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1 | INTRODUCTION
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Abstract

Field-effect transistors have strong applications in biosensing field from pH and
glucose monitoring to genomics, proteomics, cell signaling assays, and biomed-
ical diagnostics in general. Notable advantages are the high sensitivity (thanks
to intrinsic amplification), quick response (useful for real-time monitoring),
suitability for miniaturization, and compact portable read-out systems. The ini-
tial concept of ion-sensitive field-effect transistors evolved with the emergence
of novel classes of materials beyond traditional semiconductors. Recently, 2D
nanomaterials are redesigning the field providing superior performances with
large surface-to-volume ratio, high carrier mobility, more effective local gating,
high transconductance, and operation at low voltages. Here, after a brief con-
ceptual introduction, we review progresses and perspectives of 2D materials
field-effect-transistor biosensors with special focus on opportunities, most recent

applications, present challenges, and future perspectives.
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on the target application (gene/DNA-modified FET [Gen-
FET], immunologically modified FET [ImmunoFET],

The application of field-effect transistors (FETs) for
the implementation of biosensors can be traced back
to the seventies when ion-sensitive solid state devices
were proposed by Bergveld.!'l pH sensing was among
the first applications.[?] In 1980, Janata group reported
FET-biosensors for detecting penicillin using an enzyme-
modified gate.[3] Successively, the basic concept of
ion-sensitive field-effect transistor (ISFET) and chemi-
cal/biological FET was tuned in various forms depending

and enzyme-modified FET [EnFET])!*! or the employed
materials.[?°]

Notable advantages are the high sensitivity (thanks
to intrinsic amplification), quick response (useful for
real-time monitoring), suitability for miniaturization, and
compact portable read-out systems.[>®] Furthermore, no
preprocessing of the target analyte is typically neces-
sary. Today, the principal application of ISFET concerns
the evaluation of ion concentration changes in solutions
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FIGURE 1 Trends in FET biosensors (black curve) and recent
emergence of 2D materials FET biosensors (red curve) in terms of
publications per year. For facilitating a direct comparison of the
growing trends, both curves are normalized to unit in their
maximum value by dividing for factors 427 and 121, respectively,
which correspond to total numbers of publications per year in both
fields in the last available year (2021). The inset on G-FET is adapted
from Ref.[10] with permission; Copyright American Chemical
Society, 2020

related to the difference of potential between the Fermi
level of the semiconductor and the solution redox poten-
tial.

With the advent of nanomaterials, and nanowires in par-
ticular, a strong progress was achieved, exploiting their
inherent large surface-to-volume ratios, which favor high
sensitivity.l”! Low-cost organic transistors also gained con-
siderable interest for biosensing purposes, either in the
form of electrolyte gated organic field-effect transistor
and organic electrochemical transistor.[®] More recently,
graphene and 2D materials are having a strong impact by
exploiting their high charge-carrier mobility and chemical
robustness.°]

Here, after a brief conceptual discussion on FET-
biosensors, we review progresses and perspectives of
2D materials field-effect-transistor biosensors with spe-
cial focus on opportunities and most recent applications,
favored by large surface-to-volume ratio, high carrier
mobility, more effective local gating, high transconduc-
tance, and operation at low voltages. The large interest in
the field is demonstrated by the increasing number of pub-
lications as shown in Figure 1. In particular, for a more
direct comparison of the growing trends, the values for
FET biosensors and 2D materials FET biosensors were
divided by the total numbers of publications in both fields,
which in the last available year (2021) were 427 and 121,
respectively, as indicated in the top right corner.

2 | FET BIOSENSOR WORKING
PRINCIPLE

The idea at the basis of FET biosensors is as simple as
it is ingenious.!?! In a normal metal-oxide semiconduc-
tor field-effect transistor (MOSFET), the current flowing
in the channel among source and drain electrodes can
be gate-modulated by means of a field effect, which
determines accumulation or depletion of mobile charge
carriers, which are attracted or repelled depending on
their type and the direction of the field. As a result, the
drain-source current (I4) for a fixed drain-source volt-
age increases or decreases, since it is strictly connected
to the amount of available charge carriers in the channel
(Figure 2a).

This mechanism can be exploited for biosensing pur-
poses with just a few changes. The architecture is basically
constituted again by a semiconductor support on which
the source and drain electrodes are fabricated. However,
the transistor is placed in a solution with the necessary
layer passivation to avoid disturbances during measure-
ments, and the gate electrode is replaced with a reference
electrode (Figure 2b). The biorecognition surfaces are
either an extension of the gate contact or the gate oxide
itself. Any charge density at the solid-liquid interface in
proximity of the gate dielectric layer has the same effect
of an applied gate voltage in a MOSFET, since it results
in an electric field which modulates the mobile charge
carrier density (Figure 2c). In the most common case, a
pH sensing layer is placed in contact with a solution-gate,
which controls the current flow in the device channel.!'"]
The output drain-source current can be then strictly cor-
related to the concentration of analytes (e.g., H ions)
determining the local charge variation, that is, the pH
value (Figure 2b,c), the amount of adsorbed DNA tar-
gets (Figure 2d) or antigens (Figure 2e), the result of an
enzyme-catalyzed reaction (Figure 2f), or the opening of
transmembrane channels in cells resulting in ions release
and nerve cell signaling (Figure 2g). Thus, DNA strands
hybridization, antigen—antibody interactions, or enzyme—
substrate reactions can be employed to provide specificity
to FET biosensors as in the case of other transducers
(e.g., in the case of optical, electrochemical, impedance, or
acoustic transduction!'2)).

Beyond local electric fields and changes in the density
or mobility of charge carriers in the conducting channel,
other mechanisms responsible for changes in the response
of BioFET can be variations of capacitance in the bulk
semiconductor and in the biofunctionalized layer real-
ized for biorecognition.[13J In this respect, the dielectric
layer/materials play an important role in determining the
overall device response, and this aspect triggered FET
research on novel dielectric (e.g., high k) materials for
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Schemes and working principle of (a) a MOSFET based on a generic semiconductor, where the carrier density in the channel

is modulated by the gate voltage applied through a gate electrode (dark yellow) on top of a gate insulator (thin white layer); (b) an ISFET,
where the gate electrode is replaced by a reference electrode (RE) in the solution and the channel carrier density depends on the amount of
charges (ions) close to the interface, for example (c) the presence of H* ions attracts electrons in the channel increasing the measured current

at fixed drain-source voltage and making ISFET sensitive to ion concentration (pH or other ions too with the integration of ion-selective

surfaces); (d-f) GenFET, ImmunoFET, and EnFET variants, where the sensor response depends on the amount of local (charged) analytes

near the interface (e.g., DNA is negatively charged) and the associated electric fields upon DNA hybridization (from single-stranded DNA
[ssDNA] to double-stranded DNA [dsDNA]), antigen-antibody (Ab) recognition, and enzyme-substrate reaction. (g) bioFET application for
readout of nerve cell signals, where the ion released by the cells through their activated ion channels is responsible of the modulation of the

channel carrier density (this last part of the figure is reproduced from Ref.[15] with permission)

electronic applications and ion-selective films and dielec-
tric modulation for biosensing.!'*!

The previous discussion was based on a standard
semiconductor MOSFET. However, the concept can be
straightforwardly extended to other transistor architec-
tures, including high electron mobility transistors, organic
transistors, nanowire FETs, or 2D material FETs. It is
worth noting as this transduction approach is very com-
patible with electrochemical experimental setups with the
advantages of intrinsic signal amplification and miniatur-
ization opportunities.

3 | 2D MATERIALS—PROPERTIES AND
OPPORTUNITIES

Before discussing 2D materials field-effect-transistor
biosensors, it is useful to recapitulate some peculiarities of
graphene and its 2D analogues and consequently devices.

Graphene was highly investigated long before it became
experimentally accessible.!'®] The reason is the unique set
of long speculated properties it was expected to exhibit.'7]

Graphene honeycomb lattice can be regarded as a tri-
angular lattice with a two atoms basis per unit cell or two
interlocking triangular sublattices (A and B in Figure 3a).
The Brillouin zone reflects this symmetry and presents
two inequivalent (Dirac) points K and K’ (Figure 3a,
right). A tight-binding Hamiltonian allows to catch the
peculiar physics of carriers in graphene. As illustrated in
Figure 3b-top, it results in valence and conduction bands
touching in correspondence of the K and K’ points in
whose proximity the electronic dispersion can be expanded
resulting to be linear (at first order) and gives the famous
Dirac cones, which describe carriers as massless Dirac
fermions with an effective speed of light vg and a 2D pseu-
dospin (associated with valleys). This is strikingly different
from the standard case of a traditional semiconductor,
where the carriers are described as standard Schrédinger
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(a-left) Honeycomb graphene lattice showing in different colors (blue and yellow) the atoms in the two interlocking

constituent sublattices (A and B), &, 9,, §; and a,, a, are the unit vectors connecting the atoms with, respectively, the nearest neighbors and

next-nearest neighbors; (a-right) corresponding first Brillouin zone with indication of more relevant points and directions, including the two

inequivalent (K and K’) Dirac points at the vertex and the unit vectors b, and b, of the reciprocal lattice (reproduced from Ref.[17] with
permission; Copyright American Physical Society, 2009); (b) graphene bands showing energy dispersion as a function of the wavevector
components k, and k, with detail on the Dirac cones and comparison among Schrodinger and massless Dirac fermions with corresponding

dispersion plots and describing equations, where m* is the electron effective mass, p is the momentum, v is the Fermi velocity, o = 2D

pseudospin matrix describing the two sublattices (reproduced from Refs. [17, 18] with permission); (c) ambipolar behavior in charge transport

showing the typical response with a resistivity (o) maximum (corresponding to a minimum in conductivity [g] or drain-source current [I,])
when the gate voltage V, crosses the Dirac point associated with the change from hole to electron carrier transport as also sketched in the
insets showing the shift of the Fermi energy within the Dirac cones (reproduced from Ref.[19] with permission; Copyright Nature Publishing

Group, 2007)

fermions with effective mass m* associated with a tradi-
tional paraboloid dispersion (Figure 3b-bottom). In other
words, as noticed by the Nobel award winner Geim, the
resulting physics is more similar to that tested at CERN
than to normal condensed matter physics, and relativistic
effects can be observed. Noteworthy, this scenario char-
acterizes graphene monolayer (and some analogues) but
strongly changes with two or more layers.

Among the consequence of such peculiar energy disper-
sion relevant for biosensing purposes, graphene behaves
as a semimetal, that is, a zero gap semiconductor, with
electron-hole symmetry and exhibits an ambipolar nature
with the ability to continuously tune the charge carriers
from holes to electrons (Figure 3c). The transfer charac-
teristic of a graphene FET reproduces a similar trend and
differs from that of a MOSFET. In this case, biosensors can
be fabricated monitoring changes in Dirac point shift or
consequent resistance variations.

Despite the large success of silicon and germanium
in modern electronics, atomically thin materials are on

the rise since they have shown peculiar properties, such
as high electron mobilities,!*°! tunable properties, near
room temperature topological insulation,[*!! and alkali-
ion storage capability.['"2°] After graphene breakthrough
discovery, 2D materials attracted research attention for
potential applications in electronic and optoelectronic
devices, and today, graphene analogues include elemental
2D materials, 2D chalcogenides, MXenes, and 2D oxides.
These 2D materials exhibit a large range of behaviors from
insulator to semiconductor, half-metal, semi-metal, metal,
and superconductor as summarized in Figure 4. As a
result, their applications in several fields can be envisaged.

4 | GRAPHENE-BASED FET
BIOSENSORS

Graphene-based FET biosensors have the 2D material
deposited on an insulating (typically SiO,) layer and
interconnected through source and drain electrodes. Both
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(a) Elemental 2D materials and their potential applications from sensors (phosphorene, arsenene), to flexible and low-power

applications (phosphorene, tellurene) and spintronics (bismuthine, stanine). (b) Other two-dimensional materials beyond graphene with a

large variety of electrical behaviors, from insulator (h-BN), semiconductor (MoS,, WSe,), half-metal (CrO,, CrS,), semi-metal (graphene),
metal (VO,, VS,), and superconductor (NbSe,) and potential applications (reproduced with permission from Ref.[22] and reproduced from

Ref.[23])

back-gated or liquid-gated architectures have been inves-
tigated. Remarkably, strengths of biosensors based on
graphene or graphene oxide field-effect transistors (G-FET
and rGO-FET) are their large surface-to-volume ratio and
high carrier mobility. Furthermore, their channel consists
of atomic monolayers and, for this reason, the charged
species (analytes) are in its strong proximity or directly
attached to the channel and modulate more efficiently the
electric field and the device response. In graphene-based
architectures, the gate dielectrics is replaced by the electri-
cal double layer (EDL) at the solid-liquid interface, where
the Vgg drops and the EDL high capacitance permits a
more effective local gating and operation at low voltages
and high transconductance, which are both advantageous
figures for biosensing applications since they improve
sensitivity and limit of detection (LOD).[?*! The readout
scheme is based on the induced change in the Dirac volt-
age, a feature characteristic of the ambipolar nature of
conduction in graphene and corresponding to the gate
voltage required for minimizing the device conductance
(Figure 3c). This is reflected by a measurable change in the
drain-source current, which can be correlated to the ana-
lyte concentration. A further advantage is that no labeling
is necessary for detection.

Despite graphene-based FET biosensors are still in their
infancies, in a few years, several proofs of concept were
reported. For genomic applications, G-FET and rGO-FET
attained remarkable performance when compared to the
technological alternatives consisting of polymerase chain
reaction, optical, and electrochemical techniques, in par-
ticular, if target amplification steps want to be avoided.
Notably, a DNA LOD in the sub-fM range was achieved,
which is orders of magnitude better than for other direct

transducers (commonly in the pM range). The first reports
on DNA detection with G-FET started in 2011 and were
characterized by decreasing LOD (from 1 nM to 1 pM) as
the devices underwent optimization.!?] More recently, Xu
et al. functionalized the graphene layer with biotinylated
BSA, streptavidin, and then biotinylated DNA probes and
demonstrated a further reduction of the LOD to 100 fM
matching the performance of optical DNA microarrays. ¢!
The use of chemical vapor deposition (CVD) to grow
graphene provides samples with large 2D morphology and
allows to reduce contamination possibilities with respect
to most common methods based on transferring graphene
on the device substrate. %]

In 2015, Zheng et al. reported another G-FET biosensor
based on CVD-grown graphene, but in this case, the molec-
ular probes consisted of peptidic nucleic acids (PNAs),
which were immobilized on the G-FET channel using
1-pyrenebutanoic acid succinimidyl ester (PASE) as cross-
linker. PNAs present the advantage of minimizing the
electrostatic repulsion in the hybridization process since
the PNA backbone is neutral as opposite to the negatively
charged DNA backbone. This approach allowed to reach
an LOD as low as 10 fM. Furthermore, the authors reported
a prominent selectivity with a negligible response when
exposed to noncomplementary and one-base-mismatched
DNA. PNA-DNA hybridization was investigated by Cai
et al. using rGO-FET biosensors too.!**!

The length of the DNA probes and target chains affects
the target-probe affinity and ultimately the LOD, which
was reported to be 100 pM for 22 mer and 1 fM for 60
mer target DNA.!?° This aspect can pose severe limita-
tions when short sequences are targeted as it is sought
for early diagnosis of cancer, cardiovascular, and other
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diseases. Notably, this constraint was overcome by Gao
et al., which demonstrated sub-fM range LOD for a 21
mer target DNA using engineered hairpin probes (espe-
cially designed ssDNA with excellent sensing specificity)
and triggered self-assembly amplification.[**! Specificity
of these biosensors was high, permitting to distinguish
single-base mismatched oligomers.!*°] Campos et al. even
reached attomolar LOD with electrolyte-gated G-FETs.[2*]
Still within genomic applications, a relevant task is to
have tools able to detect single nucleotide polymorphisms
(SNPs, i.e., single nucleotide substitution at a specific posi-
tion) with high sensitivity and specificity since this is
relevant for genetic epidemiology and to determine genetic
variants associated with diseases. In this respect, it is
worth noting as Hwang and coworkers reported graphene
field-effect transistors (G-FET) able to quantitatively detect
SNP with picomolar sensitivity, which corresponds to an
improvement of more than 1000-fold in sensitivity..*!] Fur-
thermore, their platform was implemented with a wireless
data transmission system.

Apart from DNA, G-FET and rGO-FET were used
to implement immunosensors and detect biotin, %!
interleukin-6,1**! insulin,!**! prostate-specific antigen,!*°!
small antigen peptides, such as antigen osteocalcin
peptide BGP-C7,1°%] hormones, such as the antidiuretic
hormone,*”) chemical compounds, such as bisphenol
A8l interferon gamma,l*®! small-molecule drugs, *°!
human immunodeficiency virus, and associated car-
diovascular and arthritis diseases.!*'! Tables 1 and 2
summarize the literature results for G-FET and rGO-FET
biosensors in terms of target molecule/probe, detection
limit, and sensitivity and/or related measurements.
Notably, LODs in the fM and sub-fM range can be noticed
for DNA, protein (e.g., insulin), or drug detection. In many
cases, specificity has been also tested, as this parameter
is crucial for quantifying the ability to distinguish the
target analyte with respect to other analyte coexisting in
the same solution. Response times from few minutes (260
s)l*4 down to 1 s!*?] were reported. In general, thanks
to a higher transconductance, G-FET biosensors using
single-layer graphene exhibit higher performance with
better LOD than in the case of few layer graphene or
rGO-FET.[?*]

A paradigmatic case of graphene-based FET biosensors
in terms of responses and sensitivity is reported in Figure 5,
which allows to explain in more detail (with the support
of images and schemes) the readout mechanism and the
different effect the analytes can have depending on the
sign of their electric charge. Specifically, Park and cowork-
ers focused on two Alzheimer’s disease biomarkers AfS;_4,
and t-Tau providing a tool for their multiplexed detection
(Figure 5a,b).°8! The functionalization strategy was based
on the use of 1-pyrenebutyric acid N-hydroxysuccinimide

ester (PBASE) as cross-linker, which binds on one side
to the rGO surface through pyrene group and 7-7 stak-
ing interactions, on the other side to the antibodies via
an amine group. This procedure can be considered as
a general approach for the immobilization of molecular
probes on G-FET and rGO-FET biosensor channels to pro-
vide them the desired selectivity. Upon incubation with
the target analytes, since Af;_4, and t-Tau are, respec-
tively, negatively and positively charged in physiological
conditions, their recognition through immobilized specific
antibodies influences the G-FET biosensor response by n-
doping and p-doping effect leading to Dirac point shifts
in opposite directions (Figure 5a), namely, left-shifted for
ApBi_4, and right-shifted for t-Tau. This is indeed observed
in the transfer characteristics plot of the drain-source cur-
rent I4 versus the gate voltage V; shown in Figure 5c,d
and is reflected in the corresponding calibration curves
(Figure 5e,f) reporting a quite linear shift of the Dirac point
AVpirac as a function of the biomarker concentrations in
the range from 100 fg/ml to 100 ng/ml (with a slope, respec-
tively —15.63 mV*ml/pg and +22.96 mV*ml/pg). Notably,
the authors demonstrated strong specificity of the assays
when testing the response in presence and in combina-
tion with possible interfering analytes, such as the amyloid
protein alpha-synuclein (a-syn, associated with demen-
tia and neurodegenerative diseases) and the brain-derived
neurotrophic factor (BDNF, a biomarker associated with
Alzheimer’s disease and depression) (Figure 5g,h). Indeed,
small AVp;,,. shifts (less than 10 mV) were observed in
the absence of the analyte corresponding to the immobi-
lized antibody in contrast to much higher values (above
30 mV) in their presence. Good responses were reported
when operating with peptide-spiked solutions in PBS, arti-
ficial cerebrospinal fluid, and human plasma. In particular,
the last two cases are relevant since neurodegenerative dis-
ease biomarkers are present in higher concentration in
cerebrospinal fluid and more diluted in human plasma,
which, however, has the advantage of being more easily
accessible for diagnostic purposes.

Similarly to traditional semiconductor-ISFET field,
enzyme-modification of reduced graphene oxide field-
effect transistors (rGO-FET) was employed for monitoring
glucose,!**] urea,*°! arginine with cascading enzymes,!*’!
and drug effects in Alzheimer’s disease treatment.[®°! In
some cases, graphene was decorated with gold nanopar-
ticles for DNA, lactose, or microRNA detectionl#4-4561]
or palladium nanoflowers for glucose detection.[*°! Other
modifications include the combination with carboxylated
polypyrrole nanotubes for glucose biosensors, ®’! the inte-
gration of electrosynthesized amino moiety bearing poly-
mer layers,[54] and the use of a graphene foam for ATP
biosensors.!*! Remarkably, a rGO-FET olfactory biosen-
sor was reported by Larisika et al., where functionalization
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FIGURE 5 (a,b) G-FET biosensors for detection of Alzheimer’s disease biomarkers AS,_4, and t-Tau having opposite charges in
physiological conditions and thus resulting in Dirac point shift in opposite directions. (c-f) Transfer characteristics plot of the drain-source
current I versus the gate voltage Vg and calibration curves of the Dirac point shift AVp;,. as a function of the biomarker concentrations in
the range from 100 fg/ml to 100 ng/ml for AB,_4, (c—e) and t-Tau (d-f), respectively. (g,h) The graphs demonstrated strong specificity of the
assays for AB,_4, (g) and t-Tau (h) when testing the response in presence and in combination with possible interfering analytes, such as the
amyloid protein alpha-synuclein (a-syn, associated with dementia and neurodegenerative diseases) and the brain-derived neurotrophic factor

(BDNF, a biomarker associated with Alzheimer’s disease and depression). Reproduced from Ref.[58] with permission; Copyright Elsevier B.V.,
2020
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(a-d) G-FET biosensor detection of Gram-positive and Gram-negative bacteria: step-like increases in the drain-source

current percentage change upon addition of (a) E. coli and Salmonella or (b) S. aureus and E. faecium at increasing concentrations from 10°
CFU/ml to 10* CFU/ml and (c,d) selectivity tests for the GNB and GPB channel in the presence of both GNB and GPB bacteria resulting in a
relevant signal change only in the presence of the targeted type of strain (reproduced from Ref.[49] with permission; Copyright Elsevier B.V.,
2020). (e) Scheme of the G-FET biosensor reported by Seo et al. for (f) the detection of SARS-CoV-2 in human nasopharyngeal swab
specimens, which appears as step-like increases in the drain-source current percentage change at increasing concentrations from 100 fg/ml to
100 pg/ml (reproduced from Ref.[10] with permission; Copyright American Chemical Society, 2020)

with the odorant-binding proteinl4 (OBP14) from the
honey bee (Apis mellifera) allowed the recognition of a
broad spectrum of odorants known to be attractants for
bees. 2]

The field of applications is not limited to biomolecular
detection. The ultrasensitive detection of disease-related
exosomes can create new opportunities for clinical diag-
nostics since these nanovesicles can be employed as
liquid biopsy biomarkers because of their high homol-
ogy with their parental origin providing relevant infor-
mation on multivariate diseases like cancer.l*%! With
specific antibody CD63 as a probe, Yu and coworkers
achieved a 33 particles/ul LOD and employed their rGO-
FET biosensor to determine exosomes in clinical serum
samples discriminating among healthy and prostate cancer

[63] Hepatocellular carcinoma-derived microvesi-

[64]

patients.
cles were instead detected by Wu et al.

Environmental monitoring is an urgent need for mod-
ern societies,|®! where graphene-based FET biosensors
can also have impact. For example, they were employed
for mercury detection in mussels!*?l and for revealing
water pollutants (e.g., 178-estradiol)[*’! or bacteria, such
as Escherichia coli.l**°1 A portable biosensor for detect-
ing Gram-positive and Gram-negative bacteria (GPB and
GNB) was reported by Kim et al., who used antibiotics as
biorecognition probes. This platform can facilitate onsite
detection and a consequent reduction of antibiotics use
and the risk of emergence of antibiotics resistance.[*’! As
shown in Figure 6a,b, the signal associated with the per-
centage changes in the drain-source current exhibits clear
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FIGURE 7 (a)Schematic of a graphene FET-based biosensor for real-time monitoring of glutamate release from primary hippocampal

neurons. (b) Real-time drain current measurements at different concentrations (1, 10, and 100 fM and 1, 10, and 100 pM) of glutamate solution
in cell medium. Inset: The resulting calibration curve as a function of glutamate concentrations. (c) Selectivity measurement with the
addition of chemical interferents (concentration 100 pM) followed by glutamate solutions (10 and 100 pM). (d) Real-time monitoring of
glutamate released from hippocampal neurons in different conditions: G-FET stimulated by high potassium stimulant (K*) with neurons (red
line), without neurons (black line), with neurons after 30 min incubation with 1 mM of calcium channel inhibitor Cd?* (red line). (Reprinted
with permission from Ref.[66] Copyright 2019 American Chemical Society). (e-f) Channel current response of graphene field-effect transistor
for lactic acid detection in cells with a nanocomposite modified gate electrode characterized in PBS solution before and after the additions of
(e) control cell medium and (f) tumor cell lines Hela of different volumes. Inset: Transfer curve of the graphene field-effect transistor
measured in PBS solution (reproduced from Ref.[52] with permission; Copyright Elsevier B.V., 2020)

step-like increases (up to about 1%) when adding either
GNB (E. coli and Salmonella) or GPB (Staphylococcus
aureus and Enterococcus faecium) with an LOD as low as
10° CFU/ml. Notably, this performance is accompanied by
alimited interference in the presence of nonspecific bacte-
ria as shown in Figure 6¢,d, where negligible increases are
manifested in the GNB channel in the case of GPB strains
(and vice versa). A dielectrophoresis-assisted detection of
single antibiotic resistant bacteria was reported by Kumar
et al.l>°! Microfluidic components for sample handling and
analyte separation can be useful tools to be integrated for
increasing the impact of G-FET and rGO-FET biosensors,
opening new frontiers toward precision medicine.

With the emergence of COVID-19 pandemics, consid-
erable researchers’ attention was attracted by the risk
associated with the initial absence of specific drugs or
vaccines. Thus, various efforts focused on developing
suitable and portable tools for the rapid detection of
SARS-CoV-2 in human nasopharyngeal swab specimens.
In this respect, it is worth mentioning the contribution

by Seo et al., who employed a G-FET biosensor for this
purpose.l'%] Specifically, they used SARS-CoV-2 spike anti-
body as molecular probe upon immobilization via a PBASE
cross-linker (Figure 6e). The platform optimization pro-
ceeded in steps through detection in PBS, the acquisition
of dose-dependent calibration curves, selectivity tests ver-
sus Middle East respiratory syndrome coronavirus, anti-
gens, and then detection in universal transport medium,
where nasopharyngeal swabs are routinely suspended
for COVID-19 diagnosis. In terms of performance, they
reported an LOD of 1.6 x 10! pfu/ml in culture medium and
2.42 x 10 copies/ml in clinical samples (Figure 6e,f).l"°]
The E7 protein of human papillomavirus was instead
sensed in saliva by Aspermair et al.l>"!

Beyond sensing, graphene-based FET biosensors can
be useful tools for real-time monitoring biological pro-
cesses. For instance, Zhang group demonstrated the mon-
itoring of nitric oxide at since-cell levell®! as well as
glutamate release from primary hippocampal neurons
(Figure 7a-d).%] Real-time electrical response to different
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concentrations of glutamate from 1 fM to 100 pM in the
cell medium is shown in Figure 7b. The authors also
investigated the selectivity of their G-FET by adding inter-
fering neurotransmitters, such as glycine (Gly), acetyl-
choline (Ach), norepinephrine (NE), histamine (HI),
and dopamine (DA) (Figure 7c) and studied glutamate
released from hippocampal neurons in different condition
(Figure 7d).

Schuck et al. instead monitored the hemostasis pro-
cess investigating the influence and interaction between
various coagulation factors using blood samples treated
with activators (vitamin K, calcium chloride, and throm-
boplastin reagent) and inhibitors (heparin drugs).l*!! In
this respect, it is worth mentioning the work by Bi et al.,
which reported G-FET-based lactic acid sensor transistors
with a nanocomposite modified gate electrode relevant for
monitoring accumulation in tumor cells through their gly-
colysis metabolism.!52! Indeed, these tools were applied by
the authors for monitoring cell culture (Hela, A549, and
HePG2) samples!>?! (Figure 7e,f). The graphs reported in
Figure 7e,f show relatively large channel current response
to tumor cell lines Hela by adding successive volumes with
respect to the control response.

5 | 2D MATERIALS-BASED FET
BIOSENSORS

Graphene is characterized by a high mobilityl”®] and a
rich physics.!”"! However, its pristine form has no bandgap.
Graphene bandgap engineering is possible, but on one
side, it increases fabrication complexity,[m and on the
other side, it limits mobility!”*! or implies the requirement
for higher operating voltages.!”*! For this reason (beyond
a general scientific interest), other 2D materials with a
proper bandgap were sought.

A valid alternative is represented by layered transition
metal dichalcogenides (TMDCs),|”* with bandgap greater
than 1 eV and with electronic mobility of even 200 cm?
V~1s~1170] This class of 2D materials can be easily syn-
thetized by either CVD of thin films,|””! or mechanicall’%!
and chemical exfoliation.!””l Among TMDCs, molybde-
num disulfide (MoS,) is so far the most widely investigated.
Bulk MoS, is semiconducting with an indirect bandgap
of 1.2 eV,[®°] while single-layer MoS, is a direct gap
semiconductor with a bandgap of 1.8 eV,!*!] which is influ-
enced (as its optical and other electronic properties) by
quantum mechanical confinement in nanowires!®?! and
nanotubes!®3] forms. In addition, layered MoS, does not
show dangling bonds and is thermally stable up to 1400
K. Beyond physical studies on the mere monolayer MoS,,
implementation of MoS, sheet as channel in FETs was a
recent focus of research up to dielectric-modulated FET

for detection of biomolecules in a dry environment.!*!
Recent efforts are direct to stabilize the pristine device
against H,O and CO absorption and increase sensitivity
by using the conjugation of a DNA tetrahedron and biotin-
streptavidin. An LOD of 1 fg/ml was recently achieved for
prostate-specific antigen (PSA) by Zhang et al.l%*]

MoS, FET!°!l were reported to detect pH and
streptavidin,!®®] DNA,[®] IgG and PSA,[*’] synthetic
opioid peptides,®8] antibiotics,!*°! and matrix metallo-
proteinase MMP-9.1°°! In particular, screening of Down
syndrome was achieved with MoS, FET biosensors by Liu
et al.l!l Superior performances with respect to graphene
were described.!®! In Figure 8a,b, glucose detection
is illustrated in the form of step-like increases in the
drain-source current upon serial additions of glucose
solution, while Figure 8c shows the calibration curve
at ultralow concentration indicating a 300 nM LOD.[*?]
Label-free early detection of miRNA as a biomarker in
cancer diagnostics with detection limit of 0.03 fM was also
achieved by drop-casting MoS, flacks suspension onto
FET surface.[%]

Besides the use of mere MoS, sheets in transistor lay-
outs, this TMDC was employed in combination with
graphene or reduced graphene oxidel**! to fabricate an
FET biosensor (Figure 8d) able to achieve 1 pM hydro-
gen peroxide detection as illustrated in Figure 8e. Clear
steps in the percentage variation of the drain-source cur-
rent are observed in the case of rGO-MoS, devices upon
addition of increasing concentrations of H,0,. On the
other hand, the mere rGO device exhibits a quite flat
response. This striking difference is attributed to the pos-
itive charges generated after H,0O, addition in a process,
where MoS, have an active role in catalyzing the decom-
position of hydrogen peroxide, mimicking the reaction
with horseradish peroxidase. This ability makes MoS,
very attractive for monitoring several cellular processes
involving H,O,, for example, as an indicator for tumor
cells metabolism. Remarkably, this approach enabled the
authors to evaluate in real-time H,O, release from HeLa
cells through MoS,/rGO FET sensors upon stimulation
with phorbol 12-myristate 13-acetate (PMA), which is able
to trigger protein kinase C pathways for H,O, production.
Indeed, in Figure 8f, this process is evident as a sudden
decrease in the red curve in the presence of HeLa cells.
This change is not observed in the absence of HeLa cells
(blue curve) or in the presence of a H,0, scavenger, such
as catalase. In terms of infectious diseases, the proof-of-
concept of a large area flexible Ebola biosensor based on
exfoliated MoS, flake was demonstrated with a detection
limit in fM-pM range.[*!

Within the metal dichalcogenide class, it is worth men-
tioning the reports on FET biosensors based on layered
rhenium disulfide (ReS,) for pH sensing.!”°! Tungsten

European Chemical
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glucose concentrations. (c) Drain current as a function of glucose concentration, which ranges from 0 to 1 mM at V,, of 0.5V and V4 of 2.5V
(reproduced from Ref.[92] with permission of the Royal Society of Chemistry). (d) Schematic diagram of a MoS,/RGO FET sensor for
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MoS,/RGO FET sensor (red line) and the mere RGO FET sensor (blue line). (f) Real-time current response of the MoS,/RGO FET sensors
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Optical microscope image of HeLa cells grown well on the MoS,/RGO FET sensor array (reproduced from Ref.[94b] with permission)
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diselenide (WSe,) was also employed for glucose concen-
tration evaluation!®’! and for the realization of MoS, and
WSe, monolayer double-gate ISFET for both pH sensing
and protein detection.!”] WSe,-based FET also represents
a promising platform for the rapid and sensitive detec-
tion of SARS-CoV-2 in vitro, exhibiting a detection limit
of down to 25 fg/ul in 0.01X PBS, after functionalization of
the TMDC layers with monoclonal antibodies against the
SARS-CoV-2 spike protein.!*°] Remaining in the applica-
tions field of virus detection, 2D TMDC materials-based
FETs can provide even better detection results if we
consider the emerging virus detection techniques, such
as isothermal amplification, rolling circle amplification,
and lateral flow assays.['"’ However, having the per-
formance to avoid amplification would be an important
achievement.

Another interesting member of the 2D family con-
sists of MXenes that are exfoliated from bulk crystals
composed of transition metal carbides, nitrides, or car-
bonitrides. The general formula is M,,;1X,, Ty, where
m = 1, 2, or 3, M is a transition element, X is carbon
or nitrogen, and T refers to surface termination group,
such as OH, F, and/or O atoms. First, MXene was dis-
covered at Drexel University in 2011,'°!l and now, they
have become one of the largest families of 2D materials,
suitable for a variety of applications from energy storage,
to polymer nanocomposite fillers, from water purification
to electronic devices.['”?] They exhibit high conductiv-
ity and low bandgap as graphene, although the surface
area, greater than that obtainable by exfoliation of MoS,,
is less than that of graphene.'”’l MXenes-based FETs
have been employed for various biosensor applications.
For example, a MXene platform with high sensitivity and
selectivity was realized through the integration of high
continuous sheets of graphene and Ti,C with high chem-
ical sensitivity. This heterostructure has been explored to
detect influenza A HIN1 and SARS-CoV-2, demonstrating
a detection limit of 150 copies/ml for HIN1 and 1 fg/ml for
SARS-CoV-2 spike protein.'*] In Figure 9a, a schematic
diagram of a Ti;C,Tx MXene-based FET for alkali detec-
tion is instead reported.'>! The Ti;C,Tx FET devices
exhibit high selectivity to alkali even when exposed to
multiple high concentration (1 M) of alkaline sodium salt
(Figure 9b-d). The selectivity under high salinity condition
indicates great ability in real-time and on-site alkali detec-
tion in relatively harsh environments like seawater with
high ionic strength. As a further example, in Figure 9e,
a schematic of the working principle of a MXene-FET
device for probing action potential is shown!'*®l: the
released neurotransmitters, as a result of action poten-
tials firing, bind to MXene surface producing the variation
of electrical signals. Conductance changes in the FET

response were observed when dopamine molecules inter-
act with the MXene surface, enabling the detection of
dopamine concentration down to 0.1 uM (Figure 9f). Spik-
ing activity was also monitored in real-time in cultured
primary hippocampal neurons stimulated by a medium
with high K* concentration and compared to recordings
achieved with simultaneously-conducted calcium imag-
ing (Figure 9g,h). The spike trains derived from electrical
and optical recording exhibit a very high correlation coef-
ficient of 0.82, validating the platform. Sweat analysis
on the basis of glucose or lactate content was another
area where MXenes-based FET biosensors demonstrated
applicability.!7]

Finally, phosphorene («—P, two-dimensional crystal
of black phosphorus) has garnered research attention
due to its direct bandgap of 1 eV (from 1.51 eV for a
monolayer to 0.59 eV for five layers), reasonably high hole-
dominated mobility up to 10* cm? V~!s7!, and high trans-
port anisotropy.'%! Actually, black phosphorous (BP)
nanosheets find wide application in the biomedical field
since their excellent biocompatibility for use in pho-
tothermal therapy, photodynamic therapy, drug delivery,
3D printing, bioimaging, biosensing, and theranostics.!'*"!
Moreover, embodiment of phosphorene flakes in FET lay-
out demonstrated enhanced electron and hole transport,
with high gain and noise margin, paving the way to
complementary logic inverters based on ambipolar phos-
phorene FETs.["°] Despite the semiconductor is poorly
stable in air because of oxidation, thereby hindering
performance,"!! efforts are made to solve this prob-
lem, that is, through encapsulation in FET layout.!'"?!
In this direction, a mechanically exfoliated BP biosen-
sor was reported with passivation by a very thin film
of alumina and ability to detect human immunoglob-
ulin G (IgG) through anti-human IgG-conjugated gold
nanoparticles.["'*] This BP sheets biosensor demonstrated
a LOD of 10 ng-m1~! and fast response time on the order of
seconds.

Table 3 reports an overview of the key parameters of
2D material-based FET biosensors, including some repre-
sentative figures of merit. Among them, the LOD and the
sensitivity and the response time are important parameters
to evaluate sensor capability. Also, it has been reported if
studies on specificity have been performed in the literature.

6 | SUMMARY AND OUTLOOK

In conclusion, 2D-materials FET biosensors are having a
strong impact and continue to attract more and more inter-
est. Compared to other approaches, they are characterized
by specific advantages in terms of large surface-to-volume
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FIGURE 9 Examples for MXene-based FET biosensors. (a) Schematic diagram of a Ti;C, T, FET device and its (b) real-time responses
under continuous addition of 40 mM NaOH and (c) 150 mM Na,CO;. (d) Quantification of selectivity by calculating the normalized current
((I - D/1,, %) response of the device to various anions (reproduced with permission from Ref.[105] Copyright 2020 American Chemical
Society). (e) Schematic of the working principle of the MXene-FET device for probing action potential and neuronal activity:
neurotransmitters are released upon the firing of action potentials and bind to the MXene surface and then inducing the fluctuation of
electrical signals. (f) Real-time monitoring of conductivity fluctuations of an MXene device for dopamine concentrations varying from 0.1 to
50 uM. (g) Evaluation of neuronal spiking activities by using current measurements with the MXene-FET device. (h) Simultaneously

conducted recordings obtained with calcium imaging using the Fluo-4 probe to validate the functionality of the MXene-FET platform
(reproduced from Ref. [106] with permission)
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TABLE 3 Overview of the performances and key parameters of 2D material-based FET biosensors
Sensitivity, response, and/or
2D material Target molecule/probe Limit of detection related measurements Ref.
MosS, pH detection streptavidin/biotin - S = AI/I;x100 = 713 for a pH change ~ [$31%4
between 3 and 4 (subthreshold
region)
S = AI/I, =196 in the subthreshold
region for a streptavidin solution
of 100 fM
MoS, DNA target/DNA probe 10 M 17 mV/dec in the shift of the [86]++, A
threshold voltage Vy,
MosS, Prostate-specific antigen 1 pg/ml Iorr versus PSA concentration [87] %, A
(PSA)/anti-PSA antibody (1 pg/ml-10 ng/ml)
MoS, DAMGO synthetic opioid ~3 nM (1.5 ng/ml) AI/I, (V= 0)% versus [DAla2, [88] 4+, A
peptide/human p-opioid receptor N-MePhe4, Gly-ol]-enkephalin
(wsMOR) concentration (Langmuir—Hill
isotherm fit)
(1 nM-100 M)
MoS, Kanamycin/aptamer DNA 1.06 (20 s) 1.85 M~ (20 s) [89]%
(APT)-complementary strand 0.66 nM (300 s) 4.43M71(3005)
DNA (CS)
MoS, Matrix metalloproteinase-9 pM (with a AVth Linear AV, versus MMP-9 conc. [l A
(MMP-9)/amyloid-8;_4, (AB1_42) value of 0.138 V) (1 pM-10 nM)
protein probe
MosS, DNA target/DNA probe 0.1fM AR/R,, % versus DNA concentration ~ [*'}
15% (at 100 aM) and 240% (at 10 fM)
MosS, Glucose/glucose oxidase 300 nM 260.75 mA mM~! [92]+, A
MoS,/graphene DNA target/DNA probe 10 aM Alg(uA) = —2.951gCpya (aM) [94al,
—4.63 (10 aM-100 fM)
MoS,/RGO H,0, solution 1pM |AIl /1, = 0.461gCyy50, + 5.66 [94b],
(1 pM-10 M)
WSe, Glucose/glucose oxidase (GOx) - (Tsensing — Thase)/Thase Versus Copycose 19714
(1-10 mM)
Max values: 6.99 X 10? A/A for
1mM, 5.76 X 10* A/A for 5 mM,
and 2.87 X 10° A/A for 10 mM
ReS, PBS solution with different pH 0.0132 pH 126 pH~! subthreshold, [96]%, A
values 34.8 pH~! saturation, 14.5 pH~!
linear
Ti;C,T, MXene NaOH solution also in high salinity =~ - 1.74 mM™ (55) [105 ]«
(NaCl 2 M) environment 2.01 mM™! (10 s) 2.04 mM~! (15s)
Ti;C,T, MXene Dopamine 100 nM AG/G versus dopamine [106] 44, A
concentration
Linear modulation conductivity
from 100 nM to 50 uM
Ti;C,Ty MXene/Prussian ~ Lactate and glucose 0.67x107°M 11.4 uA mM~! cm~2 (lactate) [107]
blue composite (lactate sensor) 35.3 uA mM~! cm~ (glucose)
0.33%x107° M

(glucose sensor)

Note: Typically 2D materials are single layer: for materials with double layers, the Ref. is indicated as []*, while in case of more than two layers (multilayer), the
Ref. is indicated as []**. The carrier mobility, where reported, spans from 1.2 cm? (Vs)™ (Ref.[88]) to 33.5 cm? (Vs)~! (Ref.[92]). The I, /I ¢ ratio, where reported,
ranges from 3.6 (Ref.[89]) to 107 (Ref.[96]). Response time, where reported, shows a range between < 1s (Ref.[92, 94b]) and 400 s (Ref.[91]). Selectivity experiments

have been performed in all works, except those whose Ref. is indicated as []2.
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ratio, high carrier mobility, more effective local gating,
high transconductance, high sensitivity, and operation at
low voltages. A further advantage is the possibility to
produce flexible devices.[*211*]

G-FET and rGO-FET biosensors demonstrated their
potentiality for genomic sensing (with sub-fM [in some
cases aM] LOD for DNA target and even short oligomers,
pM for SNP), immunosensors and detection of pro-
tein biomarkers, drugs, activators, inhibitors, hormones,
viruses (with fM LOD and in some cases even below),
and exosomes (with responses still to be further charac-
terized). These performances provide new opportunities
for disease diagnostics, including a control of infection
spreading (e.g., in the case of COVID-19 pandemics) by
portable highly sensitive tools. Recent efforts are dedicated
to implement fully integrated portable platforms, such as
that reported by Hao et al. for on-line detection of cytokine
biomarkers in saliva.l'! Such sensors can be integrated
with microfluidic modules targeting a full automation of
the assay reducing human intervention.

Furthermore, recent advances open new avenues for
monitoring cell processes (such as H,0, and various
metabolites from cancer cells, glutamate release in neu-
ronal activities, etc.), which can allow to better understand
the pathophysiological aspects of various diseases and
even favor the development of new drugs, included per-
sonalized therapies within the novel frontier of precision
medicine. In this scenario, the new frontier can be the
integration with microfluidics for high throughput and
lab on chip or within microphysiological systems for
screening purposes. Applications of other 2D materials
are less established but already show high promises (e.g.,
TMDC, such as MoS,, which combines high mobility
with the ability to catalyze the decomposition of hydrogen
peroxide).

The main issues toward industrialization and clinical
use concern standardization, improvements in long-term
stability, and reliability outside laboratory settings. In
general, as in the case of other transducers, differential
sensing architectures can improve the assay performances
by minimizing the effect of environmental conditions or
device-to-device variability.!”] Specific efforts to reduce
device performance inhomogeneity were carried out by
Wang et al. by fully encapsulating the graphene in a high-
k dielectric layer in order to maintain the high mobility by
means of an isolation of the graphene layer from contam-
inants in the solutions.!"'® It can be expected that these
aspects will require strong consideration in the next years
to fully benefit of the advantages of these new, 2D-enabled
technologies.
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