered

0.05 fg mL™!

1.26 pg mL™!

1M (JEV), 10 fM (AIV)

5% 10710 U mL™!
Not specified

0.001-3.401 mg L~!

1fgmL!

1.8 fM

1pgmL~!

Lyme disease diagnosis

Virus detection

Cancer diagnostics

Cancer biomarker
detection

Drug delivery systems

Tuberculosis diagnostics

Saliva-based cancer
diagnostics

Virus detection

Cancer diagnostics

Protein interaction studies

Pandemic response

Virus detection

Pesticide residue detection

Pregnancy and cancer
diagnostics

Enhanced early-stage detection and
reduced false positives.

Improves design and accuracy in
antigen—antibody complex
detection.

Maximizes antigen—antibody
interaction through optimal
orientation.

Facilitates real-time, label-free
exosome analysis for early
diagnosis.

Enables logic-gated,
antigen-triggered release of
therapeutic payloads.

Promises point-of-care TB detection
with ultralow detection limits.

Real-time detection with high
specificity and minimal sample
volume.

Demonstrates scalable, sensitive
detection for infectious diseases.

Portable, wearable platform for
personalized health monitoring.

Enables direct monitoring of
antigen—antibody interactions.

High sensitivity for virus detection
via resonance-frequency
modulation.

Fast, sensitive, and specific
diagnostics for pandemic
management.

Addresses neurotoxicity concerns
in agriculture.

Cost-effective, reliable platform for
point-of-care applications.
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Figure 4. A) A dual-gate nanoribbon-based ISFET label-free detection of prostate-specific antigen, reproduced from,!'%°! copyright Elsevier. B)
CMOS-based ISFET-photodiode platform simultaneously detected glucose and cholesterol in serum, reproduced from,["1%1 copyright IEEE. C) PNA-
functionalized ISFET array for detection of microRNA, reproduced from,[""] copyright Springer. D) Graphene-based ISFET for nitrate detection, repro-
duced from,[""3] copyright Nature. E) ISFET-based sensors address the critical need for efficient nutrient monitoring, reproduced from,['"®] copyright

IEEE.
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Table 4. Comparative table of ISFET case studies.

Ref. Application Key features Detection range Limit of detection Special remarks
(LOD)
[109] Protein detection in high Dual-gate NR-ISFET biosensor 10 pM-1 uM 10 pM Real-time protein detection for
ionic strength solution and with excellent sensitivity and clinical applications.
human plasma specificity. Detection of PSA in
real-time with LOD of 10 pwm.
[117] pH sensing and DNA 78 x 56 ISFET array with in-pixel N/A pH sensitivity of Integrated lab-on-chip cartridge
amplification quantization. High sensitivity 3.2 us/pH for DNA detection.
(3.2 us/pH).
[118] KI detection in artificial saliva ~ Calixarene-based SAM modified ~3x107¢ m ~3x107¢ m Potential for human biological
ISFET. High selectivity to KI. liquid analysis.
[114] Ethanol detection LUSH protein fused SOI-ISFET. 0.001% - 1% N/A Potential for handheld chemical
High sensitivity using dual-gate sensors.
system.
[119] Hydrazine detection JFET-based ISFET with 1.17 X 1075-2.15X 1072 m 3.16 uM Simple and cost-effective
CuHCF-NPs. High sensitivity hydrazine sensor.
and low drift.
[ Nucleic acid detection PNA-functionalized ISFET array. 1nM 1nM High-density array for
Robust and reliable detection. genotyping and DNA
detection.
[112] DNA detection NR-ISFET with dual-gate mode. 50 pM 50 pM Enhanced performance in
Improved sensitivity and microchannels.
specificity.
[120] pH and protein detection SnO2 NW-FET with Al203 pH 3-10 N/A Integrates lab-on-chip for
sensitive layer. High stability automated analysis.
and sensitivity.
[127] Proton-based immunoassay Dual-gated ISFET array for high 12.5-125 pg mL™! 12.5 pg mL™! Compatible with complex
(H-ELISA) signal throughput. biological samples.
[122] Salmonella detection ISFET with CeOx gate. Sensitivity 2-3 cells mL™! 2-3 cells mL™! A reusable sensor with reduced
to low bacterial counts. measurement time.
[123] pH sensing ISFET with enhanced threshold pH 4.67-9.3 N/A Analog study and improved pH
voltage and low leakage sensing.
current.
[116] Nitrate detection in water Graphene ISFET with ultralow 0.1 ppt-100 ppm 0.041 ppt Record low LOD for
LOD and wide detection range. environmental monitoring.
[124] Fabry disease diagnostics ISFET for enzymatic activity 107" Mt03.2x 1078 m 10710 m Optimized for newborn
(a-galactosidase) detection. Label-free detection. screening.
[125] CRP detection ISFET with GPTMS modification. 0.002-20 pg mL~! 0.002 pg mL™! Real-time CRP monitoring.
High sensitivity.
[126] K* ion detection in blood TiO,-based EGFET. Stable and 3.5-10 mM 100 uM Tested in artificial blood serum.
serum reproducible performance.
[115] K* ion detection in soil EGFET with solid-state electrodes. 10%to 1m 10-¢ Cost-effective for soil nutrient

High sensitivity and stability.

monitoring.

as long-term stability, signal drift, and mass production scalabil-
ity remain barriers to widespread commercialization. Future re-
search should focus on improving material robustness, develop-
ing antifouling coatings, and optimizing device fabrication tech-
niques to enhance sensor durability and reproducibility. By bridg-
ing biochemistry with cutting-edge nanotechnology, ISFETs con-
tinue to drive groundbreaking innovations across multiple disci-
plines. Their seamless adaptability ensures that next-generation
biosensors will play a transformative role in addressing some
of the most pressing global challenges. The comparative Table
4 provides a structured overview of ISFET advancements, sum-
marizing their key applications, detection limits, and technolog-
ical breakthroughs. This serves as a valuable reference for future
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research, guiding the evolution of ISFET technology toward real-
world impact and commercialization.

2.3.5. Aptamer-Based FETs

Aptamer-based FETs (Aptamer-FETs) integrate the high sensitiv-
ity of FETs with the specific molecular recognition capabilities
of aptamers, offering an advanced biosensing platform for medi-
cal, environmental, and industrial applications. Aptamers—short
single-stranded DNA or RNA sequences that act as bioreceptors,
binding selectively to target molecules such as proteins, small
molecules, or ions. Upon binding, the aptamer undergoes a con-
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formational change, inducing charge redistribution near the gate
of the FET. This variation in charge modulates the conductiv-
ity of the transistor channel, generating an electrical signal pro-
portional to the analyte concentration. The amplified and pro-
cessed signal enables real-time, highly sensitive, and label-free
detection, bridging the gap between traditional diagnostics and
cutting-edge biosensor technology.[?!

Aptamer-FETs have been extensively explored in biomedi-
cal diagnostics, demonstrating ultralow detection limits and
high specificity across various disease biomarkers. A crumpled
graphene-based FET has achieved highly sensitive detection of
dopamine, interleukin-6, and COVID-19 antigens (Figure 5A) by
optimizing the crumpling ratio to enhance the electric double-
layer formation. This advancement addresses critical diagnos-
tic needs in pandemics and chronic diseases, ensuring rapid,
scalable biosensing solutions.!'””] Further pushing the bound-
aries of cardiovascular diagnostics, AlIGaN/GaN high electron
mobility transistor (HEMT) biosensors have enabled label-free
detection of cardiac troponin I (cTnl) with exceptional sensitivity
and specificity (Figure 5B). This innovation simplifies portable,
point-of-care cardiac health monitoring, significantly improving
the accessibility of cardiac diagnostics.['?®] Expanding this con-
cept, microfluidic aptamer-FET platforms have been developed
to enable simultaneous multi-biomarker detection. One such de-
vice (Figure 5C) integrates FET sensors functionalized with ap-
tamers for CRP, NT-proBNP, cTnl, and fibrinogen, offering com-
prehensive cardiovascular health assessments in a miniaturized,
portable format.[1]

Beyond cardiovascular diagnostics, graphene-based aptamer-
FETs have been employed for metabolic disorder detection, par-
ticularly for hormonal imbalances. For instance, a biomimetic
graphene aptamer-FET sensor for antidiuretic hormone (ADH)
has been designed to mimic kidney receptor functions, pro-
viding a breakthrough tool for diagnosing nephrogenic dia-
betes insipidus.'3?] Aptamer-FETs are also proving invaluable
in oncology, supporting early cancer detection and precision
medicine. Silicon nanowire FETs (SINW-FETs) functionalized
with DNA aptamers have been developed for label-free detec-
tion of prostate-specific antigen (PSA), offering high sensitiv-
ity and specificity (Figure 5D).["*% This capability highlights the
versatility of aptamer-FETs in addressing critical challenges in
cancer biomarker detection. Similarly, in neuroscience research,
flexible graphene-based FETs functionalized with aptamers have
been designed for the simultaneous detection of dopamine
and serotonin, ensuring minimal crosstalk and high selectiv-
ity (Figure 5E).1"3! These advancements provide transformative
tools for neurochemical research, supporting mental health di-
agnostics and pharmacological studies. Beyond neurotransmit-
ter detection, Aptamer-FETs have been instrumental in neurode-
generative disease research. Carbon nanotube-based FETs (CNT-
FETs) functionalized with aptamers have demonstrated highly
sensitive detection of Alzheimer’s biomarkers, such as g-amyloid
peptides, in human serum. These sensors outperform traditional
techniques, offering a reliable, noninvasive platform for early
Alzheimer’s diagnosis and large-scale screening.!133]

Beyond medical applications, Aptamer-FETs are expanding
into health-related environmental and industrial sectors, demon-
strating their versatility in chemical and pollutant monitor-
ing. The advancements in nanomaterial integration, such as
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graphene, CNTs, and AlGaN/GaN semiconductors, continue to
enhance sensor performance, making them scalable and adapt-
able for diverse applications. However, challenges such as long-
term stability, reproducibility, and cost-effective fabrication re-
main key areas for further research. Future efforts should fo-
cus on developing robust immobilization techniques, improving
signal amplification strategies, and integrating machine learning
for automated data analysis. Aptamer-FETs are emerging as one
of the most promising biosensing platforms, capable of bridg-
ing molecular biology with advanced electronics. By combining
ultra-sensitivity, multiplexed detection capabilities, and real-time
analysis, they are poised to redefine diagnostics, environmental
safety, and industrial monitoring. The comparative Table 5 pro-
vides a structured summary of key findings, detection limits, and
applications, serving as a concise reference for ongoing advance-
ments in Aptamer-FET technology.

3. Most Reported Materials in Bio-FETs

Bio-FETS are versatile due to their capabilities in a range of ap-
plication areas, particularly when specialist materials and recog-
nition elements have been connected. The use of these devices
in the healthcare engagement to biological investigations pro-
vides unparalleled sensitivity and selectivity in the detection of
a variety of different analytes. This section gives an overview of
the main applications of Bio-FETs by advancing in material sci-
ence and device architecture, showing how these developments
enlarged their applications. With a better appreciation of the Bio-
FET’s practical uses, one can then consider their transformative
effects on solving global challenges in health and related sustain-
ability and industry sectors.

3.1. Laser-Induced Graphene-Based FET

Bio-FETs based on graphene FETs have become a game changer
in biosensing, utilizing outstanding characteristics of graphene,
including its remarkable conductivity, extensive surface area,
flexibility, and biocompatibility. These make graphene an ideal
candidate for detecting a variety of biomolecules with superior
sensitivity and specificity. The application of graphene Bio-FETSs
ranges from medical diagnostics, to environmental monitoring
and food safety, through to real-time, label-free detection meth-
ods which are scalable and workable.[64]

A graphene FET functionalized with pyrene-tagged DNA ap-
tamers demonstrated sensitivity in detecting E. coli (Figure
6B), addressing critical public health needs and enhancing
food safety through rapid and accurate bacterial contamina-
tion detection.l'*] Guanine-rich aptamers were used to create a
graphene Bio-FET for real-time insulin monitoring (Figure 6B),
enabling precise insulin dosage prediction and improving di-
abetes management.!'¥¥] Extending its utility to immunology,
a graphene monolayer-based FET detected Interferon-gamma
(IFN-y) (Figure 6C), a key biomarker for tuberculosis and im-
mune response.!'*] These advancements showcase graphene
BioFETS’ transformative potential in infectious disease detection,
immunological research, and personalized healthcare. Extend-
ing beyond healthcare, graphene Bio-FETs also play a pivotal
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role in food safety and environmental applications. For exam-
ple, a covalently bonded graphene FET efficiently detected ochra-
toxin A (OTA) in spiked wine samples, shown in Figure 6D,!!*’]
showcasing its utility in identifying harmful mycotoxins and en-
suring food quality. Similarly, a graphene FET sensor capable
of detecting lysozyme, shown in Figure 6E,* a vital immune
protein, offers a proactive approach to monitoring bacterial in-
fections and chronic conditions. These innovations bridge the
gap between real-time biomolecule detection and practical field
applications.

Research into neurodegenerative diseases has focused tremen-
dous attention on the integration of graphene BioFETs. Recent
developments describe an extended-gate FET (EG-FET) sensor
functionalized with LIG intercalated with MnO, nanoparticles,
aimed at measuring peroxynitrite (ONOO™), an early patholog-
ical feature of Alzheimer’s disease.'*! This dynamic biosensor
has further been fused into a portable and wireless tracking plat-
form for real-time assessment of ONOO™ levels in the brain tis-
sue of AD transgenic mice, enabling a consistent examination
of peroxynitrite in the rise of AD before the appearance of mas-
sive Ap plaques. This development highlights the promise that
graphene-based BioFETs present for the early detection of neu-
rodegenerative diseases, opening an entirely new diagnostic av-
enue in Alzheimer’s research. In addition, LIG-based BioFETs
enable noninvasive detection of chronic diseases, such as early-
stage chronic kidney disease, using an EG-FET sensor for urinary
Cystatin C (u-Cys C).[">% The graphene EG electrode, modified
with gold nanoparticles and chromium on LIG, enhances elec-
trical performance and immobilizes papain for selective Cystatin
C detection. This sensor achieves an ultralow detection limit of
0.05 ag pL~! across a broad range (5 ag uL~! to 50 ng pL™!), en-
suring high sensitivity. The scalable, label-free platform offers a
cost-effective solution for early CKD screening and disease man-
agement.

Pushing the boundaries of personalized health monitoring,
a wearable graphene BioFET demonstrated highly sensitive
detection of cytokines like TNF-a and IFN-y, as shown in
Figure 6F.1>Y This device’s flexibility and compatibility with
biofluids underscore its potential for continuous, noninvasive
diagnostics, particularly in inflammatory and autoimmune dis-
eases. The advancements in nucleic acid detection further high-
light graphene’s transformative role. A graphene-based Bio-FET
using engineered DNA probes achieved femtomolar-level sen-
sitivity for DNA hybridization,['?] paving the way for break-
throughs in genetic disease diagnostics and high-throughput
screening for personalized medicine. These studies collectively
illustrate the versatility of graphene-based Bio-FETs in address-
ing critical challenges across domains. The seamless integra-
tion of graphene’s unique properties into real-world applica-
tions not only enhances the accuracy and efficiency of biosens-
ing but also opens pathways for cutting-edge nanotechnology.

www.advhealthmat.de

Graphene-based Bio-FETs are poised to redefine diagnostics and
next-generation healthcare, environmental safety, and industrial
optimization. By bridging molecular biology with monitoring,
offering scalable, portable, and highly sensitive solutions for
global challenges. Table 6 provides a structured summary of
key findings, detection limits, and applications, serving as a
concise reference for ongoing advancements in graphene-based
FET.

3.2. Carbon Nanotube FETs

Carbon nanotube FETs (CNT-FETs) have emerged as versatile
biosensors, leveraging the exceptional electrical, mechanical, and
biocompatible properties of carbon nanotubes.[1®] These devices
have shown remarkable utility in medical diagnostics and envi-
ronmental monitoring. During the COVID-19 pandemic, a CNT-
FET biosensor detected SARS-CoV-2 S1 antigens in saliva (Figure
7A) with an ultralow detection limit of 4.12 fgmL~" and a rapid re-
sponse time of 2-3 min, offering exceptional scalability for large-
scale diagnostics.'®”l In cardiovascular health, CNT-FETs have
proven effective for detecting C-reactive protein (CRP), a key in-
flammation biomarker. Notable designs include an immunosen-
sor with a dynamic range 0f 0.01-1000 ug mL~! for early coronary
heart disease detection!?’?! and an aptamer-based system with a
detection limit of 150 pM for portable CRP monitoring in clinical
applications (Figure 7B).1'7]

CNT-FETs go beyond diagnostic markers to target criti-
cal oxidative stress indicators. For instance, a cytochrome c-
functionalized CNT-FET enabled real-time detection of hydrogen
peroxide (H,0O,) at femtomolar concentrations, providing vital in-
sights into oxidative damage and related diseases.!'”?] Similarly,
CNT-FET technology has advanced cancer diagnostics through
the sensitive detection of exosomal proteins and circulating tu-
mor DNA (ctDNA). A semiconducting CNT FET detected MUC1,
a breast cancer biomarker (shown in Figure 7C), at an ultralow
limit of 0.34 fg mL~!, distinguishing cancer patients from healthy
individuals.['73] Additionally, an all-CNT thin-film transistor in-
tegrated with tetrahedral DNA nanostructures (TDNs) achieved
a detection limit of 2 fM for circulating tumor DNA (ctDNA)
(Figure 7D), enabling multiplexed biomarker detection and ad-
vancing oncology diagnostics.!'’*] Further expanding their util-
ity, CNT-FETs have enabled the detection of inflammatory cy-
tokines such as interleukin-6 (IL-6), a critical marker for cancer
and immune responses. Aptamer-functionalized CNT-FET mi-
croarrays detected IL-6 at concentrations as low as 1 pg mL™,
which is below the diagnostic threshold for early-stage cancer,!'7°!
(shown in Figure 7E). Similarly, in metabolic health monitoring,
a potassium-doped CNT FET demonstrated rapid and selective
cholesterol detection with high sensitivity and long-term stability,
showcasing its applicability in monitoring metabolic disorders,
shown in Figure 7F.117¢]

Figure 5. A) Graphene-based FETs optimized with a crumpling ratio to enhance electrical double-layer formation, enabling ultralow detection limits for
biomarkers like dopamine, interleukin-6, and COVID-19 antigens, reproduced from!'27] with the permission Wiley. B) AlGaN/GaN HEMT biosensor for
cardiac troponin | detection, demonstrating label-free and high-specificity diagnostics for point-of-care cardiac health monitoring, reproduced from,[128]
Elsevier. C) Microfluidic platform with aptamer-functionalized FET sensors simultaneously detects biomarkers like CRP, NT-proBNP, cTnl, and fibrino-
gen, reproduced from,['2°] copyright Elsevier. D) Silicon nanowire FETs, functionalized with DNA aptamers, for label-free detection of prostate-specific
antigen, reproduced from,[13% copyright ACS. E) Flexible graphene-based FETs functionalized with aptamers for real-time monitoring of neurotransmit-
ters such as dopamine and serotonin, supporting neurochemical research and mental health studies,['31] copyright ACS.
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Ref. Biomarker/target Platform Limit of detection (LoD)  Detection medium Key features Special remark
[127] DNA molecules, small Crumpled graphene Extremely low for Serum, clinical High sensitivity, Promising platform for
molecules, proteins, FET COVID-19 proteins samples detection of viral point-of-care diagnostics,
COVID-19 proteins proteins particularly effective for
COVID-19 proteins.
[128] Cardiac Troponin | AlGaN/GaN HEMT 0.006-148 ng mL™" Purified protein Rapid, simplified assay, ~ Overcomes charge screening
solution, serum wide dynamic range issues, making it ideal for
real-time physiological
applications.
[134] Cardiac Troponin T (cTnT) Au-Co304 NR FET 0.1mg mL™! Buffer solutions Synergistic use of Innovative use of Au-Co304
Au-Co304 NRs NRs improves sensitivity;
requires further exploration
for clinical validation.
[129] CRP, NT-proBNP, cTnl, Integrated Varies for biomarkers Clinical samples Multi-marker detection, Demonstrates multiplexing
fibrinogen microfluidic FET (e.g., cTnl: 1-10 000 low sample volume capability, crucial for
pg mL™T) comprehensive
cardiovascular risk
assessment.
[132] ADH (Anti-Diuretic Graphene-based 3.55ag mL™! PBS, human serum  Ultrasensitive, mimics Mimics natural biological
Hormone) GFET biological receptors processes, setting a new
benchmark for hormone
sensing.
[130] Prostate-specific antigen SiNW-ISFET 1pgmL™! Buffer solutions Multiplexing, low LoD Achieves multiplexed detection
(PSA) with significant sensitivity;
potential for cancer
biomarker studies.
[137] Serotonin and Dopamine Graphene FET 10 pm CSF, brain tissue Flexible, neural probe,  Ideal for neurochemical studies
(G-FET) multiplexing due to minimal crosstalk and
high sensitivity.
[133] p-amyloid peptides (A#40 CNT FET Sub-femtomolar Human serum Mass production, Mass production capability and
and Ap42) reproducibility reproducibility make it viable
for large-scale AD screenings.
[135] Viral nucleic acids Floating-gate FET 0.13 copies uL™! Clinical samples High accuracy, simple Novel functionalization
functionalization approach simplifies sensor
preparation; useful for
clinical viral RNA detection.
[136] Rabbit 1gG SiNW-FET 1pgmL™! High-ionic strength Enhanced sensitivity Aptamer-enhanced design
buffer with aptamer improves detection in
challenging
high-ionic-strength
conditions.
[137] Lysozyme and Thrombin CMOS-compatible 12.0 nM (Lysozyme), Buffer, FBS-spiked Robust signals, Demonstrates CMOS
FET 6.7 nM (Thrombin) solutions compatible with compatibility, paving the way
CMOS tech for scalable sensor
production.
[138] Cortisol OEGFET 27.3 pM Synthetic buffer Low-cost, specific to Effective for cortisol detection
solutions cortisol in real-world conditions; a
low-cost design adds to its
practicality.
[139] Water contamination Graphene FET 0.01 nM Water samples Real-time monitoring, no Real-time, selective water
indicator (geosmin) special equipment monitoring makes it a
valuable environmental
sensor.
[140] Glycated Albumin (GA) EGFET 0.1-10 uM Human serum Dual aptamer sensors, Streamlines diabetes

no pretreatment
needed

monitoring with no sample
pretreatment, ideal for
home-use applications.

Adv. Healthcare Mater. 2025, 14, 2500400

2500400 (18 of 34)

(Continued)

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

Table 5. (Continued)

www.advhealthmat.de

Detection medium

Key features

Special remark

Ref. Biomarker/target
[147] Copper ions (Cu(ll))
[142] Ochratoxin A (OTA)

[143] Cardiac Troponin | (cTnl)

Platform Limit of detection (LoD)
SSA-GFET 10 nM

CNT FET 0.2 fM
SiNW-FET Ultra-low, optimized

Fish samples

Food samples

Bio-samples

High recovery rate in fish  Significant application in food

samples

safety; high recovery rates
ensure reliability.

Rapid, selective for OTA  Ultrasensitive detection makes

Mathematical model
proposed, signal
amplification

it a potential standard for
mycotoxin surveillance in
food safety.
Introduces a mathematical
model, which can guide
future FET biosensor
optimizations.
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Figure 6. A) Graphene FET functionalized with pyrene-tagged DNA aptamers to detect E. coli, reproduced from,[#4] copyright Wiley. B) Graphene BioFET
for real-time insulin monitoring, reproduced from,!*] Copyright ACS. C) Graphene monolayer-based FET was designed to detect Interferon-gamma
(IFN-y), reproduced from,[46] Copyright Elsevier. D) Graphene FET efficiently detected ochratoxin A (OTA) in spiked wine samples, reproduced from,[147]
Copyright MDPI. E) Graphene FET sensor for detecting lysozyme, reproduced from Copyright Frontiers. F) Wearable graphene BioFET for detection of
TNF-a and IFN-y, reproduced from,[">'l Copyright MDPI.
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Table 6. Comparative table of graphene-based FET case studies.

Ref. Importance of material Overarching trends Key parameters Applications

[144] High sensitivity for bacterial High sensitivity, bacterial LoD: Low; Target: E. coli Public health, food safety
detection pathogens

[145] Stable, real-time monitoring for Real-time endocrine biomarker LoD: 35 pM; Target: Insulin Diabetes management
insulin levels detection

[146] Efficient immune biomarker Immune system biomarker LoD: 83 pM; Target: IFN-y Infectious disease research
detection applications

[153] Attomolar-level detection for Pathogen detection for LoD: 1.2 aM; Target: Anthrax Biosecurity
anthrax toxin biosecurity toxin

[154] Controlled linker density for Optimization of material LoD: 618 fM; Target: IL-6 Precision diagnostics
sensitivity enhancement sensitivity

[148] Selective lysozyme detection for Health monitoring applications LoD: 10 nM; Target: Lysozyme Immune system health
infection monitoring

[147] Multiplex toxin detection capability Multiplexing toxins for broad Multiplex; Targets: Multiple Toxin multiplexing

safety analysis toxins

[157] Wearable for real-time cytokine Noninvasive wearable LoD: 2.75 pM; Target: Cytokines Personalized health monitoring
monitoring diagnostics

[155] Enhanced on/off ratio for Cancer biomarker single-cell LoD: Single-cell; Target: HER2 Cancer research
single-cell detection sensitivity receptor

[156] Integrated microfluidics for Continuous monitoring LoD: 2.6 pm; Target: Thrombin Thrombosis detection
thrombin detection capabilities

[157] Simplified aptamer immobilization Device integrity enhancement LoD: 12 pM; Target: IL-6 Inflammation monitoring
for IL-6 detection

[158] Label-free CA1 detection for early Simplified clinical diagnostics LoD: 10 pg mL~"; Target: CA1 Disease biomarkers
diagnostics

[159] Portable saliva-based cytokine On-the-go health monitoring LoD: 12 pM; Target: IL-6 Noninvasive diagnostics
detection

[152] Hybridization chain reaction for Genetic diagnostics LoD: sub-fM; Target: DNA Genetic testing
ultrasensitive DNA detection advancement

[160] Innovative DNA interaction Fundamental material interaction LoD: Sub-mismatch detection; Material interaction research
analysis on graphene studies Target: DNA

[161] Reliable DNA hybridization Cost-effective sensor production LoD: 10 fM; Target: DNA Cost-effective production
detection with LEG

[162] Selective detection with Hall effect Advanced material interaction LoD: Specific; Target: DNA Advanced DNA analytics
measurements analytics

[163] High-throughput DNA screening Clinical research acceleration LoD: 10 pM; Target: DNA Drug and disease research

[164] CVD-fabricated G-FET for high Elimination of transfer-induced LoD: 100 fM; Target: DNA Direct fabrication benefits
sensitivity defects

[165] Scalable fabrication for DNA High-yield, scalable diagnostics LoD: 1fM; Target: DNA Scalable clinical tools
hybridization

[166] AuNP-decorated G-FET for clinical Enhanced biomolecular testing LoD: 1 nM; Target: DNA Enhanced genetic testing
DNA testing

[80] Ultrasensitive RNA detection using Broad RNA quantification LoD: 0.1 aM; Target: RNA Early RNA-based diagnostics
PNA probes applications

[167] Deformed graphene for ultrahigh Millimeter-scale ultrasensitive LoD: 600 zM; Target: DNA Ultrasensitive clinical sensors

sensitivity

designs

Recent advancements in CNT-FET biosensors have been

driven by the integration of machine learning (ML) and the Inter-
net of Things (IoT), which have significantly enhanced their an-
alytical capabilities, real-time data processing, and remote health
monitoring. One significant study explored the use of ML algo-
rithms to identify critical sensing descriptors in molecular inter-
actions with metal nanoparticle-decorated CNT-FETs. These sen-
sors, based on single-walled carbon nanotubes (SWCNTSs), pro-
vide highly sensitive molecular detection. By integrating super-
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vised ML techniques with experimental sensor data, the study
successfully discriminated among five purine compounds (ade-
nine, guanine, xanthine, uric acid, and caffeine). Using recursive
feature elimination and linear discriminant analysis, researchers
identified three key parameters transconductance, threshold volt-
age, and minimum conductance as the most crucial features
for analyte classification. The ML models achieved 95% classifi-
cation accuracy using Linear Discriminant Analysis and 93.4%
using Support Vector Machines. These findings highlight the
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Figure 7. A) CNT-FET biosensor for SARS-CoV-2 S1 antigen detection in saliva, showcasing rapid and label-free COVID-19 diagnostics,!'®°! copyright
Elsevier. (BCNT-FET-based CRP biosensor for clinical inflammation monitoring, highlighting real-world medical applications, reproduced from,['71]
copyright ACS. C) Functionalized CNT-FET biosensor for high-sensitivity exosomal protein detection, aiding early cancer diagnosis, reproduced from,[173]
copyright Elsevier. D) CNT-based thin-film transistor integrated with tetrahedral DNA nanostructures for multiplexed circulating tumor DNA detection,
crucial for oncology diagnostics, reproduced from,l'74] copyright Elsevier. E) Aptamer-functionalized CNT-FET microarrays to detect IL-6, reproduced
from,['73] copyright MDPI. F) CNT FET for rapid and selective cholesterol detection, reproduced from,!'7¢! copyright Springer.
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Table 7. Various CNT-FET case studies showcasing the importance of biomaterial and their applications.

Ref. Importance of material Overarching trends Key parameters Applications

[169] Rapid detection of SARS-CoV-2 High sensitivity in infectious LoD: 4.12 fg mL™; Fast Pandemic diagnostics and
antigens in saliva disease diagnostics response (2—3 min) public health

[170] Broad dynamic range for CRP Wide applicability in inflammation LoD: 0.01 pg mL™"; Range: Early detection of coronary heart
detection and cardiovascular diagnostics 0.01-1000 ug mL~! disease

71 Portable and reproducible CRP Improved portability for LoD: 150 pM; Stable for 14 days Inflammation and clinical
detection point-of-care testing biomarker monitoring

[172] Real-time detection of hydrogen Oxidative stress and metabolic LoD: 9.13 fM; Response time: Oxidative stress and cell
peroxide (H,0,) disorder research ~1s metabolism studies

[173] Ultrasensitive detection of breast Cancer biomarker detection with LoD: 0.34 fg mL™"; Early cancer detection via
cancer exosomal protein high specificity High specificity exosomal biomarkers
(MUCY)

[179] Label-free detection of ctDNA with Advanced cancer genetics and LoD: 2 fM; Broad linear range Genetic cancer diagnostics and
tetrahedral DNA nanostructures biomarker multiplexing precision medicine

[174] Sensitive detection of IL-6 for early Cytokine profiling for cancer and LoD: 1 pg mL™; Specific IL-6 Early-stage cancer and immune
cancer diagnostics immune system studies detection system diagnostics

[180] Prostate-specific antigen detection Oncology diagnostics using LoD: 84 pm; Real-time PSA Prostate cancer diagnostics and
with aligned CNTs advanced CNT alignment detection protein monitoring

[175] Rapid and specific detection of IL-6 Multiplexed cytokine detection for LoD: 1 pg mL~"; Below Multiplexed immune and cancer
using CNT microarrays immune monitoring diagnostic gray zone for biomarker profiling

cancer

[175] High-sensitivity cholesterol Metabolic health monitoring with LoD: ~1.4 mwm; Response time: Cholesterol monitoring for
detection using K-doped CNTs rapid response ~1s metabolic health

[176] Ultrasensitive and scalable Scalable and universal platform for LoD: 60 aM; High uniformity Ultrasensitive detection of DNA
detection using FG-CNT FETs biomarker detection over large wafers and microvesicles

[1871] Highly specific detection of Near-patient testing for cancer LoD: 2.3 pM in PBS; High Cancer diagnostics with
Cathepsin E with peptide diagnostics selectivity near-patient applicability
aptamers

[182] Multiplexed detection with Broad applicability in biosensors Broad dynamic range with Broad biosensing for

biomimetic SWCNT films and biofuel cells

multiplexed biosensing environmental and

medical use

potential of combining nanomaterial-based sensors with compu-
tational models for enhanced precision, selectivity, and real-time
analytics.l'”7] In parallel, IoT integration has expanded the func-
tionality of CNT-FET biosensors for real-time, wireless health
monitoring.

A recent study introduced a stretchable, skin-conformal mi-
croneedle extended-gate CNT-FET biosensor for continuous
sodium monitoring in interstitial fluids, offering minimally in-
vasive health monitoring.['’®] The microneedle-based CNT-FET
exhibits high sensitivity, a low detection limit, excellent biocom-
patibility, and mechanical stability for on-body sodium-sensing
applications. Moreover, the integration of this device with a wire-
less data transmitter and IoT cloud enables real-time sodium
monitoring and long-term health trend analysis, paving the way
for advanced digital healthcare and accurate clinical decision-
making. This platform exemplifies how IoT-powered wearable
biosensors can revolutionize remote patient monitoring and
personalized medicine by providing continuous, real-time bio-
chemical insights.'”8] These findings highlight the potential
of combining nanomaterial-based sensors with computational
models for enhanced molecular detection. By leveraging ma-
chine learning-driven approaches, CNT-FET-based biosensors
can achieve greater precision, improved selectivity, and robust
real-time analytics. This integration is paving the way for next-
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generation biosensing technologies, advancing applications in
healthcare, environmental monitoring, and biomedical research.

To summarize the insights and advancements from the var-
ious CNT-FET case studies, the following Table 7 provides a
structured comparison. It highlights the importance of materi-
als, overarching trends, key parameters, and diverse applications
of CNT-FET biosensors. This comprehensive overview bridges
the detailed explanations provided earlier and presents the case
studies in a format that allows for easy comparison and evalua-
tion of their transformative potential in medical, environmental,
and industrial applications. Below, the table outlines these case
studies, showcasing the versatility and adaptability of CNT-FET
technology across different domains.

3.3. Reduced Graphene based FETs

Reduced graphene oxide-based FETs (RGO-FETs) is another pow-
erful tool for biosensing in medical diagnostics and environ-
mental monitoring. An RGO-FET functionalized with single-
stranded DNA probes enabled real-time detection of lysozyme,
an immune protein, with a detection range of 10 nm to 1 uM
(Figure 8A), offering early warning for bacterial infections.[*8]
In biodefense, an aptamer-functionalized RGO-FET detected the
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Figure 8. A) RGO-FET functionalized with single-stranded DNA probes enabled for lysozyme-specific immune protein detection, reproduced from,

[148]

copyright Frontiers. B) RGO-FET for detection of the anthrax protective antigen, reproduced from,['3] copyright Wiley. C) RGO-FET functionalized
with RNA aptamers for selective detection of HPV-16 E7 protein, reproduced from,['33] copyright Springer. D) RGO-FETs utilized peptide nucleic acid
(PNA) probes to detect microRNAs, reproduced from,['34] copyright Elsevier. E) Boron and nitrogen co-doped graphene oxide FET for detecting B-type

natriuretic peptide, reproduced from,[13°] copyright Elsevier.

anthrax protective antigen (PA) with ultra-sensitivity, achiev-
ing an unprecedented LOD of 1.2 aM through gold nanopar-
ticle signal amplification (Figure 8B).>3] In a similar man-
ner, an RGO-FET functionalized with RNA aptamers selec-
tively detected HPV-16 E7 protein in saliva at an LOD of 100
pg mL~!, demonstrating potential for noninvasive cervical can-
cer diagnostics (Figure 8C).['¥3] RGO-FETs have shown remark-
able advancements in biomarker detection. For instance, a PNA-
functionalized RGO-FET detected microRNAs with an LOD of
10 fM, enabling precise sequence differentiation (Figure 8D).[184]
Furthermore, an RGO-FET with CD63 antibodies quantified ex-
osomes at 33 particles uL™!, effectively distinguishing prostate
cancer patients from healthy individuals.[**] Another RGO-FET
achieved femtomolar sensitivity for PSA detection across six
orders of magnitude.l'®”] Expanding to cardiovascular diagnos-
tics, a nitrogen co-doped graphene oxide (BN-GO) FET BN-GO
FET detected B-type natriuretic peptide at an exceptional LOD
of 10 aM, with a dynamic range spanning 11 orders of mag-
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nitude (Figure 8E).'85] These innovations highlight the trans-

formative potential of RGO-FETs in medical diagnostics. Col-
lectively, these studies highlight the versatility and sensitiv-
ity of RGO-FETs across various applications, from early can-
cer detection and heart failure diagnostics to pathogen mon-
itoring and biodefense. Their ability to operate label-free in
complex biological environments, coupled with rapid response
times and scalability, establishes RGO-FETs as a cornerstone in
advancing biosensing technologies.To consolidate the insights
from the detailed case studies on RGO-FET biosensors, the
following Table 8 provides a comparative overview. It high-
lights the importance of materials, overarching trends, key pa-
rameters, and applications across diverse domains. This struc-
tured comparison bridges the descriptive narratives and presents
the studies in a clear format for easier evaluation and under-
standing of their transformative potential. Below, the table out-
lines these findings and emphasizes the versatility of RGO-FET
technology.
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Table 8. Comprehensive comparative table of all RGO-FET case studies.

Ref. Importance of material Overarching trends Key parameters Applications

[148] Real-time monitoring of Immune system and bacterial 10 nM-1 p detection range Early infection warning and
lysozyme for infection infection monitoring immune system monitoring
prevention

[153] Ultrasensitive detection of Pathogen detection for LoD: 1.2 am; AuNP signal Biodefense and pathogen
anthrax protective antigen biodefense amplification detection
(PA)

[183] Selective detection of HPV-16 Noninvasive diagnostics for LoD: 100 pg mL™'; RNA HPV diagnostics and cervical
E7 protein in saliva samples HPV aptamer functionalization cancer screening

[188] Detection of DNA through Sensitive detection of genetic LoD: 100 fm; PNA hybridization Genetic and disease biomarker
PNA-DNA hybridization biomarkers specificity diagnostics

[189] Dual-aptamer detection of Cancer biomarker detection LoD: 84 particles pL~"; Broad Early-stage cancer biomarker
cancerous microvesicles with high specificity linear range profiling
(HepG2-MVs)

[184] Detection of miRNA for early Gene-related disease LoD: 10 fm; Specific miRNA Cancer diagnostics using genetic
cancer diagnostics diagnostics detection biomarkers

[187] Ultrasensitive detection of PSA Prostate cancer biomarker LoD: Femto level; Dynamic Early prostate cancer detection
complexes for prostate detection range over 6 orders
cancer

[190] Detection of E. coli in water Pathogen detection in Single-cell detection in 50 s Environmental pathogen
with a single-cell sensitivity environmental samples detection

[185] Exosome detection for cancer Cancer diagnostics using LoD: 33 particles uL="; Serum Cancer exosome quantification
diagnostics exosome quantification sample validation for diagnostics

[197] Ultrasensitive glucose Metabolic disorder diagnostics LoD: 1 nwm; Rapid response Metabolic health monitoring
detection in biological fluids within 1s

[107] Flexible sensor for ovarian Cancer biomarker detection in LoD: 5.0 x 1010 U mL™"; Portable ovarian cancer
cancer antigen CA125 flexible devices Flexible device integration diagnostics

[192] Quantification of Label-free cancer diagnostics Label-free exosome detection Cancer biomarker and exosome
low-concentration cancer quantification
exosomes

[184] Electrical stability for miRNA Stable miRNA detection in Electrical and solution stability Reliable miRNA monitoring in

detection in biological fluids

complex environments

for miRNA detection

clinical samples

3.4. Molybdenum Disulfide (MoS,)-Based FETs

Molybdenum disulfide (MoS,), a 2D material from the transition
metal dichalcogenide (TMDC) family, has emerged as a power-
ful platform for FET biosensors due to its exceptional electronic
properties, high surface-to-volume ratio, and chemical stability.
MoS,-based FETs offer ultrasensitive, label-free detection capa-
bilities and versatility across various applications, from health-
care diagnostics to environmental monitoring. Recent advances
have demonstrated its potential in detecting a range of analytes
with remarkable sensitivity and specificity.

One notable application of MoS,-based FETs is in antibiotic
detection, as demonstrated by a sensor designed for kanamycin
determination.['] Using a hybrid aptamer structure shaped
by complementary DNA strands, this sensor achieved high se-
lectivity for kanamycin over structurally similar antibiotics, as
shown in Figure 9A. With a detection limit of 0.66 nM, this
work highlighted MoS,’s ability to address challenges in antibi-
otic detection through innovative probe engineering. Expand-
ing this concept to hormone monitoring, a nanomesh MoS,-
based FET was developed for cortisol detection.['*) By intro-
ducing nanoscale holes in the MoS, channel to increase ac-
tive binding sites, the sensor achieved a 10°-fold enhancement
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in sensitivity compared to pristine MoS,-based FETs. This ad-
vancement facilitated cortisol detection in complex biological ma-
trices like serum and saliva (shown in Figure 9B), underscor-
ing the material’s versatility in stress-related diagnostics. The
sensitivity of MoS,-based FETs extends to genetic and prenatal
testing. A few-layer MoS,-based FET was employed for label-
free DNA hybridization detection of the hybridization of DNA
molecules (shown in Figure 9C,I'®] leveraging electrostatic gat-
ing effects to achieve a detection limit of 10 fm and a dynamic
range of 10°. Building on this capability, a monolayer MoS,-based
FET functionalized with gold nanoparticles demonstrated its ef-
ficacy in noninvasive prenatal testing for Down syndrome.['
This sensor reliably detected chromosome-specific DNA frag-
ments at concentrations below 100 aM, paving the way for early
and reliable prenatal diagnostics, shown in Figure 9D. A CRP
biosensor utilizing Au nanoparticle-decorated MoS, nanosheets
achieved an exceptional detection limit of 8.38 fg mL~!, high-
lighting its potential for compact diagnostic devices.'%] In
bladder cancer diagnostics, MoS,-based FET sensor arrays
demonstrated multi-target detection by identifying biomarkers
like NMP22 and CK8 in urine at detection limits as low as
0.027 am, showcasing its capability for comprehensive cancer
screening.[161]
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Figure 9. A) MoS,-based FETs a sensor designed for kanamycin determination, reproduced from,['%3] with the permission of Elsevier. B) MoS, FET
for cortisol detection, reproduced from,['%4 copyright, Electronics Square. C) MoS,-based FET for label-free DNA hybridization detection of DNA
molecules, reproduced from,['%] copyright Springer. D) MoS,-based FET functionalized with gold nanoparticles for Down syndrome detection, re-

produced from,[1%8] copyright ACS.

MoS, has also advanced wearable technology, exemplified
by a smart contact lens integrated with MoS,-based FETs that
monitors glucose levels, corneal temperature, and optical in-
formation in real time.['®?) Combining high sensitivity, robust-
ness, and biocompatibility, MoS, enables next-generation solu-
tions for diagnostics and wearable healthcare. The discussed
case studies highlight the versatile applications of MoS,-based
FETs across diverse domains, including healthcare diagnostics,
environmental monitoring, and wearable technology. From de-
tecting antibiotics and stress hormones to enabling noninva-
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sive prenatal testing and cancer biomarker identification, MoS,-
based FETs showcase exceptional sensitivity and specificity. Their
integration into multifunctional platforms, such as smart con-
tact lenses and scalable device fabrication processes, further ex-
emplifies their transformative potential. To provide a compre-
hensive overview, Table 9 summarizes the key aspects of these
studies, emphasizing their detection limits, target analytes, and
unique features. This organized comparison helps in under-
standing the advancements and applications of MoS,-based FET
biosensors.
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Ref. Target analyte Detection limit Key feature Application

[193] Kanamycin 0.66 nM Selective antibiotic detection with aptamer Healthcare diagnostics and food safety

[194] Cortisol 10°-fold enhancement Nanomesh for enhanced sensitivity Stress-related diagnostics

[195] DNA hybridization 10 fM Label-free DNA detection Genetic and molecular diagnostics

[196] Trisomy 21 DNA fragments < 100 aM Prenatal testing for Down syndrome Noninvasive prenatal testing

[197] PMO-DNA hybridization 6 fM PMO-DNA hybridization Disease diagnostics

[198] C-reactive protein 8.38 fgmL~! Integration with CMOS technology Compact diagnostic devices

[199] TNF-alpha and Streptavidin 60 fM Ambipolar response for improved sensitivity Advanced cancer detection

[200] Interleukin-1p 1fM Cycle-wise quantification of biomolecules Immunoassay for low-abundance
biomolecules

[207] MoS2 applications overview N/A High throughput exfoliation Scalable device fabrication

[202] Glucose 300 nM Rapid glucose detection Glucose monitoring

[203] Bladder cancer biomarkers 0.027 aM,m Simultaneous biomarker detection Bladder cancer diagnosis

[76] Prostate-specific antigen 1fg mL™! Ultrahigh sensitivity Prostate cancer diagnostics

[204] Glucose and temperature Multiple Analytes Multifunctional smart lens Wearable healthcare devices

4. Challenges, Recent Advances, and Future
Directions in Bio-FET Development

Bio-FETs are emerging as transformative tools in biosensing, of-
fering high sensitivity and real-time analysis. However, their de-
velopment faces significant material-level challenges that impede
their broader application, particularly in clinical diagnostics. Ad-
dressing these challenges is crucial for achieving reliable sig-
nal transduction, long-term stability, and scalable fabrication pro-
cesses.

4.1. Material Reproducibility and Consistency in Fabrication

Material variability forms a great deal of concern when it comes to
the reproducibility of Bio-FET signal transduction. Performance
in Bio-FETs resides in the materials used, and for this reason,
Graphene, MoS,, and CNTs may all have their own unique chal-
lenges leading to discrepancies in device qualities. Graphene has
been widely regarded as the material of choice for biosensing
applications because of its large electrical conductivity and sur-
face sensitivity. A typical fabrication of graphene may vary in de-
fect density, surface functionalization, and crystallinity and this
leads to performance variability between devices. This character-
ization poses a major concern for fulfilling the reliability require-
ments to be adopted, especially in clinical applications.[*] Much
like MoS, and CNTs, uniform electrical and structural properties
are challenging here. The materials may tend to be apparently
inhomogeneous, resulting in variations of their electronic prop-
erties, thereby directly affecting their effectiveness in biosensing
applications. With the lack of standardization in the procedures
of synthesis, this variability calls for efforts toward procedures
that could promote reliable manufacturing standards.(2%]

In order to tackle the above-stated disadvantages, researchers
are investigating several advanced techniques in synthesis, for
example, defect-engineered materials and single-crystal growth
methods. Defect-engineered materials have the potential to en-
hance the electronic characteristics of nanomaterials through
highly tunable defect types and densities incorporated during
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the fabrication of such materials. Furthermore, these methods of
single-crystal growth could result in a better quality of materials
with uniform properties, which are important for the reliable per-
formance of the sensors.[2%! Such advancements in synthesis are
imperative for the enhancement of reproducibility and reliabil-
ity of Bio-FETs, in order that the materials are maintained to the
level of the same degree in terms of electronic, mechanical, and
chemical properties across different devices. In addition to mate-
rial synthesis, exact and standardized functionalization protocols
are also very important in achieving predictable signal responses
in Bio-FET devices. Such covalent bonding and self-assembled
monolayers provide for a new and convenient way of immobi-
lizing recognition elements onto the surface of the sensor. Co-
valent bonding will, in turn, significantly heighten the stability
and specificity of biomolecular interactions.!?*”] Meanwhile, self-
assembled monolayers could create a controlled surface chem-
istry that reduces nonspecific adsorption and enhances the signal
transduction capabilities of the sensors.[>>208]

Additionally, the utilization of Al, including ML, is rapidly ex-
panding across all facets of materials science, which includes
discovery, synthesis, characterization, and performance. ML is
considered a promising tool in materials synthesis and charac-
terization, with expectations for innovative applications in the
near future.?”] It has emerged as a revolutionary tool in mate-
rials science research, facilitating quick and precise analysis of
complex material properties.Al algorithms are capable of identi-
fying the most efficient and automatable pathways for chemical
synthesis and can also assist in the identification and optimiza-
tion of catalysts. Unlike human chemists, Al-driven synthesis en-
sures consistent, reproducible results across multiple iterations.
Researchers are exploring methods to accelerate discovery by
integrating automated experiments, Al, and high-performance
computing. Generative Al is reshaping material science by read-
ing, writing, hypothesizing, and solving complex problems. An
ensemble neural network-based decision-making algorithm en-
ables more efficient material formulation optimization. Incorpo-
rating Al-enhanced quality control mechanisms can improve re-
producibility, minimize defects, and ensure that Bio-FET devices
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maintain consistent performance across large-scale production
batches. The successful application of these functionalization
strategies is crucial for optimizing the sensor’s sensitivity and
selectivity, ultimately leading to more reliable and reproducible
signals that are essential for clinical diagnostics.[?10211]

4.2. Operational Durability and Long-Term Stability

The long-term stability of Bio-FETs in biological environments
poses significant challenges, primarily due to the degradation of
materials used in these sensors. Materials such as graphene and
other 2D materials are particularly vulnerable to factors like oxi-
dation, moisture, and interactions with complex biological fluids.
These interactions can lead to gradual performance degradation,
often referred to as performance drift, which ultimately compro-
mises the reliability of the sensors in real-world application.[?12]
Oxidation and moisture can alter the chemical composition and
electronic properties of graphene and 2D materials, adversely af-
fecting their conductivity and sensor response. In addition to
environmental degradation, biofouling remains a critical issue,
where the nonspecific adsorption of biomolecules onto the sen-
sor’s active surface obscures its sensing capabilities. This phe-
nomenon not only introduces noise in the sensor signals but also
reduces the specificity of the detection, leading to false or incon-
sistent readings. Effective strategies to overcome biofouling are
essential for enhancing the long-term operational capability of
Bio-FETs.[2]

In efforts to combat biofouling, innovative material coatings
such as polyethylene glycol (PEG) and zwitterionic polymers have
been developed. These coatings have been recognized for their ef-
ficacy in preventing nonspecific protein adhesion, thereby main-
taining a clearer surface for effective sensing. However, there
is a critical trade-off associated with these coatings: while they
can significantly reduce fouling, they often compromise the sen-
sor’s intrinsic sensitivity and limit the detection capabilities of
Bio-FETs when complex biological samples are analyzed.[214215]
To address the dual challenges of material degradation and bio-
fouling, hybrid organic-inorganic interfaces have emerged as a
promising solution. The integration of durable inorganic mate-
rials, such as titanium dioxide (TiO,) or silicon dioxide (SiO,)
nanolayers, with the organic sensing layers of Bio-FETs appears
effective in enhancing chemical stability. Recent studies demon-
strate that these nanolayers can significantly improve the robust-
ness of Bio-FETs against oxidative and moisture-induced degra-
dation while preserving their functional properties.[?!%! Another
critical avenue of research is the development of adaptive self-
healing materials. These materials can repair minor defects and
structural damage caused by environmental degradation, thereby
prolonging the operational lifespan of Bio-FETs. Moreover, the
use of superhydrophobic coatings can help prevent moisture ab-
sorption and biofouling, further enhancing durability in biologi-
cal conditions.[217:218]

4.3. Sustainability and Environmental Impact of Bio-FET
Materials

The increasing adoption of Bio-FETs raises concerns regarding
their environmental impact, including e-waste generation and
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material recyclability. Addressing sustainability concerns is crit-
ical for environmentally responsible development as Bio-FET
technology becomes more commercialized.!?!]

4.3.1. Recyclability of Bio-FET Materials

Most Bio-FETs rely on advanced nanomaterials such as graphene,
MoS,, silicon nanowires, and CNTs, which have excellent electri-
cal properties but pose challenges for recyclability.l?? Traditional
semiconductor materials, such as silicon-based FETs, contribute
significantly to e-waste due to their non-biodegradable nature and
difficulty in recovering valuable elements from discarded elec-
tronic components.[*’] However, emerging materials and fabri-
cation strategies are being explored to enhance the recyclabil-
ity of Bio-FETs. The development of Bio-FETSs using biodegrad-
able substrates, such as cellulose-based nanomaterials, silk fi-
broin, and polylactic acid (PLA), presents a promising avenue
for reducing environmental impact.l®?2!l These materials can de-
compose naturally without releasing harmful residues, making
them suitable for disposable biosensors in point-of-care diag-
nostics and environmental monitoring. Recent advancements in
transient electronics have enabled the fabrication of dissolvable
Bio-FETs, where the entire device can degrade under controlled
conditions (e.g., exposure to water or biofluids).[**222] Materials
such as magnesium, zinc oxide, and water-soluble polymers (e.g.,
polyvinyl alcohol) are being explored to develop fully degradable
Bio-FET platforms that minimize long-term e-waste accumula-
tion. Efforts to incorporate conductive and semiconducting ma-
terials that can be easily recovered and reused in future devices
are gaining attention. For instance, water-based exfoliation tech-
niques for graphene and MoS, allow for the efficient recovery of
these materials from discarded Bio-FETs, reducing the need for
fresh raw material extraction. Additionally, metal nanoparticle-
based conductive inks that can be reclaimed and repurposed in
printed electronics are being developed.[??3]

4.3.2. Minimizing Electronic Waste in Bio-FET Fabrication

Electronic waste generated from discarded biosensors is a ma-
jor environmental concern, especially as disposable Bio-FET de-
vices become more widely adopted.[?”*] To mitigate this issue,
several strategies are being explored: 1) Sustainable Manufactur-
ing Approaches: Green synthesis methods, such as hydrother-
mal and solvothermal techniques, are being employed to pro-
duce Bio-FET materials with minimal chemical waste. For in-
stance, eco-friendly reduction methods for graphene oxide us-
ing plant extracts or other nontoxic reagents eliminate the need
for hazardous chemicals like hydrazine. 2) Energy-Efficient Fab-
rication: Conventional semiconductor fabrication involves high-
temperature processes and vacuum-based techniques, which
are energy-intensive and environmentally taxing. Alternative ap-
proaches, such as solution-based processing, inkjet printing, and
roll-to-roll fabrication, significantly reduce the carbon footprint
of Bio-FET production while maintaining high performance. 3)
Reusable and Modular Bio-FET Designs: Instead of single-use
sensors, researchers are exploring modular Bio-FET architec-
tures where the sensing elements (e.g., aptamers, antibodies, or
enzymes) can be replaced without discarding the entire device.
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This concept not only enhances the longevity of Bio-FET plat-
forms but also minimizes material wastage.[>¢2%]

4.3.3. Sustainability in Next-Generation Bio-FET Applications

As Bio-FETs transition into real-world applications, integrat-
ing sustainability considerations into their lifecycle design will
be critical. Several future directions can drive environmentally
friendly innovation: 1) Circular Economy Approach: Adopting
a circular economy model for Bio-FET production, where end-
of-life devices are collected, dismantled, and reused, can sig-
nificantly reduce e-waste. Implementing closed-loop recycling
systems within manufacturing facilities will ensure that valu-
able materials, such as precious metals and nanomaterials, are
efficiently recovered and repurposed. 2) Regulatory and Policy
Considerations: Governments and regulatory bodies are enforc-
ing stricter guidelines for as waste management, prompting re-
searchers and manufacturers to develop sustainable alternatives.
Standardized certification for biodegradable and recyclable Bio-
FETs can help promote their adoption in commercial applica-
tions. 3) Eco-Friendly Packaging and Disposal Solutions: Beyond
the device itself, packaging and disposal methods must also align
with sustainability goals. Developing compostable or recyclable
packaging for Bio-FET-based sensors, coupled with public aware-
ness campaigns on responsible disposal, can further reduce their
environmental footprint.[226:227]

Finally, as Bio-FET technology becomes more widely used
there is an increasing concern about its sustainability that needs
be addressed. By incorporating biodegradable materials, recy-
clable components, and energy-efficient manufacturing meth-
ods, the next generation of Bio-FETs can offer high-performance
biosensing capabilities with minimal environmental impact. Col-
laboration among researchers, industry stakeholders, and policy-
makers is will be essential to Bio-FET technology towards sus-
tainable and eco-friendly future.

4.4. Scalability in Fabrication

Bio-FET fabrication’s scalability is limited by complex and costly
the manufacturing process. For instance, the techniques such
as CVD that are used for graphene and liquid-phase exfoliation
for MoS, are stumbling blocks for any reasonable scaling up.[?**!
These techniques essentially require highly controlled environ-
mental conditions and specialized equipment for processing,
making it very difficult in an economically viable situation for
high-production requirements. Issues arise in large part because
retaining the structural integrity and the electronic properties
of the materials during these fabrication processes becomes
highly critical.??! CVD, for example, can defect the graphene
layers if proper monitoring is not employed, while liquid-phase
exfoliation, although applicable, simply results in a lower yield
of monolayer materials and inconsistency in quality. The tran-
sition from lab-scale to commercial-scale fabrication becomes
entirely impossible due to all of these problems, therefore
limiting the scope of application of Bio-FET technologies to real
situations.[23%]

With roll-to-roll manufacturing and inkjet printing are emerg-
ing as pioneering techniques, showing advancement towards ad-
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dressing the scalability challenges of conventional approaches.
Continuous production of uniform thin films is conducted
through roll-to-roll manufacturing; hence, high-throughput
manufacturing at a lower price can be achieved. This process
holds great potential for working with flexible substrates incor-
porating solution-based materials.?3!] Another promising alter-
native is inkjet printing, which specifically enables the depo-
sition of materials and patterns in a targeted manner to suit
given applications. This technique minimizes waste and gives
better control over material properties. Thus it is a viable method
for Bio-FET fabrication. Recent developments indicate that inte-
grating inkjet printing may have the capabilities to significantly
streamline the manufacturing process of Bio-FET devices and
reduce production costs, therefore allowing for greater user ac-
cessibility to Bio-FET technologies applicable in biosensing and
diagnostics.[232233]

In addition, it is important to integrate scalable manufactur-
ing methods with CMOS technology to pave the way for the Bio-
FETs’ mass production. CMOS technology is an industrially es-
tablished platform for electronic integration in the semiconduc-
tor industry.[*0234] Efforts to align the Bio-FET fabrication pro-
cesses to CMOS-compatible methods are still ongoing. Such syn-
ergy would bring along many benefits, such as decreased produc-
tion costs, improved performance, and some added compatibility
with currently existing electronic systems. With the utilization of
CMOS technology, Bio-FETs could, therefore, be produced at an
attractive price range while ensuring that they could easily inte-
grate with complex electronic devices, such as those utilized in
health monitoring and diagnosis applications. This integration
further augments the potential for higher functionality and thus
sets the path toward advanced biosensing platforms that deliver
results in a speedy and reliable manner.!%?*] Future Bio-FET Re-
search and Development will primarily be encapsulated in an-
swering challenges prevalent. The Indicative directions always
focus on adoption of Roll — to — roll printing as a scalable manu-
facturing technique, seamless enablement of advanced data ana-
Iytics and Al to enable better signal processing, and multiplexed
sensors that enable single analyte detection. The customization
of Bio-FETs fitting to wearable and implantable applications for
the realization of continuous health monitoring would poten-
tially be transforming. Protocols for fabrication and testing fur-
ther accelerated commercialization. In essence, the future of Bio-
FET development simply lies in converging material-level chal-
lenges with scalability challenges and leveraging innovative tech-
niques and technologies. Figure 10 illustrates the primary chal-
lenges presently confronting the Bio-FETs and their associated
future directions succinctly. These directions pave the way for the
transformable applications in biosensing and diagnostics toward
efficient, reliable, and scalable solutions.

4.5. Minimizing Interference Effects from Complex Biological
Samples

Bio-FETs are notably susceptible to interference from complex
biological samples, which poses a major limitation to their
application. This interference includes pH fluctuations, ionic
strength variations, and nonspecific biomolecule interactions,
all of which can impact the accuracy and reliability of Bio-FET
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Challenges

Material Stability
Degradation reduces sensitivity.

Signal Interference

Noise from ionic screening and
binding.

Reproducibility
Fabrication inconsistencies limit
scalability.

Integration
CMOS compatibility challenges.

Scaling & Costs
High costs and complex
processes.

Real-Time Monitoring
Drift and recalibration issues.
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Future Directions

Functionalization
Bio-compatible surfaces for stability.

Scalable Production
Cost-effective industrial fabrication.

Al Integration
Real-time diagnostics. Multi-biomarker
detection.

Wearable Devices
Flexible, energy-efficient monitoring.

Point-of-Care
Portable, rapid at or near patient
diagnostics.

Standardization
Unified protocols for approval.

Figure 10. Outlines key challenges and proposed solutions in Bio-FET development, including material-level improvements, scalable fabrication tech-
niques, Al-driven analytics for enhanced signal processing, and integration with wearable and implantable sensors for continuous health monitoring.
Each segment highlights potential advancements to improve device stability, reproducibility, and commercialization potential.

measurements.[?*] Since Bio-FETs operate by detecting changes
in surface charge, they are inherently sensitive to ionic and
molecular disturbances present in biological fluids pH shifts
can significantly alter the device’s response, leading to signal
drift and inaccurate measurements. Similarly, the nonspecific
adsorption of proteins and other biomolecules introduces un-
wanted noise, thereby reducing the specificity and selectivity of
the Bio-FET. These factors collectively pose substantial limita-
tions to the practical application of Bio-FETs in complex biolog-
ical environments. To mitigate these interference effects, sev-
eral strategies can be implemented. Incorporating ion-selective
membranes (ISM) helps filter out unwanted ionic noise, ensur-
ing stable sensor response.[?’] Additionally, dual-gate Bio-FET
configurations with a reference electrode can compensate for
pH-induced signal fluctuations, improving measurement accu-
racy. Surface passivation techniques, such as PEGylation and
zwitterionic polymer coatings, prevent nonspecific adsorption,
maintaining sensor selectivity in complex biofluids like serum
or saliva.[?8] This roadmap highlights the integration of advanced
material functionalization, scalable production techniques, Al in-
tegration, and wearable device compatibility, underscoring the
potential of Bio-FETs to modernize healthcare diagnostics. By
addressing these challenges and pursuing the future directions
outlined, researchers and industry stakeholders can collectively
work toward the successful commercialization and adoption of
Bio-FET technologies.

5. Summary and Conclusion

Bio-FETS, a special type of biosensors, that combines biology, ma-
terials science, and electronics offers efficient solutions to health-
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care challenges. Based on advanced materials together with novel
functionalization techniques, these devices have raised the bar
for sensitivity, specificity, and real-time detection standards. Ini-
tially probing cancer diagnosis and monitoring infectious dis-
eases, Bio-FETs propose applications in environmental safety,
agriculture, and many more dropped into the challenges facing
humanity. Added values in these devices include the interfacing
of IoT and flexible electronics, which expand their usefulness in
predictive diagnostics and remote healthcare applications. How-
ever, long-term stability and reproducibility, along with cutting
costs, remain some unsolved questions regarding their year-to-
come commercial viability. This review not only captures the re-
markable headway made in Bio-FET technology but also sets a
stage for interdisciplinary collaboration that may allow the noto-
rious border break in biosensing to follow, leading to a healthier
and sustainable future.

Acknowledgements

This project had received funding from the European Union’s Horizon
Europe Research and Innovation.programme under LUCIA Project (grant
agreement: 101096473) and VOLABIOS (grant agreement: 101156162).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

Biosensor, Diagnosis, Field Effect Transistor, Healthcare, Artificial Intelli-
gence

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED
HEALTHCARE
MATERIALS

Received: January 23, 2025
Revised: March 9, 2025
Published online: April 10, 2025

[
2]

B3]
4]

5]
6]
7]

8]
19

(10]
(1]

(2]
(13]
(14]
(13]
(6]

(17]
(18]

(19]

20]
(21]

(22]
(23]

(24]
(2]

(28]
(27]
(28]
(29]

(3]

(31]
(32]

(33]

Adv. Healthcare Mater. 2025, 14, 2500400

C. Ravariu, Biosensors 2022, 12, 19.

Y. Paska, T. Stelzner, O. Assad, U. Tisch, S. Christiansen, H. Haick,
ACS Nano 2012, 6, 335.

C. A. Vu, W. Y. Chen, Sensors 2019, 19, 4214.

L. Sarcina, E. Macchia, A. Tricase, C. Scandurra, A. Imbriano, F.
Torricelli, N. Cioffi, L. Torsi, P. Bollella, Electrochem. Sci. Adv. 2023,
3,2100216.

D. Sung, ). Koo, Biomed. Eng. Lett. 2021, 11, 85.

A. Panahi, E. Ghafar-Zadeh, Bioengineering 2023, 10, 793.

A. Bayn, X. Feng, K. Miillen, H. Haick, ACS Appl. Mater. Interfaces
2013, 5, 3431.

Y.Y. Broza, H. Haick, Nanomedicine 2013, 8, 785.

R. Ermanok, O. Assad, K. Zigelboim, B. Wang, H. Haick, ACS Appl.
Mater. Interfaces 2013, 5, 11172.

W. Wu, H. Haick, Adv. Mater. 2018, 30, 1705024.

Q. Zeng, X. Qi, G. Shi, M. Zhang, H. Haick, ACS Nano 2022, 16,
1708.

Z.-Q. Xu, Y. Y. Broza, R. lonsecu, U. Tisch, L. Ding, H. Liu, Q. Song,
Y.-Y. Pan, F.-X. Xiong, K.-S. Gu, G.-P. Sun, Z.-D. Chen, M. Leja, H.
Haick, Br. J. Cancer 2013, 108, 941.

F. Ghasemi, A. Salimi, Microchem. J. 2023, 187, 108432.

T.-P. Huynh, P. Sonar, H. Haick, Adv. Mater. 2017, 29, 1604973.

N. Shehada, G. Bronstrup, K. Funka, S. Christiansen, M. Leja, H.
Haick, Nano Lett. 2015, 15, 1288.

B. Wang, ). C. Cancilla, J. S. Torrecilla, H. Haick, Nano Lett. 2014, 14,
933.

R. Vishinkin, H. Haick, Small 2015, 11, 6142.

M. Srivastava, S. Banerjee, S. Bairagi, P. Singh, B. Kumar, P. Singh,
R. D. Kale, D. M. Mulvihill, S. W. Ali, Chem. Eng. J. 2024, 480, 147963.
M. Kukkar, G. C. Mohanta, S. K. Tuteja, P. Kumar, A. S. Bhadwal, P.
Samaddar, K.-H. Kim, A. Deep, Biosens. Bioelectron. 2018, 107, 244.
M. Segev-Bar, H. Haick, ACS Nano 2013, 7, 8366.

J. Wei, Z. Zhao, K. Lan, Z. Wang, G. Qin, R. Chen, Talanta 2022, 236,
122839.

S. Himori, S. Nishitani, T. Sakata, Electrochim. Acta 2021, 368,
137631.

G. Konvalina, H. Haick, Acc. Chem. Res. 2014, 47, 66.

A. Afzalian, D. Flandre, Sensors 2023, 23, 5405.

K. Kumar, A. Sharma, S. L. Tripathi, in Electronic Devices, Circuits, and
Systems for Biomedical Applications, (Eds: S. L. Tripathi, V. E. Balas, S.
K. Mohapatra, K. B. Prakash, ). Nayak), Academic Press, Cambridge,
MA, USA 2021, 177.

H. Yu, H. Zhang, Z. Liu, L. Feng, Y. Su, J. Li, W. Tang, F. Yan, Small
Sci. 2024, 4, 2300058.

S. Chen, R. Bashir, Nanotechnology 2023, 34, 492002.

B. Lou, Y. Liu, M. Shi, J. Chen, K. Li, Y. Tan, L. Chen, Y. Wu, T. Wang,
X. Liu, T. Jiang, D. Peng, Z. Liu, TrAC — Trends Anal. Chem. 2022, 157,
116738.

C.S. Lee, R. E. A. Gwyther, M. Freeley, D. Jones, M. Palma, Chem-
BioChem 2022, 23, 202200282.

Y. Li, Z. Peng, N. J. Holl, M. R. Hassan, . M. Pappas, C. Wei, O. H.
Izadi, Y. Wang, X. Dong, C. Wang, Y.-W. Huang, D. Kim, C. Wu, ACS
Omega 2021, 6, 6643.

W. Zhao, ). Hu, J. Liu, X. Li, S. Sun, X. Luan, Y. Zhao, S. Wei, M. Li,
Q. Zhang, C. Huang, Microsyst. Nanoeng. 2022, 8, 57.

V. Generalov, A. Cheremiskina, A. Glukhov, V. Grabezhova, M.
Kruchinina, A. Safatov, Sensors 2023, 23, 7490.

D. S. Su, P. Y. Chen, H. C. Chiu, C. C. Han, T. ). Yen, H. M. Chen,
Biosens. Bioelectron. 2019, 147, 111209.

2500400 (30 of 34)

(34]
(33]
36]
(37]
(38]
(39]
[40]
(41]
(42]
(43]
(44]
[45]

[46]

[47]
(48]
(49]
[50]
[51]
(52]
(53]
(54]
[55]

[56]
[57]

(58]

[59]
(60]

(61]

(62]

(63]
(64]

(65]
(66]

(67]

(68]

www.advhealthmat.de

W. Engelen, C. Sigl, K. Kadletz, E. M. Willner, H. Dietz, J. Am. Chem.
Soc. 2021, 143, 21630.

A. Vijayalakshmi, Y. Tarunashree, B. Baruwati, S. V. Manorama, B. L.
Narayana, R. E. C. Johnson, N. M. Rao, Biosens. Bioelectron. 2008,
23, 1708.

H. Yoon, S. Ko, |. Jang, J. Phys. Chem. B 2008, 112, 9992.

B. M. Lowe, K. Sun, I. Zeimpekis, C. K. Skylaris, N. G. Green, Analyst
2017, 142, 4173.

J. Xu, X. Luo, H. Chen, Anal. Chem. 2005, 420.

G. Elli, et al., Agricultural Monitoring, 2022pp. 1-38.

S. Veeralingam, S. Badhulika, Sensors Actuators B Chem 2020, 321,
128540.

L. Syedmoradi, A. Ahmadi, M. L. Norton, K. Omidfar, Microchim.
Acta 2019, 186, 739.

G. Alexandrou, N. Moser, K.-T. Mantikas, J. Rodriguez-Manzano,
S. Ali, R. C. Coombes, J. Shaw, P. Georgiou, C. Toumazou, M.
Kalofonou, IEEE Trans. Biomed. Circuits Syst. 2021, 15, 380.

G. Thriveni, K. Ghosh, Biosensors 2022, 12, 647.

S. Rollo, D. Rani, W. Olthuis, C. Pascual Garcia, Biophys. Rev. 2019,
11,757.

T.Ono, S. Okuda, S. Ushiba, Y. Kanai, K. Matsumoto, Materials 2024,
17,333.

V. Garika, S. Babbar, S. Samanta, S. Harilal, A. Eisenberg-Lerner,
Z. Rotfogel, E. Pikhay, |. Shehter, A. Elkayam, M. Y. Bashouti, B.
Akabayov, I. Ron, G. Hazan, Y. Roizin, G. Shalev, Biosens. Bioelec-
tron. 2024, 265, 116689.

J. Sengupta, C. M. Hussain, Biomolecules 2023, 13, 1024.

Z. Li, M. Xiao, C. Jin, Z. Zhang, Biosensors 2023, 13, 326.

S. Sreejith, J. Ajayan, ). M. Radhika, B. Sivasankari, S. Tayal, M.
Saravanan, Meas. J. Int. Meas. Confed. 2023, 206, 112202.

D. Principles, M. Ramesh, R. Janani, C. Deepa, L. Rajeshkumar,
Biosensors 2023, 13, 1.

X. Yao, Y. Zhang, W. Jin, Y. Hu, Y. Cui, Sensors 2021, 21, 995.

H. Haick, N. Tang, ACS Nano 2021, 15, 3557.

M. Bhaiyya, D. Panigrahi, P. Rewatkar, H. Haick, ACS Sens. 2024, 9,
4495,

X. Ma, R. Peng, W. Mao, Y. Lin, H. Yu, Electrochem. Sci. Adv. 2023, 3,
2100163.

M. Sun, C. Zhang, S. Lu, S. Mahmood, J. Wang, C. Sun, ). Pang, L.
Han, H. Liu, Adv. Funct. Mater. 2024, 34, 2405471.

Y. Zhou, et al., Adv. Electron. Mater. 2024, 2400712.

M. Sedki, Y. Shen, A. Mulchandani, Biosens. Bioelectron. 2021, 176,
112941.

S. Srivastava, S. Agrawal, Micro Nanostruct. 2024, 190, 207830.

M. Sedki, Y. Chen, A. Mulchandani, Sensors 2020, 20, 4811.

X. T. Vu, R. GhoshMoulick, ). F. Eschermann, R. Stockmann, A.
Offenhidusser, S. Ingebrandt, Sens. Actuators B Chem 2010, 144,
354,

M. De Marchi, D. Sacchetto, ). Zhang, S. Frache, P.-E. Gaillardon,
Y. Leblebici, G. De Micheli, IEEE Trans. Nanotechnol. 2014, 13,
1029.

Z.Bao, J. Sun, X. Zhao, Z. Li, S. Cui, Q. Meng, Y. Zhang, T. Wang, Y.
Jiang, Int. J. Nanomed. 2017, 12, 4623.

K.-I. Chen, B.-R. Li, Y.-T. Chen, Nano Today 2011, 6, 131.

I. Diez-Perez, Z. Li, J. Hihath, ). Li, C. Zhang, X. Yang, L. Zang, Y. Dai,
X. Feng, K. Muellen, N. Tao, Nat. Commun. 2010, 1, 31.

R. G. Hobbs, N. Petkov, . D. Holmes, Chem. Mater. 2012, 24, 1975.
M. F. Mohd Razip Wee, N. H. Al-Hardan, A. Masood, M. A. A.
Hamid, A. Jalar, N. M. Ahmed, in Field-effect Transistor Biosensors
for Rapid Pathogen Detection, 24, (N. H. M. Al-Hardan, A. Jalar, M.
A. Abdul Hamid, M. F. Raih), Royal Society of Chemistry, London
2024.

Y.-C. Syu, W.-E. Hsu, C.-T. Lin, ECS J. Solid State Sci. Technol. 2018,
7, Q3196.

Y. Bai, T. Xu, X. Zhang, Micromachines 2020, 11, 60.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(69]

(7]
(71

[72]
(73]
(74]
[75]

[76]

[77)
(78]
[79]

(8]

(81]
(82]
(83]
(84]
(85]
(86]
(87]
(88]
(89]

(9]
(51

[52]
[93]
[94]
[95]

[96]
[97]

(98]
[99]

[100]
[101]
[102]

[103]

Adv. Healthcare Mater. 2025, 14, 2500400

ADVANCED
HEALTHCARE
MATERIALS

K. Ondraskova, R. Sebuyoya, L. Moranova, |. Holcakova, P. Vonka,
R. Hrstka, M. Bartosik, Anal. Bioanal. Chem. 2023, 415, 1065.

C. Tan, X. Yan, X. Lu, ). Wang, X. Yi, Analyst 2024, 149, 4940.

T. Manimekala, R. Sivasubramanian, G. Dharmalingam, J. Electron.
Mater. 2022, 57, 1950.

S. Fruncillo, X. Su, H. Liu, L. S. Wong, ACS Sens. 2021, 6, 2002.

G. Liu, X. Zhang, X. Chen, Y. He, L. Cheng, M. Huo, . Yin, F. Hao,
S. Chen, P. Wang, S. Yi, L. Wan, Z. Mao, Z. Chen, X. Wang, Z. Cao,
J. Lu, Mater. Sci. Eng. R Reports 2021, 145, 100596.

B. Veigas, E. Fortunato, P. V. Baptista, Sensors 2015, 15, 10380.
C.C. Huang, Y. H. Kuo, Y. S. Chen, P. C. Huang, G. B. Lee, Microfluid.
Nanofluidics 2021, 25, 33.

Y. Zhang, D. Feng, Y. Xu, Z. Yin, W. Dou, U. E. Habiba, C. Pan, Z.
Zhang, H. Mou, H. Deng, X. Mi, N. Dai, Appl. Surf. Sci. 2021, 548,
149169.

L. Chen, G. Li, A. Yang, ). Wu, F. Yan, H. Ju, Sens. Actuators B Chem
2022, 357, 130964.

V.Kilinc, R. Hayakawa, Y. Yamauchi, Y. Wakayama, . P. Hill, Adv. Sens.
Res. 2024, 3, 202300176.

H. Y. Park, S. Dugasani, D. H. Kang, et al., Sci. Rep. 2016, 6,
35733.

M. Tian, M. Qiao, C. Shen, F. Meng, L. A. Frank, V. V. Krasitskaya, T.
Wang, X. Zhang, R. Song, Y. Li, . Liu, S. Xu, J. Wang, Appl. Surf. Sci.
2020, 527, 146839.

H. Liu, J. Chen, J. Hu, J. Song, P. Lin, Bioelectrochemistry 2024, 160,
108794.

G. Sun, X. Wei, D. Zhang, L. Huang, H. Liu, H. Fang, Biosensors 2023,
13, bios13090886.

S.-K. Cho, W.-J. Cho, Sensors 2021, 21, 4748.

X. You, J. J. Pak, Sensors Actuators, B Chem 2014, 202, 1357.

Z. Wang, H. Yu, Z. Zhao, Microchem. J. 2021, 169, 106585.

M. S. Chae, Y. K. Yoo, J. Kim, T. G. Kim, K. S. Hwang, Sens. Actuators,
B Chem 2018, 272, 448.

E. Piccinini, C. Bliem, C. Reiner-Rozman, F. Battaglini, O. Azzaroni,
W. Knoll, Biosens. Bioelectron. 2017, 92, 661.

A. Schuck, H. E. Kim, J. K. Moreira, P. S. Lora, Y. S. Kim, Sensors 2021,
21, 1852.

P. K. Sharma, H. R. Thakur, . C. Dutta, J. Comput. Electron. 2017, 16,
584.

J. H. Ahn, J. Sens. Sci. Technol. 2021, 30, 1.

S. O. Abdellatif, H. Mosalam, S. A. Hussien, IEEE Trans. Nanotech-
nol. 2024, 23, 415.

C. Liao, C. Mak, M. Zhang, H. L. W. Chan, F. Yan, Adv. Mater. 2015,
27, 676.

T. Berninger, C. Bliem, E. Piccinini, O. Azzaroni, W. Knoll, Biosens.
Bioelectron. 2018, 115, 104.

T. Minami, Y. Sasaki, T. Minamiki, S.-. Wakida, R. Kurita, O. Niwa,
S. Tokito, Biosens. Bioelectron. 2016, 81, 87.

H.-J. Jang, J. Ahn, M.-G. Kim, Y.-B. Shin, M. Jeun, W.-]. Cho, K. H.
Lee, Biosens. Bioelectron. 2015, 64, 318.

K. Ohshiro, Y. Sasaki, T. Minami, Talanta Open 2023, 7, 100190.

Y. H. Lin, C. P. Chu, C. F. Lin, H. H. Liao, H. H. Tsai, Y. Z. Juang,
Biomed. Microdevices 2015, 17, 111.

A. C. M. de Moraes, L. T. Kubota, Chemosensors 2016, 4, 20.

S. Samanta, V. S. Tiwari, S. Sadhujan, S. Harilal, A. Eisenberg-
Lerner, Z. Rotfogel, E. Pikhay, R. Shima-Edelstein, D. Greental, M.
Y. Bashouti, B. Akabayov, I. Ron, Y. Roizin, O. Erez, G. Shalev,
Nanoscale 2024, 16, 6648.

Z. Gao, et al., 2D Mater. 2020, 7, 24001.

S. M. Majd, A. Salimi, Anal. Chim. Acta 2018, 1000, 273.

S. Islam, S. Shukla, V. K. Bajpai, Y.-K. Han, Y. S. Huh, A. Ghosh, S.
Gandhi, Sci. Rep. 2019, 9, 276.

J. Wang, W. Shao, Z. Liu, G. Kesavan, Z. Zeng, M. R. Shurin, A. Star,
ACS Sens. 2024, 9, 1957.

2500400 (31 of 34)

[104]

[105]

[106]
[107]

[108]
[109]

[110]
[1171]
[112]

[113]
[114]

[115]
[116]

[117]
[118]

[119]
[120]

[121]
[122]
[123]
[124]
[125]

[126]

[127]

[128]

[129]

[130]

[131]
[132]

[133]
[134]
[135]
[136]

[137]
[138]

www.advhealthmat.de

S. Sharma, D. Kar, A. Moudgil, S. Das, P. Mishra, Sens. Actuators B
Chem 2024, 407, 135486.

A. Roberts, N. Chauhan, S. Islam, S. Mahari, B. Ghawri, R. K.
Gandham, S. S. Majumdar, A. Ghosh, S. Gandhi, Sci. Rep. 2020,
10, 14546.

H. Yang, T. Sakata, Field-E ff ect Transistor Sensor in Microfluidic
System, 2019.

A. Maity, X. Sui, B. Jin, H. Pu, K. J. Bottum, X. Huang, J. Chang, G.
Zhou, G. Lu, ). Chen, Anal. Chem. 2018, 90, 14230.

K. Islam, A. Suhail, G. Pan, Biosensors 2017, 7, 27.

S. Ma, X. Li, Y. K. Lee, A. Zhang, Biosens. Bioelectron. 2018, 117,
276.

C. Hu, M. A. Al-Rawhani, B. C. Cheah, S. Velugotla, D. R. S.
Cumming, IEEE Sens. J. 2018, 18, 484.

A. Ganguli, Y. Watanabe, M. T. Hwang, |. C. Huang, R. Bashir,
Biomed. Microdevices 2018, 20, 45.

S. Ma, Y. K. Lee, A. Zhang, X. Li, Sens. Actuators, B Chem 2018, 264,
344,

Y. Xu, P. Zhou, T. Simon, T. Cui, Microsyst. Nanoeng. 2024, 10, 137.
C. M. Lim, J. Y. Kwon, W. ). Cho, ACS Appl. Mater. Interfaces 2017, 9,
14051.

V. Abhinav, T. R. Naik, IEEE Access 2024, 12, 121837.

O. Benslimane, R. Rabie, O. Saidi, S. E. Itqiq, |. Bouzida, B. Lakssir,
S. EL Hajjaji, Meas. Sensors 2023, 29, 100879.

N. Moser, J. Rodriguez-Manzano, T. S. Lande, P. Georgiou, [EEE
Trans. Biomed. Circuits Syst. 2018, 12, 390.

K. Puchnin, M. Andrianova, A. Kuznetsov, V. Kovalev, Biosens. Bio-
electron. 2017, 98, 140.

A. Farhangfar, IEEE Sens. J. 2018, 18, 925.

M. H. Jakob, B. Dong, S. Gutsch, C. Chatelle, A. Krishnaraja, W.
Weber, M. Zacharias, Nanotechnology 2017, 28, 245503.
D.S.Juang, C.-H. Lin, Y.-R. Huo, C.-Y. Tang, C.-R. Cheng, H.-S. Wu,
S.-F. Huang, A. Kalnitsky, C.-C. Lin, Biosens. Bioelectron. 2018, 117,
175.

N. F. Starodub, J. O. Ogorodnijchuk, Electroanalysis 2012, 24, 600.
Y. Pathak, et al., Mater. Sci. Eng. B 2023, 299, 2024.

A. Kuznetsov, A. Sheshil, E. Smolin, V. Grudtsov, D. Ryazantsev, M.
Shustinskiy, T. Tikhonova, I. Kitiashvili, V. Vechorko, N. Komarova,
Sensors 2024, 24, 3681.

S. M. binti Fakhruddin, K. Y. Inoue, M. Esashi, H. Shiku, Sensors
Mater. 2023, 35, 4797.

N. H. Al-Hardan, M. A. A. Hamid, M. Firdaus-Raih, A. Jalar, A. Z.
Kamaruddin, L. K. Keng, E. M. AL-Khalgi, N. M. Ahmed, J. Mater.
Sci. Mater. Electron. 2024, 35, 321.

M. T. Hwang, |. Park, M. Heiranian, A. Tagieddin, S. You, V.
Faramarzi, A. A. Pak, A. M. van der Zande, N. R. Aluru, R. Bashir,
Adv. Mater. Technol. 2021, 6, 2100712.

|. Sarangadharan, A. Regmi, Y.-W. Chen, C.-P. Hsu, P.-C. Chen, W.-
H. Chang, G.-Y. Lee, ).-I. Chyi, S.-C. Shiesh, G.-B. Lee, Y.-L. Wang,
Biosens. Bioelectron. 2018, 100, 282.

A. Sinha, et al., Biosens. Bioelectron. 2019, 129, 155.

D. Rani, V. Pachauri, N. Madaboosi, P. Jolly, X.-T. Vu, P. Estrela, V.
Chu, J. P. Conde, S. Ingebrandt, ACS Omega 2018, 3, 8471.

Z. Gao, et al., Anal. Chem. 2022, 94, 8605.

R. S. Selvarajan, R. A. Rahim, B. Y. Majlis, S. C. B. Gopinath, A. A.
Hamzah, Sensors 2020, 20, 2642.

H. Chen, et al., ACS Sens. 2022, 7, 2075.

S. G. Surya, et al., J. Mater. Chem. B 2019, 8, 18.

H. Wang, |. Xie, M. Xiao, Y. Ke, J. Li, Z. Nie, Q. Chen, Z. Zhang, ACS
Nano 2024, 18, 34931.

C.A.Vu, P.H. Pan, Y.S. Yang, H. W. H. Chan, Y. Kumada, W. Y. Chen,
Sensors 2021, 21, 650.

T. Goda, Y. Miyahara, Biosens. Bioelectron. 2013, 45, 89.

R. Massey, S. Bebe, R. Prakash, IEEE Sens. Lett. 2020, 4, 4.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[139]
[140]

[141]

[142]
[143]

[144]

[145]

[146]

[147]
[148]
[149]
[150]
[151]

[152]

[153]
[154]
[155]
[156]
[157]
[158]
[159]
[160]

[167]
[162]

[163]
[164]
[165]

[166]

[167]

[168]

[169]

Adv. Healthcare Mater. 2025, 14, 2500400

ADVANCED
HEALTHCARE
MATERIALS

S. J. Park, et al., Biosens. Bioelectron. 2021, 174, 112804.

M. Hatada, S. Pavlidis, K. Sode, Biosens. Bioelectron. 2024, 251,
116118.

R. Wang, Y. Cao, H. Qu, Y. Wang, L. Zheng, Talanta 2022, 237,
122965.

D. Liu, et al., Sens. Actuators B Chem 2024, 413, 135883.

C.A.Vu, W. W. Yang, H. W. H. Chan, W. Y. Chen, Microchem. J. 2024,
207, 112245.

G. Wu, Z. Dai, X. Tang, Z. Lin, P. K. Lo, M. Meyyappan, K. W. C. Lai,
Adv. Healthcare Mater. 2017, 6, 1700736.

Z.Hao, Y. Zhu, X. Wang, P. G. Rotti, C. DiMarco, S. R. Tyler, X. Zhao,
J. F. Engelhardt, ). Hone, Q. Lin, ACS Appl. Mater. Interfaces 2017, 9,
27504.

S. Farid, X. Meshik, M. Choi, S. Mukherjee, Y. Lan, D. Parikh, S.
Poduri, U. Baterdene, C.-E. Huang, Y. Y. Wang, P. Burke, M. Dutta,
M. A. Stroscio, Biosens. Bioelectron. 2015, 71, 294.

N. Nekrasov, D. Kireev, A. Emelianov, I. Bobrinetskiy, Toxins 2019,
11, 550.

S. Ghosh, N. I. Khan, . G. Tsavalas, E. Song, Front. Bioeng. Biotech-
nol. 2018, 6.

Q. Peng, Q. Zeng, F. Wang, X. Wu, R. Zhang, G. Shi, M. Zhang, ACS
Nano 2023, 17, 21984.

X. Chen, Y. Liang, N. Tang, C. Li, Y. Zhang, F. Xu, G. Shi, M. Zhang,
Biosens. Bioelectron. 2024, 249, 116016.

Z. Wang, Z. Hao, S. Yu, C. Huang, Y. Pan, X. Zhao, Nanomaterials
2020, 70, 1503.

Z. Gao, H. Xia, ). Zauberman, M. Tomaiuolo, J. Ping, Q. Zhang, P.
Ducos, H. Ye, S. Wang, X. Yang, F. Lubna, Z. Luo, L. Ren, A. T. C.
Johnson, Nano Lett. 2018, 18, 3509.

D.-J. Kim, H.-C. Park, I. Y. Sohn, J.-H. Jung, O. J. Yoon, .-S. Park,
M.-Y. Yoon, N.-E. Lee, Small 2013, 9, 3352.

Z.Hao, Y. Pan, C. Huang, Z. Wang, Q. Lin, X. Zhao, S. Liu, ACS Sens.
2020, 5, 2503.

Y. B. Yang, X. D. Yang, X. M. Zou, S. T. Wu, D. Wan, A. Y. Cao, L. Liao,
Q. Yuan, X. F. Duan, Adv. Funct. Mater. 2017, 27, 1604096.

N. I. Khan, M. Mousazadehkasin, S. Ghosh, . G. Tsavalas, E. Song,
Analyst 2020, 145, 4494.

N. I. Khan, E. Song, Sensors 2021, 21, 1335.

N. Kumar, M. Gray, ). C. Ortiz-Marquez, A. Weber, C. R. Desmond,
A. Argun, T. van Opijnen, K. S. Burch, Med. Devices Sensors 2020, 3,
10121.

Z. Hao, Y. Pan, W. Shao, Q. Lin, X. Zhao, Biosens. Bioelectron. 2019,
134, 16.

X. Dong, Y. Shi, W. Huang, P. Chen, L. J. Li, Adv. Mater. 2010, 22,
1649.

Z.Wang, Y. Jia, Carbon N. Y. 2018, 130, 758.

C.-T. Lin, P. T. K. Loan, T.-Y. Chen, K.-K. Liu, C.-H. Chen, K.-H. Wei,
L.-J. Li, Adv. Funct. Mater. 2013, 23, 2301.

S. Xu, J. Zhan, B. Man, et al., Nat. Commun. 2017, 8, 14902.

S. Xu, et al., Appl. Surf. Sci. 2018, 427, 1114.

J. Ping, R. Vishnubhotla, A. Vrudhula, A. T. C. Johnson, ACS Nano
2016, 10, 8700.

Z. Gao, H. Kang, C. H. Naylor, F. Streller, P. Ducos, M. D. Serrano,
J. Ping, J. Zauberman, Rajesh, R. W. Carpick, Y.-]. Wang, Y. W. Park,
Z. Luo, L. Ren, A. T. C. Johnson, ACS Appl. Mater. Interfaces 2016, 8,
27546.

M. T. Hwang, M. Heiranian, Y. Kim, S. You, J. Leem, A. Tagieddin, V.
Faramarzi, Y. Jing, I. Park, A. M. van der Zande, S. Nam, N. R. Aluru,
R. Bashir, Nat. Commun. 2020, 11, 1543.

Y. Zheng, N. Tang, R. Omar, Z. Hu, T. Duong, J. Wang, W. Wu, H.
Haick, Adv. Funct. Mater. 2021, 31, 2105482.

M. A. Zamzami, G. Rabbani, A. Ahmad, A. A. Basalah, W. H. Al-
Sabban, S. Nate Ahn, H. Choudhry, Bioelectrochemistry 2022, 143,
107982.

2500400 (32 of 34)

[170]

171

[172]
[173]
[174]
[175]
[176]

[177]

[178]

[179]
[180]
[181]
[182]
[183]
[184]

[185]
[186]

[187]
[188]
[189]

[190]
[191]

[192]
[193]

[194]

[195]
[196]
[197]
[198]
[199]

[200]
[201]

www.advhealthmat.de

G. Rabbani, M. E. Khan, E. Ahmad, M. V. Khan, A. Ahmad, A. U.
Khan, W. Ali, M. A. Zamzami, A. H. Bashiri, W. Zakri, Bioelectrochem-
istry 2023, 153, 108493.

A. Firoozbakhtian, A. H. Rezayan, H. Hajghassem, F. Rahimi, M.
F. Ghazani, M. Kalantar, A. Mohamadsharifi, ACS Omega 2022, 7,
7341.

E. Mozayan, H. A. Rafiee-Pour, F. Ghasemi, Arch. Biochem. Biophys.
2023, 744, 109695.

T. Li, L. Tang, K. Li, B. Liu, M.-M. Xiao, N. Liu, W. Ni, Y. Li, Z. Zhang,
G.-). Zhang, Anal. Chim. Acta 2023, 1273, 341511.

S. Ma, et al., Biosens. Bioelectron. 2022, 197, 113785.

F. Khosravi, S. M. Loeian, B. Panchapakesan, Biosensors 2017, 7, 17.
M. A. Barik, M. K. Sarma, C. R. Sarkar, J. C. Dutta, Appl. Biochem.
Biotechnol. 2014, 174, 1104.

L. Bian, D. C. Sorescu, L. Chen, D. L. White, S. C. Burkert, Y. Khalifa,
Z. Zhang, E. Sejdic, A. Star, ACS Appl. Mater. Interfaces 2019, 17,
1219.

Y. Zheng, R. Omar, R. Zhang, N. Tang, M. Khatib, Q. Xu, Y. Milyutin,
W. Saliba, Y. Y. Broza, W. Wu, M. Yuan, H. Haick, Adv. Mater. 2022,
34,2108607.

S. W. Lee, K. S. Cheon, H. Lee, K. Hwang, E. H. Lee, Carbon Lett.
2023, 33, 1197.

H. Chen, J. Huang, D. W. H. Fam, A. I. Y. Tok, Bioengineering 2016,
3, 23.

Y. Liang, M. Xiao, D. Wu, Y. Lin, L. Liu, |. He, G. Zhang, L.-M. Peng,
Z. Zhang, ACS Nano 2020, 74, 8866.

N. T. Tung, P. T. Tue, T. Thi Ngoc Lien, Y. Ohno, K. Maehashi, K.
Matsumoto, K. Nishigaki, M. Biyani, Y. Takamura, Sci. Rep. 2017, 7,
17881.

P. Aspermair, et al., Anal. Bioanal. Chem. 2020, 413, 779.

B. Cai, L. Huang, H. Zhang, Z. Sun, Z. Zhang, G. |. Zhang, Biosens.
Bioelectron. 2015, 74, 329.

I. Novodchuk, et al., Biosens. Bioelectron. 2021, 180, 113114.

Y. Yu, Y.-T. Li, D. Jin, F. Yang, D. Wu, M.-M. Xiao, H. Zhang, Z.-Y.
Zhang, G.-J. Zhang, Anal. Chem. 2019, 917, 10679.

D. J. Kim, I. Y. Sohn, J. H. Jung, O. ). Yoon, N. E. Lee, J. S. Park,
Biosens. Bioelectron. 2013, 41, 621.

B. Cai, S. Wang, L. Huang, Y. Ning, Z. Zhang, G. |. Zhang, ACS Nano
2014, 8, 2632.

D.Wu, Y. Yu, D. Jin, M. M. Xiao, Z.Y. Zhang, G. ). Zhang, Anal. Chem.
2020, 92, 4006.

B. Thakur, et al., Biosens. Bioelectron. 2018, 110, 16.

J. W. Park, C. Lee, ). Jang, Senso. Actuators, B Chem 2015, 208,
532.

J. Lao, Y. Chen, Z.-C. Li, Q. Li, ). Zhang, J. Liu, G. Zhai, Sci. Rep. 2017,
7, 10353.

X. Chen, S. Hao, B. Zong, C. Liu, S. Mao, Biosens. Bioelectron. 2019,
145, 111711,

H. Park, S. Baek, B. Jeong, A. Sen, S. Kim, Y. C. Park, S. Kim, Y. ). Kim,
Nanomesh-patterning on multilayer MoS2 eld- effect transistors for
ultra-sensitive detection of cortisol 2020, pp. 1-16.

D.-W. Lee, ). Lee, I. Y. Sohn, B.-Y. Kim, Y. M. Son, H. Bark, . Jung, M.
Choi, T. H. Kim, C. Lee, N.-E. Lee, Nano Res. 2015, 8, 2340.

J. Liu, X. Chen, Q. Wang, M. Xiao, D. Zhong, W. Sun, G. Zhang, Z.
Zhang, Nano Lett. 2019, 19, 1437.

J. Mei, Y.-T. Li, H. Zhang, M.-M. Xiao, Y. Ning, Z.-Y. Zhang, G.-J.
Zhang, Biosens. Bioelectron. 2018, 110, 71.

N. R. Dalila, M. K. M. Arshad, S. C. B. Gopinath, M. N. M. Nuzaihan,
M. F. M. Fathil, Microchim. Acta 2020, 187, 588.

H. Nam, B.-R. Oh, M. Chen, S. Wi, D. Li, K. Kurabayashi, X. Liang, J.
Vac. Sci. Technol. B, Nanotechnol. Microelectron. Mater. Process. Meas.
Phenom. 2015, 33, 06FGO1.

B. Ryu, et al., ACS Sens. 2017, 2, 274.

M. Chen, et al., ACS Nano 2015, 9, 8773.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[202]
[203]

[204]

[205]
[206]

[207]

[208]
[209]
[210]
[217]
[212]
[213]
[214]

[215]
[276]
[217]
[218]
[279]

[220]

[221]
[222]

Adv. Healthcare Mater. 2025, 14, 2500400

ADVANCED
HEALTHCARE
MATERIALS

J. Shan, J. Li, X. Chu, M. Xu, F. Jin, X. Wang, L. Ma, X. Fang, Z. Wei,
X. Wang, RSC Adv. 2018, 8, 7942.

Y. Yang, B. Zeng, Y. Li, H. Liang, Y. Yang, Q. Yuan, Sci. China Chem.
2020, 63, 997.

S. Guo, K. Wu, C. Li, H. Wang, Z. Sun, D. Xi, S. Zhang, W. Ding, M.
E. Zaghloul, C. Wang, F. A. Castro, D. Yang, Y. Zhao, Matter 2021, 4,
969.

J. Sengupta, C. M. Hussain, Carbon Trends 2021, 2, 100011.

Y. Xiao, C. Wu, L. Zhou, P. Commins, L. Li, P. Naumov, Q. Yin, Coord.
Chem. Rev. 2024, 517, 216035.

E. Piccinini, G. E. Fenoy, A. L. Cantillo, J. A. Allegretto, |. Scotto, ).
M. Piccinini, W. A. Marmisoll¢, O. Azzaroni, Adv. Mater. Interfaces
2022, 9, 2102526.

A. C. Ferrari, et al., Nanoscale 2015, 7, 4598.

M. H. Mobarak, et al., Appl. Surf. Sci. Adv. 2023, 18, 100523.

S. Lu, A. Jayaraman, Prog. Polym. Sci. 2024, 153, 101828.

Y. Yang, Y. Li, L. Tang, J. Li, Precis. Chem. 2024, 2, 518.

S. Hideshima, et al., Microelectron. Eng. 2022, 264, 111859.

Q. Chen, et al., Carbon N. Y. 2018, 133, 410.

W. Liu, S. He, H. Liu, Z. Shou, K. Huo, H. Xiang, A. Feng, W. Lu, N.
Li, J. Nanobiotechnol. 2024, 22, 746.

S. Zhang, et al., Chem. Eng. J. 2024, 483, 148980.

D. Meroni, et al., J. Phys. Chem. C 2017, 121, 430.

O. Speck, T. Speck, Biomimetics 2019, 4, 26.

Y. Peng, H. Liu, H. Peng, J. Zhang, Matter 2023, 6, 226.

G. Elli, S. Hamed, M. Petrelli, P. Ibba, M. Ciocca, P. Lugli, L. Petti,
Sensors 2022, 22, 4178.

T.-S. D. Le, H.-P. Phan, S. Kwon, S. Park, Y. Jung, J. Min, B. ). Chun,
H. Yoon, S. H. Ko, S.-W. Kim, Y.-J. Kim, Adv. Funct. Mater. 2022, 32,
2205158.

S. Majumder, M. M. H. Sagor, M. T. Arafat, Mater. Adv. 2022, 3, 6753.
S. Papamatthaiou, P. Estrela, D. Moschou, Sci. Rep. 2021, 11, 9815.

[223]

[224]

[225]

[226]
[227]
[228]
[229]
[230]
[231]
[232]
[233]
[234]

[235]

[236]
[237]

[238]

www.advhealthmat.de

S. C. Teixeira, N. O. Gomes, T. V. de Oliveira, P. Fortes-Da-Silva, N. de
Fatima Ferreira Soares, P. A. Raymundo-Pereira, Biosens. Bioelectron.
X 2023, 74, 100371.

G. Moro, F. Bottari, J. Van Loon, E. D. Bois, K. De Wael, L. M.
Moretto, Biosens. Bioelectron. 2019, 146, 111758.

F. A. Ansari, H. Assad, Waste-Derived Nanoparticles, (Eds: ). Aslam,
R. Aslam, C. M. Hussain), Elsevier, Amsterdam, The Netherlands
2024, pp. 157-184.

M. Tsakalova, C. Onorato, A. Z. Karathanasis, |. Deligkiozi, Sustain.
Chem. Environ. 2024, 6, 100099.

M. Jarre, A. Petit-Boix, C. Priefer, R. Meyer, S. Leipold, For. Policy
Econ 2020, 110, 101872.

D. Parviz, F. Irin, S. A. Shah, S. Das, C. B. Sweeney, M. |. Green, Adv.
Mater. 2016, 28, 8796.

B. ). Akeredolu, I. Ahemen, A. N. Amah, A. D. Onojah, ). Shakya, H.
N. Gayathri, A. Ghosh, Heliyon 2024, 10, 24964.

L. Ali, F. Subhan, M. Ayaz, S. S. U. Hassan, C. C. Byeon, J. S. Kim, S.
Bungau, Nanomaterials 2022, 12, 3465.

X. Zhang, Z. Pu, X. Su, C. Li, H. Zheng, D. Li, Anal. Bioanal. Chem.
2023, 415, 1607.

A. Hussain, N. Abbas, A. Ali, Chemosensors 2022, 10, 103.

J. Li, F. Rossignol, J. Macdonald, Lab Chip 2015, 15, 2538.

P. Chavalekvirat, W. Hirunpinyopas, K. Deshsorn, K. Jitapunkul, P.
lamprasertkun, Precis. Chem. 2024, 2, 300.

D. P. Tran, T. T. T. Pham, B. Wolfrum, A. Offenhiusser, B. Thierry,
Materials 2018, 11, 785.

M. Kaisti, Biosens. Bioelectron. 2017, 98, 437.

T.T. H. Nguyen, C. M. Nguyen, M. A. Huynh, H. H. Vu, T. K. Nguyen,
N. T. Nguyen, J. Nanobiotechnol. 2023, 21, 411.

C.-H. Chu, I. Sarangadharan, A. Regmi, Y.-W. Chen, C.-P. Hsu, W.-H.
Chang, G.-Y. Lee, ).-I. Chyi, C.-C. Chen, S.-C. Shiesh, G.-B. Lee, Y.-L.
Wang, Sci. Rep. 2017, 7, 5256.

Minal Pandey is an Electronics Engineer with an M.Tech in VLS| Design and is currently pursuing a

2500400 (33 of 34)

Ph.D. in Biomedical Engineering in the Electronics Engineering department at Ramdeobaba Univer-
sity, Nagpur (MH), India. Her expertise lies in circuit design, signal processing, and medical technolo-
gies, with a focus on biomedical applications. Her research aims to bridge electronics and healthcare,
developing innovative solutions for medical diagnostics and treatment, combining advanced micro-
electronics with healthcare technologies.

Manish Bhaiyya is a dedicated researcher specializing in MEMS and microfluidics, with a strong focus
on the fabrication of point-of-care testing devices, biosensors, and machine learning applications. As
an Assistant Professor at RBU University, he actively engages in multidisciplinary projects, pushing
the boundaries of innovation in healthcare and diagnostics. His work integrates advanced fabrication
techniques with smart sensing technologies, aiming to develop efficient and accessible diagnostic
solutions. With expertise spanning multiple domains, His research contributes significantly to the
advancement of biosensor technology and real-time health monitoring, bridging the gap between
engineering and biomedical sciences.

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

ADVANCED ADVANCED
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.advhealthmat.de

Prakash Rewatkar is a passionate researcher specializing in MEMS, microfluidics, and nanoelectron-
ics, holding a Ph.D. from BITS Pilani, Hyderabad. He has significantly contributed to interdisciplinary
research, successfully integrating biofuel cells, biosensors, and portable healthcare devices. With ex-
pertise in advanced microfabrication techniques and Micro/Nano characterization, he has played a
pivotal role in cutting-edge innovations. As a Post-Doctoral Fellow at Technion Israel Institute of Tech-
nology, Haifa, he has designed and developed Hydrogen-Bromine and Membraneless Zinc-Bromine
Flow Batteries, utilizing bromine complexing agents to enhance efficiency and scalability. His work
bridges engineering, healthcare, and sustainable energy technologies.

Jitendra B. Zalke is an Assistant Professor in the Electronics Engineering department at Ramdeobaba
University, Nagpur (MH), India, specializing in embedded system design, biosensor fabrication, and
material characterization. He actively participates in multidisciplinary projects, focusing on green-
synthesized, nanomaterial-based biosensors and point-of-care diagnostic devices. By integrating
advanced fabrication techniques with smart sensing technologies, his work aims to develop efficient
and sustainable solutions forimproved healthcare diagnostics.

Nitin Narkhede is a Professor in the Electronics Engineering Department at Ramdeobaba University,
Nagpur (MH), India. He has guided over 30 Master’s students and currently supervises four doctoral
candidates. With 30+ publications in reputed indexed journals and international conferences, his
research focuses on material synthesis and characterization, biosensors, and the fabrication of flexible
wearable sensors.

Hossam Haick, a professor at the Technion, is an expert in the field of nanotechnology and smart sen-
sors. Heis the founder and leader of several European consortiums for the development of advanced
generations of nanosensors for the fourth industrial revolution and disease diagnosis. His areas of
research expertise encompass nanomaterial-based chemical sensors that are flexible, electronic skin,
nanoarray devices that can screen, diagnose, and monitor diseases, breath analysis, volatile biomark-
ers, and molecular electronic devices.

o
LV N

Adv. Healthcare Mater. 2025, 14, 2500400 2500400 (34 of 34) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advhealthmat.de

	Advanced Materials for Biological Field-Effect Transistors (Bio-FETs) in Precision Healthcare and Biosensing
	1. Introduction
	2. Fundamentals of Bio-FET Technology
	2.1. Basic Principles of FETs
	2.2. Bio-FET Concept, Principle, and Significance
	2.2.1. Structural Composition and Fabrication of Bio-FETs
	2.2.2. Fabrication and Implementation of Bio-FETs
	2.2.3. Operational Regions of FETs and Their Role in Biosensing

	2.3. Types of Bio-FETs
	2.3.1. Deoxyribonucleic Acid Field-Effect Transistors (DNA-FETs)
	2.3.2. Enzyme-FETs (ENFETs)
	2.3.3. Immuno-FETs
	2.3.4. Ion-Sensitive FETs (ISFETs)
	2.3.5. Aptamer-Based FETs


	3. Most Reported Materials in Bio-FETs
	3.1. Laser-Induced Graphene-Based FET
	3.2. Carbon Nanotube FETs
	3.3. Reduced Graphene based FETs
	3.4. Molybdenum Disulfide (MoS2)-Based FETs

	4. Challenges, Recent Advances, and Future Directions in Bio-FET Development
	4.1. Material Reproducibility and Consistency in Fabrication
	4.2. Operational Durability and Long-Term Stability
	4.3. Sustainability and Environmental Impact of Bio-FET Materials
	4.3.1. Recyclability of Bio-FET Materials
	4.3.2. Minimizing Electronic Waste in Bio-FET Fabrication
	4.3.3. Sustainability in Next-Generation Bio-FET Applications

	4.4. Scalability in Fabrication
	4.5. Minimizing Interference Effects from Complex Biological Samples

	5. Summary and Conclusion
	Acknowledgements
	Conflict of Interest
	Keywords


