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Abstract: Electrochemical immunosensors (EI) have been widely investigated in the last several
years. Among them, immunosensors based on low-dimensional materials (LDM) stand out, as they
could provide a substantial gain in fabricating point-of-care devices, paving the way for fast, precise,
and sensitive diagnosis of numerous severe illnesses. The high surface area available in LDMs makes
it possible to immobilize a high density of bioreceptors, improving the sensitivity in biorecognition
events between antibodies and antigens. If on the one hand, many works present promising results in
using LDMs as a sensing material in EIs, on the other hand, very few of them discuss the fundamental
interactions involved at the interfaces. Understanding the fundamental Chemistry and Physics of the
interactions between the surface of LDMs and the bioreceptors, and how the operating conditions
and biorecognition events affect those interactions, is vital when proposing new devices. Here, we
present a review of recent works on Els, focusing on devices that use LDMs (1D and 2D) as the
sensing substrate. To do so, we highlight both experimental and theoretical aspects, bringing to
light the fundamental aspects of the main interactions occurring at the interfaces and the operating
mechanisms in which the detections are based.

Keywords: immunosensor; electrochemical; FET; low-dimensional materials

1. Introduction

There is an urgent need to detect biomarker molecules at low levels to diagnose,
at the development stage, several human diseases, particularly various types of cancer.
Biosensors are a particular subset of detection devices that can determine the presence of
biological and non-biological matter of biological interest, while using biological materials
(or materials that mimic bioreceptors) as the active sensing region. This selectivity region
is immobilized on a sensible transducer, and the biological response can be converted into
an electrical signal [1].

Biosensing is a very active research area that puts together efforts from researchers
in different fields. The main reason for that is the complexity of the operation principles
and mechanisms of a biosensor. The first biosensor was introduced by the seminal work
of Clark and Lyons in 1962 [2], and since then, a number of devices have been developed
employing various materials for different applications [3-12].
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Usually, the biomarkers detected by biosensors are proteins, and the specific and
sensitive detection of these species can be efficiently performed using electrochemical
immunosensors (EI), especially those based on field-effect transistors (FET) [8]. FET-based
immunosensors have attracted significant attention because they are an ideal biosensor that
can directly translate the interactions between target biological molecules and a bioreceptor
(antibody) immobilized on the device surface into readable electrical signals [13-15].

In a standard FET, the current flows along a semiconductor material (the channel)
connected to a source and a drain electrode. The semiconductor channel’s conductance is
modulated by a third (gate) electrode that is capacitively coupled via a thin dielectric layer.
Thus, the semiconductor channel is directly connected with the sample solution, giving
better control over the surface charge. This implies that FET-based biosensors might be
more sensitive to biological events occurring on the surface, resulting in the semiconductor
surface potential variation, in turn modulating the channel conductance. An emerging
strategy to improve the sensitivity of FET-based immunosensors, allowing the detection of
biomolecules at the z-aM range, is to replace conventional semiconductor materials (bulk
structures) with low-dimensional ones [16].

Materials with at least one physical dimension at the nanoscale that may exhibit
different physical and chemical properties compared with their bulk counterpart are
referred to as low-dimensional materials (LDM) [17,18]. LDMs can be classified into
three groups based on their dimensionalities: (i) zero-dimensional (0D), which includes
quantum dots, fullerenes, and nanoparticles with all the three dimensions at the nanoscale;
(ii) one-dimensional (1D), including nanoribbons, nanotubes, nanowires (NWs), nanofibers,
and nanorods, with two dimensions at the nanoscale and; (iii) two-dimensional (2D),
represented by nanosheets and nanoplates, with one dimension at the nanoscale, such as
graphene, transition metal dichalcogenides (TMDs), and black phosphorus (BP), among
others [17,18].

The use of LDMs in fabricating FET-based immunosensors can lead to increased
sensitivity, lowering their limit of detection (LOD) [19-24]. This introduces the possibility
of going down to the single-molecule resolution. Besides that, the use of LDMs allows
for miniaturization with fast-response sensors, paving the way for developing point-of-
care devices.

A number of works attribute the outstanding performance of sensing devices that
use LDMs as the substrate/transducer element to the high surface area to volume ratio
in those materials [25-27]. Although that attribute is one of the main reasons for the
success of sensors based on LDMs, there is still a lack of complete understanding about
the operation principles and mechanisms of FET-based immunosensors on 1D and 2D
materials (LDM). Nevertheless, complex systems such as these can present a number
of different interplaying phenomena. Thus, a deeper understanding of the underlying
mechanisms of FET immunosensors based on LDMs is vital in rationalizing the results and
improving the sensing platforms’ performance.

In this review, we assess the most recent theoretical and experimental works on FET
immunosensors based on LDMs. Our focus is on FET devices that use 1D or 2D materials
as substrate/transducer elements. We will explore the fundamentals of Els and how a
FET can be used as an immunosensor to the benefit of integrating LDMs in FET-based
immunosensors. The correlation between the theoretical and experimental works will be
highlighted, bringing into light the operation principles and mechanisms of LDM-based
FET immunosensors.

2. Fundamentals
2.1. From Biosensors to Immunosensors: Definitions and Type of Transduction

A biosensor is usually composed of three components: the biological recognition
system (bioreceptors), the transducer, and the signal processor. The biological recognition
system translates information from the biochemical domain, usually the concentration
of the target analyte, into a chemical or physical output signal, with a very well-defined
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sensitivity. The purpose of the recognition system is to provide selectivity for the analyte
to be measured. The transducer is used to transform the bio-recognition signal (electricity,
heat, mass change, etc.) into another one that varies according to the type of transducer
employed: electrodes, thermistor, and piezoelectric devices, for instance. Finally, the
signal processor is used to change the detected signal into one that can be interpreted in a
meaningful way [28-30].

Biosensors can be classified into two types, based on their sensitive element: catalytic
or affinity. Catalytic biosensors employ enzymes, cells, or tissue slices immobilized on the
surface [31-34]. Affinity biosensors, on the other hand, are based on a strong and specific
interaction and employ the antigen/antibody complex, DNA, or RNA [35,36]. Biosen-
sors that use the specific antigen/antibody immunoreaction receive another designation:
immunosensor.

In an immunosensor, either antibody (Ab) or antigen (Ag) can be immobilized on
the transducer surface, and the sensitivity is based on the binding strength of the Ag/Ab
complex. The interaction between the Ab/Ag is converted into a measurable signal by the
transducer, allowing real-time monitoring on the surface. The most prominent advantage of
these biosensors is the high selectivity of the immunorecognition event [35-37]. Biosensors
can also be classified according to the type of transducer as: optical (surface plasmon
resonance—SPR, luminescence, fluorescence), piezoelectric (quartz crystal microbalance—
QCM), calorimetric, and electrochemical (amperometric, potentiometric, impedimetric or
capacitive, voltammetric).

Optical immunosensors are based on the generation of an optical signal (color [38—40]
or fluorescence [41-43]) or upon changes in the local optical properties (absorption or emis-
sion of light, refractive index, etc.) after the Ab/Ag complex formation. A photodetector
collects the signal, converts it into an electrical signal, and processes it to be analyzed by the
user. The most utilized optical immunosensors are based on the SPR phenomenon [44,45].
In piezoelectric immunosensors, on the other hand, physical or mechanical changes are
converted into an electrical signal.

The main piezoelectric sensor is the QCM [46,47], which detects changes in the fre-
quency of the crystal’s vibration upon changes in surface mass (Ab/Ag binding) [48].
These crystal oscillations are very stable and precise, making this type of immunosensor
extremely sensitive. Finally, calorimetric immunosensors can be applied whenever the
immunoreaction is accompanied by heat change. That sensor allows for monitoring the
reaction, which is hard to do with other methods [49,50].

An El is a class of biosensors based on antigen/antibody immunoreaction (sensi-
tive/specific element), where electrodes (transducer) are used to detect electrical changes
(bio-recognition signal) in the device. Els possess several advantages in relation to the
previously discussed transductors due to their versatility, portability, high feasibility of
miniaturization, fast response, high sensitivity, and the fact that they are generally dispos-
able and less expensive than most other transduction technologies, and can carry out in
situ or automated detections [35].

A type of El that can determine analytes at extremely low concentrations, due to its
intrinsic features—such as acting as amplifiers and allowing the highly sensitive detection
of non-electroactive biomolecules—is the FET. An FET device is built using semiconductor
materials where an electric field modulates the charge carriers in the employed material.
The use of this platform to detect immunocomplex formation presents many advantages,
mainly because most of the biological components are charged. Thus, the Ag/Ab bond can
alter the devices’ charge carriers, changing the current flow and enabling the detection.

To have a clearer view of how an FET can be used as an immunosensor, one first needs
to understand the operation principle of the solution-gated FET (SGFET) and how this can
render the sensing of biomolecules in liquid samples. In this manner, the SGFET will be
discussed in what follows.
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2.2. Field-Effect Transistors as Biosensors—Principles of Operation

SGFETs (Figure 1a) are transistors modified to operate with an ionic solution as the
gate. Due to the different possible applications, one can separate them into groups such
as the ion-sensitive field-effect transistor (ISFET) depicted in Figure lc, and the field-
effect transistor-based biosensor (BioFET) shown in Figure 1d. The ISFET, introduced by
Bergveld in 1970 [51], has its operation mechanism based on changes in gate voltage (V)
and threshold voltage (V) due to the ion concentration changes in the solution. This
solution-gate can control the current flow in the device channel, even without any bias
applied to the electrode in contact with the solution, due to the difference in the potential
between the Fermi level of the semiconductor and the redox potential of the solution
(determined by the Nernst equation) [51]. In contrast, the BioFET operates on capacitance
changes in the bulk semiconductor and in the region of biorecognition events and on the
mobility of carriers. Their architectures rely on the SGFET, with differences arising from the
ion-sensing membrane over the semiconductor for the ISFET and bio-functionalized layer
in the case of the BioFET. Here we discuss the operation of SGFETs applied to biosensing,
which is functionalized to sense protein biomarkers, such as antigens, for applications
as immunosensors.
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Figure 1. Schematic representation of (a) solution-gated field-effect transistor (SGFET), (b) ion-
sensitive field-effect transistor (ISFET), and (c) field-effect transistor-based biosensor (BioFET) with
their equivalent circuits, respectively. (d) The characteristic curves of the SGFET, output (i) Ipg vs.
Vps and transfer (ii) Ipg vs. Vgs. Adapted from [52] with permission from Elsevier.

In an SGFET, electrical double-layers (EDLs) are established on the gate/solution and
solution/semiconductor interfaces. The EDLs can be modeled as capacitors with very small
lengths and which present high capacitance values, thus enabling operation with small
values of V. Due to the formation of these structures, the gate is capacitively coupled to
the oxide/semiconductor layers [53]. In 2003, Bergveld reiterated that a reference electrode
could be introduced in the gate solution to modulate the gate work function. Hence, the
VrH presents another explanation of the sensing mechanism beyond Nernst’s equation [54].

The SGFETs applied to biosensing differs slightly from the ISFET since the pH sensing
membrane is replaced by a molecule sensing layer. Here, most of the ionic sensing is
eliminated since either the metal gate, semiconductor (in the case of organic or 2D materi-
als), or insulator (in the case of permeable semiconductors) utilized is functionalized with
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bioreceptors (such as antibodies to the detection of antigens/proteins biomarkers), and the
insulator (which provides the sensing membrane to the ISFET) is removed. For example,
Figure 2a shows a sketch of an SGFET acting as an immunosensor, where specific antibodies
are immobilized on the surface of the semiconductor, and Figure 2b—e show images of
LDM-FET-based immunosensors using (b) indium phosphide (InP) NW, (c) single-walled
carbon nanotube (SWCNT), (d) graphene, and (e) molybdenum disulfide (MoSy).

‘ Gate (b) InP Nanowire

= SiO,
I Metal electrode

(d) (e)

passivation

Figure 2. (a) Sketch of a solution-gated field-effect transistor (SGFET) immunosensor platform. A
source, a drain, and gate electrodes form the basics of a FET device. The biorecognition event occurs
when the antigens (light green squares) bind to its specific antibody (orange Y), immobilized at
the surface of the semiconductor. Examples of immunosensors based field-effect transistor (FET).
(b) Indium phosphide (InP) nanowire (NW) FET device and scanning electron microscopy (SEM)
image showing the InP NW between source and drain electrode. Adapted from [55] with permission
from ACS. (c) Carbon nanotubes (CNTs) FET device (i) atomic force microscopy (AFM) image
showing an individual single-walled carbon nanotube (SWCNT) between source and drain electrodes
and (ii) an SEM image of an array of SWCNTs. Adapted from [56] with permission from Wiley.
Optical image of (d) graphene and (e) molybdenum disulfide (MoS;) FET devices. Adapted from [57]
and [58], respectively, with permission from ACS.

As stated before, the SGFET sensing capabilities rely on gate capacitance changes, the
channel material carrier mobility, and the interfacial potential induced by the biorecognition
event between the bioreceptor and the target analyte (Ab/Ag interaction for immunosen-
sors). The current (Ipg) in those devices can be obtained by Equations (1) and (2):

Csc W : :
IDS = uA_scf(VEL - VTH)VDS if VG > VTH and VDS S VEL - VTH (Llnear) (1)
_ uCsc W

Ips = 7 A T (VgL — VTH)Z if Vg > Vryg and Vpg > Vg — Vg (Saturation)  (2)
SC
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where W is the width of the channel, L is the length, p is the mobility of the charge carriers
in the channel, Cgc is the capacitance of the electrolyte-semiconductor portion of the
device, Agc is the semiconductor area, Vg, is the potential in the bulk of the electrolyte,
Vg is the gate voltage, Vry is the threshold voltage, and Vpg is the drain-source voltage.
Picca et al. [59] derived these equations for the SGFET based on organic semiconductors,
which can be used in the same manner for LDMs and bulk inorganic materials. We
reference their work for a complete derivation of the equations and the interplay between
the sensing mechanisms and equation parameters. The characteristic curves of the SGFET
are presented in Figure 1d, output (i) Ips vs. Vpg and transfer (ii) Ips vs. Vs. Basically, from
the transfer curve, it is possible to analyze specific changes introduced due to recognition
events and quantify the concentration of analytes, exploring for example alteration in the
transconductance ((gm) slope of the transfer curve, Figure 1d(ii)), Vg and charge carrier
mobility values.

BioFETs have been explored to detect different species, such as protein biomarkers and
pathogens [8,15]. These devices are manufactured using conventional bulk semiconductors,
such as silicon [60] and indium oxide [61], or organic semiconductors materials such as
pentacene [62], x-sexithiophene [63], and P3HT [64], among others [52]. However, the need
to detect ultra-low concentrations of target analytes requires the search for materials that
possess high charge carrier mobility and surface chemistry that allows for the immobiliza-
tion of a higher density of bioreceptors. In addition to that, due to the advent of printable
electronics, and the possibility to develop flexible and disposable BioFETs, flexible semicon-
ductor materials that have good electronic properties and high chemical stability—features
not offered by the traditional semiconductors—become increasingly needed.

In this scenario, BioFETs based on LDMs arise as candidates to enhance the sensitivity
of such devices, enabling the possibility of going down to single-molecule resolution.
Besides that, LDMs offer several advantages in relation to bulk semiconductors, such as
a decrease in response time, higher electrical sensitivity to the binding of the analytes
on the antibodies, and the prospect of developing flexible FET immunosensors. In that
sense, it is crucial to determine the properties of the LDM to use it in the rational design of
immunosensors that can meet the user’s needs in the detection of target analytes.

2.3. LDM Semiconductors in FET-Based Immunosensors

Here we mainly focus on the semiconductor features of 1D and 2D materials that
are important for applications in FET-based immunosensors. As for 0D materials, metal
nanoparticles have been extensively explored to decorate the surface of 1D and 2D materials
aiming to promote the amplification of the detection signal, improving the sensitivity of
the devices [65], as will be discussed in this review.

Many LDMs exhibit exceptional features, such as a large surface-to-volume ratio,
atomic-level thickness, versatile surface chemistry, bandgap tunability, outstanding electri-
cal conductivity and charge carrier mobilities, flexibility, and transparency, that are distinct
from their 3D bulk counterparts [66]. Table 1 summarizes some of the unique features
of the most popular 1D and 2D materials used to develop FET-based immunosensors.
Those features are directly related to the successful development of highly sensitive and
robust FET-based immunosensors. For example, due to their high surface-to-volume ratio,
most of the atoms are on the surface. In the extreme case of graphene, all the carbon
atoms are on the surface. In this way, these materials could show unprecedented levels
of sensitivity to the surrounding environment. Furthermore, changes in their electrical
properties (conductance) due to chemical or biological interactions are amplified in relation
to the bulk [25].

Moreover, the high surface area of LDMs allows for a higher density of bioreceptors
to be immobilized on their surfaces since more active sites will be exposed to interact with
the bioreceptors. That results in FET-based immunosensors with improved sensitivity and
extremely low LOD, reaching unequaled detection levels of zM [16].
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The LDM surface properties are deeply related to these materials” chemical stability,
biocompatibility, and the feasibility of functionalizing their surface for improved biore-
ceptor binding. For example, as they are made entirely of carbon atoms, graphene and
carbon nanotube (CNT) present a biocompatible surface to immobilize a wide range of
bioreceptors [67]. On the other hand, BP is extremely unstable to the environmental con-
ditions due to its fast oxidation in air and in an aqueous solution [68], which makes the
immobilization of the bioreceptors directly on its surface unfeasible, but it can be achieved
by other means [21].

Another exciting feature of some LDMs is their high electrical conductivity. Compared
to silicon-based FET, several of them present quasi ballistic transport at low voltage, such as
SWCNTs. In this way, the working voltage (Vps) necessary for an FET-based immunosensor
to operate is extremely low—between 10 mV and 1 V [69]. Low operational Vpg values
are essential to guarantee the integrity of the antibodies immobilized on the surface of the
LDM since high voltages could promote their denaturation and degradation. Furthermore,
the development of portable and wearable FET-based immunosensors is benefited by low
Vps, since batteries with lower energy density can be used.

One of the most outstanding features of LDMs is the high charge carrier mobility
values achieved by some of these materials. The carrier mobility characterizes how rapidly
carriers move under an applied electric field in an FET device [27]. The high electrical
sensitivity to analyte binding of LDMs in FET-based immunosensors is also deeply related
to the high mobility values of their charge carriers, which is fundamentally related and
extracted via the transconductance of the device. In this way, the use of materials with
higher electrical mobility improves the transconductance signal. This is an essential feature
since, in a biorecognition event, the introduction of the target analyte can alter the transfer
curve (slope) transconductance (Figure 1d(ii)) by introducing additional scattering sites and
hence increasing the disorder [70]. This affects the charge carriers’ mobility values, which
result in a change in the transfer curve slope of FET-based immunosensors. As follows,
by maximizing the material mobility, the sensing active area, and the capacitive coupling
between the semiconductor channel material and the EDL, it is possible to minimize the
signal noise and improve these devices’ sensitivity [71].

Additionally, LDMs present a variety of bandgap values, and it directly affects the
Ion/Iopr ratio—the ratio of the output currents in the ON state and the OFF state—in
FETs [27]. LDMs that present high bandgap values and high Ion/Iopr ratio have low
leakage current values from the gate in an FET, improving the electrostatic gating effect
and carrier modulation [72]. Conversely, LDMs with low or no bandgap present a low
Ion/Iorp ratio. For example, graphene usually offers lower carrier modulation than MoS,
in a FET-based immunosensor [58]. Finally, another significant feature of LDMs is that they
intrinsically have the same size as the target biomolecules. This size compatibility paves
the way for detecting single-molecule events [13].
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Table 1. Main properties and features of the most used LMDs in FET-based immunosensors.

1D 2D
Single-Walled Carbon Silicon Nanowire Graphene Transition Metal Black Phosphorus MXenes
Nanotubes Dichalcogenides
€ >4 »<{ > P > P pqd pd pd & 8 B 8 8 8 8 8 aa *“T“T
2020203020 e Z 920 ¥ 8 ¥ ¥ ¥¥ &% k“ﬁh“ i )$g$"'
LDM 0202020202 02¢%2¢%¢ % F 8 8 ¥ ¥ % % poles e
‘:HHHw:ﬁ;oHHH: D » P P ¢ » b o P ¥ g 8 8 B 8 8 B \g\u@ @égu b ]
o,H:oeHyd;_ooeo_;ewH'béw QDDDS\'}DQQD; g 8 8 8 8 8 B k * $ 2&
1 9202020,02 292028 @ ! g ¥ ¥ 8 ¢ % kU.UU 7
Pa Ve UaWaPeWe bd b b oL BL Y Y Y Y Y % o6 U%«Uwo
Bandgap (eV) 0.6—1.8[73] 1.1[73] 0[73] 0-3.4[73] 1.59 [73] 0—1.82 [74,75]
Ba“dgal(’e{};“ab““y —03[73] 3[73] 0.25 [73] +1[73] 0.1[73] 1.25-1.80 [75]
. .1s 2
Carr‘ei,l\_/[{’:ll{;y (em 10 [73] 400 [73] 105 [73] 1-102 [73] 103 [73] 7.41 x 10* (Ti,COy) [76]
Conductivity (S/cm) 10%2-10° [77] 295 x 1072 [78] 6300 [66] 10~% (MoS,) [77] N/A 2410 (TizCy) [77]
Ion /1oFr ratio 104 [79] 106 [80] 107 [81] 1 x 108 (MoS,) [82] 10° [83] N/A
Surface Area (m?2 g~ 1) 600 [77] 323.47 (Porous) [84] 2630 [85] 8.6 (MoS,) [77] 2630 [86] 93.6 (TizCp) [77]

Active Sites

sp? orbital of carbon
(large 7 system), defects

Silanol (Si-OH) groups
on the surface of the
native oxide layer [66]

sp? orbital of carbon
(large 7 system), defects

p orbital of chalcogenide
atoms, defects [66]

pz orbital of P atom [66]

O, OH, and F on the
surface [66]

Resulting interactions

71— interaction, Van der
Waals, charge transfer,
covalent bond [66]

Covalent bond [66]

71—7t interaction, Van der
Waals, charge transfer,
covalent bond [66]

Charge transfer [66]

Charge transfer [66]

van der Waals, H-bond,
charge transfer [66]

Functionalization
strategies commonly
used to immobilize
antibodies on the
surface

Non-covalent
functionalization by
T—7 interaction via

PBASE; Covalent
functionalization by
promoting carboxyl

groups on the surface
followed by EDC-NHS
crosslinker [87]

Covalent attachment of
antibodies to the NW
surface through silane
derivatives, i.e., APTES
[88]

Non-covalent
functionalization by
7—7 interaction via

PBASE; Covalent
functionalization by
promotion carboxyl

groups on the surface
followed by EDC-NHS
crosslinker [87]

Physical adsorption [89];
Disulfide linkages
between the MoS,
nanosheets and the

chemically reduced
antibodies with exposed
sulfhydryl (—SH) groups
[90]

Covalent
functionalization of the
protective oxide layer
with silane derivatives,
i.e., APTES [68]

Soy phospholipid,
PEGylation,
photo-grafting,
photopolymerization,
APTES [91]

Surface properties

High chemical stability,
hydrophobic [56]

Low chemical stability
[92]

High chemical stability,
hydrophobic [25]

Hydrophobic [93]

Poor chemical stability
[25]

Hydrophilic [94]

APTES: (3-aminopropyl)triethoxysilane; EDC-NHS: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide—N-hydroxysuccinimide; N/A: not available; PBASE: 1-pyrenebutanoic acid succinimidyl ester; PEG:
polyethylene glycol polymer.
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2.4. FET Based on 1D and 2D Materials: Detection Mechanisms

As extensively reported in the literature, the high surface area available in LDMs
paves the way for surface functionalization, allowing for increased coverage. Nonetheless,
comprehending such sensors’ underlying mechanisms of operation is vital in proposing
new and more efficient devices. For FET EI devices, we highlight the following main
mechanisms: charge transfer, scattering of charge carriers, molecular doping, and changes
in EDL.

The charge transfer mechanism is essential for the cases where the detection principle
is based on electric changes due to the adsorption of bioreceptors on the LDM employed as
a transducer surface. Therefore, when charged species are placed close to the material’s
surface, their electronic properties may be altered, and that change can be converted into
a measurable signal (resistance, conductance, etc.). However, for FET immunosensor
platforms, one usually attaches Ab onto the LDM surface, and the detection signal is
measured after the Ag is added, forming the immunocomplex. In that sense, the new
charges added in the system due to the presence of the Ag could be far from the surface,
hindering the detection based on charge transfer, especially when large Ab/Ag is used.

Another primary detection mechanism in FET-based immunosensors is the scattering
of charge carriers, which is also related to the charge transfer mechanism. The presence
of either chem- or physiosorbed (macro) molecules onto the LDM surface may act as new
scattering centers. Similar to having defects in those materials, the charge carriers in the
conducting channel will be affected, leading to modifications in the electrical signal [95].
The polarity of the added scattering sites will influence the charge carriers (holes or
electrons). The transfer characteristics curve slopes (the transconductance) will vary, often
asymmetrically, indicating that the biorecognition event occurred [70].

Molecular doping is often explored in sensing platforms since the type of semiconduc-
tor material employed in the FET immunosensor will determine the device’s conductivity
trend. If, on the one hand, one uses p-type materials, i.e., materials where the carriers are
“holes”, a decrease (increase) in the conductivity is observed for a positive (negative) gate
voltage. If, on the other hand, one uses an n-type material, i.e., materials where the carriers
are electrons, an opposite trend in the conductivity is observed [14]. Molecular doping is
often observed by analyzing the shift in V1 in the transfer characteristics curves when
adding the analyte [96].

Changes in the EDL are also considered a critical operating mechanism of FET-based
immunosensors. Once the EDL is formed at the electrolyte/LDM interface, biorecognition
events occurring at that region will lead to changes in the EDL capacitance. In this manner,
that change can be detected in the device, providing a measurable signal. However, the
EDL can also lead to screening of the analyte’s charge when detecting charged systems in a
sample that contains a solution with high ionic content, since the ions in the EDL region
may interact with the analyte [97].

In SGFET devices, for instance, an EDL is formed with or without an applied voltage
bias applied, when an electrolyte solution, such as a biological fluid, is in contact with the
semiconductor surface. The EDL is composed of electrolyte ions with opposite charges from
the carriers accumulated on the semiconductor surface. Its effective length is measured
via the Debye length (Ap), which is inversely dependent on the square root of the ionic

strength (I) of the solution [14]:
SkBT
/\ =
P\ 2Npeln’ @)

where ¢ is the dielectric constant of the electrolyte multiplied by the vacuum permittivity,
kg is the Boltzmann constant, T is the temperature of the electrolyte, N4 is Avogadro’s
number, e is the electron charge, and I is the ionic strength of the electrolyte.

Thus, the higher the concentration of ions in the solution, the shorter Ap consequently
the EDL is formed closer to the semiconductor surface. Hence, when a biorecognition event
occurs within Ap, the changes in the charges due to that event can be sensed by the device.
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Otherwise, if the event occurs further away from Ap, the interaction is screened out, which
ends up causing the loss of sensitivity of the BioFET.

Depending on the LDM employed, the operating mechanism on which the bio-
recognition event is based may change. In the following, we describe the most recent
works on Els based on LDMs, highlighting the underlying detection mechanisms and
correlate theoretical and experimental works when possible.

3. Recent Applications towards Biosensing
3.1. 1D Materials
3.1.1. Carbon Nanotubes

One of the quintessential representatives of a one-dimensional system is the CNT.
A CNT corresponds to a cylindrical structure made entirely of carbon atoms formed
by rolling a single sheet of graphene. First discovered by lijima in 1991 [98], CNTs can
be either metallic or semiconducting depending on chirality and radius. They can also
appear as SWCNT or multi-walled nanotubes (a number of concentric SWCNTs of different
radii) [99]. This confers a range of possibilities that combines low dimensionality and
different electronic properties. Since the first carbon nanotube field-effect transistor (CNT-
FET) device was reported in 1998 by the Avouris group [100], this device has been explored
in different types of sensing applications (gas [101], ions [102], proteins [103], nucleic
acids, [104,105] and in immunosensing [13,56,106,107]).

Semiconducting (sc) SWCNTs possess outstanding properties for developing highly
sensitive FET-based immunosensors, such as high on-state conductance and high Ion /Iorp
ratio. These properties provide higher analytical sensitivity toward the target analyte than
other carbon nanomaterials such as unsorted SWCNT and graphene [106]. However, one
of the challenges related to using SWCNTs as FET immunosensors is related to the mix-
ture of SWCNTs with metallic and semiconducting properties obtained during synthesis.
Nonetheless, nowadays, high-purity sc-SWCNTs are commercially available, albeit at a
high cost [108].

Recently, Shao et al. [106] showed the use of sc-SWCNTs in the development of
FET-based immunosensors to detect the spike (S) and nucleocapsid (N) proteins for the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) with very high sensitivity,
reaching an LOD of 0.55 fg/mL for S and 0.016 fg/mL for N, respectively, in deionized (DI)
water. The authors used the conventional dielectrophoresis (DEP) method to immobilize
the sc-SWCNTs between the S and D electrodes. To immobilize the antibodies against the S
and N proteins, the authors took advantage of the residual carboxylic groups on the surface
of the sc-SWCNTs, and the very well-established chemistry between the EDC/sulfo-NHS
solution [109] to activate the carboxylic groups and bind the antibodies by the amino-
terminal groups. The exposed areas of the nanotubes were blocked with a blocking buffer
(0.1% Tween 20 and 4% polyethylene glycol in PBS) to avoid nonspecific binding. The
successful immobilization of the antibodies on the surface of the (sc)-SWCNTs was proven
by the shift of the threshold voltage (V) toward more negative gate voltages and the
decrease in the device conductance in the p-type region in the transfer characteristics curves.

The device’s sensitivity to detect the S and N protein was also investigated by
Shao et al. [106] through the transfer characteristics curves. For the detection of the S
protein, shifts toward more positive Vg were observed with the increase of the S protein
concentration. The authors attributed this effect to introducing the negatively charged
biomolecule (isoelectric point of S protein is 6.24) near the sc-SWCNT surface, which in-
duced additional hole carriers, p-type doping the SWCNTs. For N protein detection, the
transfer characteristic curves presented shifts toward more positive V1y values with the
increase of the N protein concentration, attributed to an electrostatic gating effect. However,
in this case, the authors proposed that the sensing mechanism is predominantly related to
the neutralization of charged antibodies upon N protein binding due to its positive charge.

Thus, the devices studied by Shao et al. [106] were able to distinguish the presence of
the SARS-CoV-2 in patient samples (nasopharyngeal fluid suspended in the viral transport
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medium). However, it is important to highlight that all the transfer characteristics curves
obtained to detect the S and N protein and the analysis of the patient samples were
performed using DI water, not in direct contact with the samples. The devices were
incubated with the samples for 2 min and subsequently washed several times to perform
the analysis. The authors did not show the use of the device for real-time detection nor the
use of fluids that mimic realistic sample conditions (high ionic strength content). However,
the FET-based sc-SWCNT developed by the authors is an excellent alternative to provide
fast diagnosis of the coronavirus disease of 2019 (COVID-19) (2-5 min.) when compared to
the other popular methods available, such as reverse transcription-quantitative polymerase
chain reaction (rt—-qPCr) (2448 h) and lateral flow antigen tests (30 min) [110].

Hybrid nanostructures based on CNTs and metal nanoparticles have been profoundly
explored in the development of ultra-sensitive FET immunosensors [111-114]. However, it
is crucial to understand how the metal nanoparticles improve the sensitivity in this system
and how the interactions with biomolecules adsorbed on the surface of metal nanoparticles
modulate the electronic properties of the CNTs. This knowledge may be beneficial in
predicting the response mechanism of this hybrid immunosensor and promoting the
rational design of new immunosensors architectures.

Michael et al. [115] presented an interesting study on the modulation of the electronic
properties of FET devices based on SWCNTs decorated with gold nanoparticles (Au NPs)
in the presence of the common stress biomarkers, reduced glutathione (GSH), and oxidized
glutathione (GSSG). For this purpose, the authors used milder oxidized (ox) SWCNTs to
electrodeposit the Au NPs on its surface. Figure 3a shows the device transfer characteristics
before and after Au NPs electrodeposition. As can be seen, there is an increase in the device
conductance after the Au NPs immobilization. That finding indicates a strong coupling
between the nanoparticles and ox-SWCNT, and a direct charge transfer between AuNPs
and SWNTs [116].

In the work of Michael et al. [115], both GSH and GSSG are adsorbed on Au NPs
through the formation of Au-S bonds. The transfer characteristics of the proposed device
show a decrease in the FET conductance as the concentration of GSH (Figure 3b(i)) and
GSSG (Figure 3b(ii)) is increased. The authors attributed the consistent drop in the device
conductance to the charge transfer from GSH and GSSG to Au NPs and further to the
ox-SWCNTs, resulting in a decrease in the concentration of the major carriers (holes) in the
0x-SWCNTs.

Michael et al. [115] also presented a density functional theory (DFT) study to confirm
the charge transfer hypothesis mentioned above. Figure 3¢ shows pictorial views of
the corresponding charge difference maps performed for GSSG and GSH molecules. The
panels shown in Figure 3c(i,iv) represent the charge difference maps for the GSSH and GSH,
respectively, at the interface between the molecules and the Au nanocluster. In contrast, the
panels shown in Figure 3c(ii,v) show the charge difference maps at the interface between
Au nanocluster and ox-SWCNTs. Via the Bader charge distribution analysis performed by
the authors, it was possible to conclude that the GSSG and GSH contributed to a net charge
transfer of 0.32 and 0.37 e, respectively, from the Au NPs to the ox-SWCNTs.
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Figure 3. Field-effect transistor based on single-walled carbon nanotube (SWCNT) decorated with
Au nanoparticles (NPs) for the detection of GSH and GSSG. (a) Transfer characteristics (Ipg vs.
Vs) for the SWCNTs before and after the electrodeposition of Au NPs and (b) for the detection of
reduced glutathione (GSH) (i) and oxidized glutathione (GSSG) (ii). (c) Results of density functional
theory calculations for two representative adsorption configurations of GSSG and GSH on the hybrid
Au80-(14,0) SWCNT system. Panels (i) and (iv) represent the charge difference maps for GSSG and
GSH at the interface between the molecules and the Au nanocluster. Panels (ii) and (v) show the
charge difference maps at the interface between the Au nanocluster and the SWCNT. Panels (iii) and
(vi) show the partial charge density (isovalue of 0.01 e~/ A3) corresponding to the electronic bands
within a 0.2 eV interval above the Fermi level. (d) Total density of states and the local density of
states of SWCNT, Au cluster, and the individual GSSG (i) or GSH (ii) molecules. Adapted from [115]
with permission from ACS.

Finally, Michael et al. [115] also performed the total density of states (DOS) for the
GSH (Figure 3d(i)) and GSSG (Figure 3d(ii)) Au-ox-SWCNT hybrid system, together with
the contributions of the projected density of states (PDOS) onto the different components of
the complex molecule, AuNPs, and ox-SWCNT. The DOS results (Figure 3d(i,ii)) indicate a
nonzero electronic contribution above the Fermi level, suggesting a semimetal or metallic
system. Furthermore, from the analysis of panels iii and vi of Figure 3c, the authors could
confirm that the charge density is delocalized on both SWCNT and Au NP, contributing to
the performance of the hybrid system. Thus, this work shows that combining electrical FET
characterization and DFT calculations provides a more in-depth analysis of the operation
mechanism in FET immunosensor devices.

3.1.2. Nanowires—Silicon and Beyond

Different from the hollow structures in carbon nanotubes, semiconducting NWs are
compact, with a crystal structure that typically resembles their bulk counterparts [24]. The
formation of NWs—usually grown from a metallic precursor—exposes different facets,
normally the lowest energy ones [117]. Those different facets can have different reactivity,
which can result in selectivity towards different molecules.
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In fact, silicon nanowires (SiNWs) are widely used in FET-based biosensors due
to their semiconductor properties [88]. The group led by Lieber at Harvard University
demonstrated for the first time the use of SINW-based FETs to sensing streptavidin in the
picomolar range [5]. Since then, SINW-FET-based immunosensors have been extensively
explored to detect proteins [118], virus particles [119], and multiple protein biomarkers
simultaneously [22,120].

The outstanding electrical sensitivity of SINW-FET-based immunosensors is related
to the high surface-area-to-volume ratio of SiNWs. NWs can behave as 1D quantum
wires, with a conductivity that is highly sensitive to minimal perturbations in the surface
charge density upon adsorption of molecular targets [121]. In addition, SINW-FET-based
immunosensors benefit from a well-established industrial microfabrication process, where
structures can be large-scale-prepared by bottom-up or top-down approaches [88]. Besides
that, SiNWs can be doped, in a versatile manner, with positive or negative elements to act
as p- and n-type semiconductors, respectively [122].

In general, in a SINW-FET-based immunosensor, depending on the dominant charge
carrier in the nanowire (conductance channel in the FET), the conductance change correlates
with the sign of the charges in the target antigen, and the magnitude of the change reflects
the antigen-antibody interaction. For instance, for p-type SINW-FET-based immunosensors
(Figure 4a), when the positively charged analytes bind to the immobilized antibody, a
depletion of charge carriers occurs in the conductance channel, causing a decrease in
the device conductivity. On the other hand, the accumulation of charge carriers in the
conductance channel increases the device conductivity.

@ " positive charge © = negative charge
(a) or hole carrier A
Carrier
A depletion
..: c N il
P-type nanowire Time
5 ] o o
EE ® wo e b N
Pype nanowire Pod Carrier sl NH, |

E10

accumulation W W * ﬁh_clm - "”Yd —_—
u o e - o
@ @ €€

(c) °

Curreat

Time

° s s » s si
oo oo doo do% odo00do0
Q0 mmmm w MAHE
(iv) Antigen (iii)  Antibody
" Conduction Channel detection attachment
i) «——> (ii) <—>
pm regime nm regime

Figure 4. Silicon-nanowire-field-effect-transistor-based (SINW-FET) immunosensors. (a) Schematic
representation of the conductance change in a SINW-FET-based immunosensor as a function of
the target molecule charge. Adapted from [123] with permission from Elsevier. (b) Schematic
representation of the chemical process involved in the modification of silicon nanowire (SINW)
surface: (i) Binding of 3-aminopropyl triethoxysilane (APTES) to SiINW, (ii) addition of bifunctional
linker glutaraldehyde and (iii) antibody attachment, and (iv) antigen detection. Adapted from [124]
with permission from Springer Nature. (c) Schematic representation of how the diameter of a wire
affects the change in its conductance: (i) for thick wires, the surface-to-volume ratio is relatively
small. When the wire surface is approached by charged particles (red ball), only the conductance
near the wire surface is affected. There is still a large interior area of the wire that might not be
influenced (gray circle). (ii) As the wire diameter is reduced to the nanoscale, the surface-to-volume
ratio drastically increases. Therefore, the same external electrical field (pink area) caused by the
charged particles (red ball) could influence most of the inner region of the nanowire, thus drastically
changing its conductance. Adapted from [123] with permission from Elsevier.
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Proposals of SINW-FET-based immunosensors are widely reported for cancer diag-
nostics and monitoring due to their capability for real-time, label-free, and sub-femtomolar
detection ranges of cancer biomarkers [88,125]. In this scenario, the work of Tran et al.
stands out [126]. First, the authors explored the traditional functionalization of SINWs
with 3-aminopropyl triethoxysilane (APTES) in vapor-phase silanization, enabling a higher
homogenization of the surface. Next, the reaction with glutaraldehyde was performed to
covalently bind a monoclonal antibody against cytokeratin. Finally, they showed the use of
a microchip with arrays (8 channels) of SINW FETs to detect even a single disseminated
tumor cell (DTC) per lymph node, and the presence of circulating tumor cells (CTC) in the
blood of colorectal cancer patients as low as 2.5 cells/mL of blood.

Recently, Chang et al. [124] used an approach similar to the one presented by
Tran et al. [126] to functionalize the SINW surface and immobilize a cardiac troponin
I'monoclonal antibody (Mab-cTnl) (Figure 4b), enabling them to achieve a LOD of 0.016
ng/mL. However, the authors did not investigate the SINW FET transfer characteristics
before and after the immobilization of the Mab-cTnl. That analysis could confirm whether
the immobilization of antibodies on the surface of the SINWs was successful by the shift of
the VTH-

SiNW-FET-based immunosensors sensitivity is influenced by many factors related to
the structure and configuration of the device, such as the NW diameter, doping density,
and the number of wires in an FET [127]. For example, Figure 4c shows a schematic
representation of the surface-to-volume ratio of a thick (i) and thin (ii) NW. It is possible to
see that when charged particles are close to the surface of a thick wire (Figure 4c(i)), the
area affected by the electric field exerted from the charged particles is localized on the wire
surface. In this way, the atoms located in the interior of the wire are unaffected. On the
other hand, when the wire diameter decreases (nanoscale), the influence of the external
electric field could reach the entire cross-section of the NW [123]. As one would intuitively
assert, this result confirms that the change in conductance in a thinner NW is much more
sensitive than in a thicker one.

Li et al. [127] performed a systematic study on the influence of the SINW diameter,
doping density, and the number of SiINWs in the sensitivity of a SINW-FET-based im-
munosensor for the model immunodetection of hIgG. The authors demonstrated that the
immunosensor sensitivity decreases with the increase of the number of SINWs deposited
between the source and drain electrodes. A device with seven SiNWs per channel pre-
sented a reduction of 82% in sensitivity compared to a single NW device. The authors
attributed this impressive sensitivity reduction to the competitive binding and depletion of
the analytes from the surrounding solution. In this way, the distance between the SINWs
in a multiple-SiNW FET should be very well controlled to achieve a sensitivity comparable
to a single-SiNW FET.

In addition, the authors [127] also showed that an immunosensor with a larger diame-
ter (101-120 nm) exhibited a decrease in sensitivity of around 37% compared to devices
with diameters of 60-80 nm. A similar feature was observed for the SINW doping density:
higher doping (10! atoms cm~3) promoted a decrease of the sensitivity of around 69%
compared with lower doping density (107 atoms cm~3). The system with lower doping
density is less affected by charge screening due to the mobile charge carriers in the NW,
improving the sensitivity of the devices to immunodetection [128]. In summary, these
parameters are essential for any NW-FET-based immunosensors, and they should be opti-
mized to ensure higher sensitivity and reproducibility in devices, allowing immunosensors
to reach the market.

Besides silicon, other materials have been explored in the development of FET
immunosensors based on NWs, such as indium phosphide (InP) [55] and zinc oxide
(ZnO) [129-131]. In the III-V semiconductor family, InP NWs exhibit exciting features for
the development of FET-based immunosensors. For example, InP exhibits lower surface
recombination rates and consequently longer carrier lifetimes [132], which undoubtedly
improves biosensor performance.
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In particular, we highlight the InP-NW-FET-based immunosensor developed by Janis-
sen et al. [55] to detect the Chagas disease protein marker (IBMP8-1). To achieve this,
first of all, the authors grew InP NW using chemical beam epitaxy and immobilized them
between source and drain electrodes in arrays of FETs, using microfluidic channels. Then,
the InP NWs were modified with ethanolamine (EA), followed by poly-(ethylene glycol)
(PEG), to bind the specific polyclonal IBMP8-1 antibodies. As a result, the device presented
impressive high sensitivity, with a LOD of 5.7 fM for IBMP8-1. Furthermore, the authors
claimed that the successful detection of the IBMP8-1 is related to the excellent uniformity
in the immobilized receptor on the InP NWs surface and the capture binding performance
of the antibodies, since the molecular linker used by the authors (EA plus PEG) decreased
the steric hindrance for the antigen (IBMP8-1). Thus, this work brought a significant contri-
bution, showing that the nanomaterials’ functionalization to immobilize bioreceptors plays
an essential role in the sensitivity of FET-based immunosensors.

Another material, which shows very attractive properties for the development of
high sensitivity FET-based immunosensors, is ZnO. It has low cost, is abundant, non-toxic,
compatible with intercellular material, and possesses a large direct bandgap of 3.37 eV,
contributing to high Ion /lopr ratios [131]. In this way, ZnO NW (or nanorod (NR), as they
are more commonly known) has gained a lot of attention as a semiconductor material for
developing FET-based immunosensors [7,133]. One of the distinctions of ZnO NRs is their
use to build FET in a non-planar configuration. Chakraborty et al. [130] showed the effect
of the horizontal and vertical drain-source contact configuration in the sensitivity of a ZnO-
NR-FET-based immunosensor for the ultrasensitive detection of Hep-B antigen biomarkers.
First, the authors covalently immobilized the anti-Hep-B monoclonal antibodies on the
ZnO NRs surface using the 3-mercaptopropyltrimethoxysilane (MTS). Then, they evaluated
the Ipg changes in the device transfer characteristics (Ipg vs. Vpg) curves for the horizontal
and the vertical configuration in the presence of different antigen concentrations.

Figure 5b from Chakraborty et al. [130] shows the sensitivity variation as a function of
the antigen concentration at 1 MHz frequency for both horizontal and vertical electrode
configurations. It is possible to see that the LOD for the horizontal electrode configuration
cannot go beyond 1fM. However, in the vertical electrode configuration, the LOD can be
reduced by two orders of magnitude down to 0.02 fM with a sensitivity of approximately
20%. Besides that, the sensitivity at 1fM antigen concentration increases by more than
200% in the vertical configuration compared to the horizontal one. The authors attributed
this significant improvement in sensitivity in the vertical electrode configuration to the
enhanced penetration of the electric field lines within the NRs and the facilitated transport
of the charge carriers and their mobility.

Figure 5c also shows that the equivalent resistance of the NRs appears in series with
the ZnO seed layer (substrate) (Figure 5¢(i)). Since the seed layer thickness is smaller than
that of the NRs, the effect of the NRs dominates the electrical resistance. However, for the
horizontal electrode configuration (Figure 5c(ii)), the resistances appear in shunt with each
other. In this case, the seed layer resistance dominates. This study is a clear example of how
it is possible to play with the geometry and configuration of the electrodes in FET-based
immunosensors to improve their sensitivity.
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Figure 5. (a) Schematic illustration of the zinc-oxide-nanorod-field-effect-transistor-based (ZnO-
NR-FET) immunosensors with lateral (i) and vertical (ii) electrode configuration, respectively. (b)
Variation of sensitivity with different antigen concentrations for 1 MHz frequency for vertical and
horizontal electrode configuration. (c) Resistance model for vertical (i) and lateral (ii) electrode
configuration. Adapted from [130] with permission from Elsevier.

3.2. 2D Materials
3.2.1. Graphene

Following the isolation of graphene—an atomically thin sheet of carbon atoms ar-
ranged in a honeycomb lattice—in 2004 by Novoselov et al. [134], soon enough the ap-
plication of this novel material as a sensing platform was investigated, culminating in
the study of the detection of single gas molecules by the same group [135]. Later on,
the first work to investigate graphene’s sensing ability operating as a FET in solutions
was conducted by Ang et al. [136], analyzing the device’s response due to changes in
pH. Mohanty et al. [137] introduced biosensing applications of graphene derivatives for
field-effect transistors (GFET) with the development of a device to detect single strands of
DNA with aptamers linked to a graphene oxide surface via carboxylic groups. Another
exciting application and realization of this device architecture was in detecting bacteria via
the amine groups functionalized onto the graphene oxide surface [137]. There detection
was due to changes in the surface charge induced by the recognition event. The device
presented outstanding sensitivity, however the mechanism of operation was related to a
chemiresistor instead of a FET, since the authors used GO, which is an insulating material.
This can be attested by the poor electrical characteristics of the transfer curves (Ipg vs. Vgs)
in the device, that presented a low value of Ipg current (around nA) and the Dirac voltage
(Vpirac) not very well defined.

Two pioneer works conducted independently for immunosensing applications were
performed by Mao et al. [138] and Ohno et al. [139] in 2010 for the detection of immunoglob-
ulin G (IgG) and immunoglobulin E (IgE), respectively. Mao et al. utilized reduced
graphene oxide (rGO) as the channel material for the FET. rGO was decorated with AuNPs,
where the antibodies were conjugated. This architecture could reach LOD for IgG of
2 ng/mL. The authors attributed the sensing mechanism to changes in mobility that occur
due to the increase of scattering sites on the rGO surface, caused by the recognition event
and the electrostatic gating effect. That effect, in turn, occurs due to the positive charges
introduced by the binding of the IgG (positively charged at this pH) into the antibody’s
sites. Ohno et al. [139] utilized graphene nanoflakes with anti-IgE linked to its surface via
the covalent bonding of a previously introduced linker 1-pyrenebutanoic acid succinimidyl
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ester (PBASE) which interacts with graphene via 7-stacking, acting as a molecular bridge
to immobilize the antibodies on the sheet surface. With this functionalization, the device
could selectively detect IgE among bovine serum albumin (BSA) and streptavidin (SA),
with the capability of detection down to 0.29 nM with solutions of pure IgE.

More recently, Zhu et al. [140] reported an immunosensor to detect E. coli K12 using
a graphene FET platform. They have investigated real-time detection by tracking the
current between the drain and source electrodes with a solution gate approach. They
also presented a numerical analysis of the carrier density to corroborate the experimental
results, proposing that the primary mechanism of detection for the investigated setup
was p-doping, due to the adsorption of the negatively charged system—increasing the
number of holes. Finally, they found a correlation between the current change (Ips) and the
bacteria’s concentration. As we discussed before, for p-type materials, an increase in the
conductivity is observed when one applies a negative gate voltage to the device. Although
Zhu et al. [140] had not applied a gate voltage on their experiment, one can argue that the
bacteria’s adsorption after the immunoreaction acts as a negative gate.

Zhou et al. [141] reported a label-free GFET based on non-covalent modification
with 1-pyrenebutanoic acid succinimidyl ester (PYR-NHS). In this device, the aromatic
pyrenyl group interacts with the graphene surface by m-stacking and succinimidyl es-
ter group with the antibodies” amine groups. In that manner, the immobilization of an
anti-carcinoembryonic antigen (anti-CEA) on single-layer graphene keeps its electronic
properties. The mechanism of operation for the GFET proposed by Zhou et al. [141] was
based on the CEA proteins interacting on the surface that acted as electron donors. This
results in the experimentally observed conductance changes. The LOD estimated for this
immunosensor was about 100 pg/mL, much lower than the cut-off in clinical diagnosis
(5 ng/mL). As we discussed before, EI operating as FET can significantly decrease the
LOD of the devices. Thus, Zhou et al.’s [141] results indicate that the proposed antibody-
modified GFET is a promising tool for biomarker quantification at low concentrations on
biological fluids.

Islam et al. [142] developed a GFET for acquired immunodeficiency syndrome (peptide
p-24), cardiovascular disease (cardiac troponin I biomarker), and rheumatoid arthritis
(cyclic citrullinated peptide). The specific antibodies were covalently conjugated to amine-
functionalized graphene via carbodiimide activation (EDC/NHS) in different transistors.
The mechanism used to determine the analyte concentrations is related to the interaction
between biomarkers and antibodies (bound to graphene). This interaction promotes a
redistribution of local doping, which manifests as a change in the channel’s resistance. The
LOD obtained with this method for peptides was 100 fg/mL, and for both troponin I and
rheumatoid arthritis peptide, it was 10 fg/mL.

Kanai et al. [143] recently reported a new GFET immunosensor for a small antigen
peptide with only seven amino acids (BGP-C7). An antibody fragment was immobilized
on the graphene surface using a non-covalent modification by PYR-NHS. This strategy led
to a dramatic increase in sensitivity, and a LOD of 10 fg/mL was obtained. The authors
considered that there are some reasons for the sensitivity improvement. One of them
is the high electron mobility of graphene, causing a current change by analyte binding.
Another reason is the fusion of the antibody fragment and the murine amyloid precursor
protein, which increased the negative charge on graphene, promoting a change in the
detected current. Furthermore, they studied the effect of the potential on the graphene
surface by applying a negative voltage on graphene and a positive voltage on the solution,
promoting the movement of cations from the solution to graphene. The authors also made
determinations in 0.5% serum, suggesting a potential application of this device in real
samples, for clinical diagnosis.

Finally, one recent work in GFET biosensors drew attention for its applicability in the
detection of SARS-CoV-2 in human nasopharyngeal swab specimens (Figure 6a), conducted
by Seo et al. [57]. Despite its simple geometry already applied in other immunosensors the
graphene sheets utilized as the device channel portion was treated with PBASE to work
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as a linker between the graphene surface and the spike protein antibody of the virus. The
operation principle of the device beyond the field-effect is not explicitly mentioned, or
even the bias values of the Vg applied during the kinetic experiments to determine the
concentration of spike protein and/or the role of the SARS-CoV-2 virus in the samples as
a function of time (Figure 6b). In this case, the Vg refers to the maximum value of the
transconductance extracted from the characteristic transfer curve, which should be applied
together with the Vpg to obtain the kinetic curves, with an amplified response. This device
detected concentrations of 100 fg/mL of the SARS-CoV-2 spike protein on eNAT® medium,
that stabilize and preserve microbial nucleic acids. It showed that the detection without
preprocessing of the sample is possible. The final results of this work demonstrated that it
is possible to detect SARS-CoV-2 virus (instead of only the spike protein) in real clinical
samples with LOD as low as 2.42 x 10? copies per mL with linear normalized responses
curves from 107° to 10~* dilution factor (Figure 6c).
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Figure 6. Graphene field-effect transistor (GFET) biosensor for the detection of the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) in human nasopharyngeal swab specimens. (a)
Schematic of the collection of samples and graphene field-effect transistor. (b) Real-time response of
the GFET biosensor for various dilutions of patient samples. (c) Response dependence curve for the
dilution factor of samples. Adapted from [57] with permission from ACS Publications.

3.2.2. Transition Metal Dichalcogenides

The emergence of graphene led to a search for other two-dimensional materials. One
of the drawbacks of graphene is the absence of a bandgap, characterizing the material as a
semimetal. So, other 2D materials that could act as semiconductors with direct bandgap
were sought after. In 2010, the re-discovery of TMDs opened another era in electronics
research and the areas derived from these devices, such as biosensing [144]. The first
isolated 2D TMD was MoS, [145].

Among the TMDs, MoS; stands out as the most widely studied for integration in
BioFET. For that matter, the first publications of TMD applied as a channel material for
BioFET occurred in 2014, by Sarkar et al. [58], reaching LOD of streptavidin down to 100 M,
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and by Wang et al. [146], detecting the prostate-specific antigen (PSA) cancer biomarker
with LOD down to 375 fM. Lee et al. [89] soon after eliminated the use of a dielectric over
the TMD channel, fabricating a sensor for PSA where the antibodies were nonspecifically
physiosorbed on the MoS, surface, simplifying the overall device. This approach was able
to detect concentrations of 1 pg/mL, three orders of magnitude lower than the clinical
cut-off level. The sensing mechanism relied on the accumulation and interaction of charges
due to recognition events on the surface of MoS,, leading to a change in the Iopp current
and subthreshold swing (SS) of the device.

In 2015, Nam et al. [147] conducted a kinetic analysis of molecule interaction with
MoS;. They studied transistors passivated with hafnium oxide (HfO,) and functionalized
with antibodies for the detection of human tumor necrosis factor-alpha (TNF«) in a solution
of PBS. Beyond the characterization of the recognition events, the device could detect TNFx
concentrations as low as 60 fM. Later on, the same group functionalized the MoS; layer with
the antibodies without the dielectric [148], and compared its characteristics to their previous
device. The mechanism on the passivated device relies on the shift of the Vi caused by
the capacitively coupled charge on the binding of the Ab/Ag region. The primary detection
mechanism for sensing in directly functionalized MoS, is the modulation of the Ion current
transconductance of the device by the distortion of the potential on the MoS, channel due
to the recognition event. This new device displayed the same LOD demonstrated for the
previous one.

One of the main challenges of immunosensors based on FETs is the operation with real
bodily fluids without further processing of these solutions. An example of a device that
works in complex solutions such as serum and saliva was presented by Ryu et al. [149] for
detecting Interleukin-1 and streptavidin down to a concentration of 1 fM. This work sets
itself apart from others because the device incorporates microfluidic channels that enable
its cyclewise and rapid operation (23 min. from beginning to end), i.e., the channel portion
of the device, which is made of MoSy,, is flushed with reagents and fluids to complete the
four steps necessary for operation: incubation of the targets, flushing of the target solution,
drying of the device and electrochemical measurement. These stages can be run in a timely
fashion, reducing the damage of the semiconductor, nonspecific adsorption, and screening
by the electrolyte, enabling time-dependent responses and signal quantifications with high
sensitivity and selectivity. The sensing of streptavidin and Interleukin-1f3 is not conducted
on the same device, as different functionalization is required. The recognition events
are conducted with the functionalization of the device, beginning with the deposition of
APTES on the MoS,. This molecule serves as a linker to the biotin molecule (streptavidin
sensing) and a linker to the glutaraldehyde that is connected to the anti-Interleukin-13
(Interleukin-1f sensing).

A more recent work covering the application of a MoS; flexible transistor to detect the
Ebola virus was conducted by Zhang et al. [150] (Figure 7a,b). The device was fabricated
over a polyimide substrate, yielding its characteristic flexibility. The mechanical strength of
the configuration was tested via bending repetitions, and even after 100 cycles, no visible
degradation was observed (Figure 7c), which is a remarkable result for future applications
in integrated devices over the human skin. The channel portion was functionalized with
VP40 antibodies via a cross-linker (11-MUA). The recognition event is characterized due to
molecular gating of the VP40 proteins, causing a modulation of carrier density in the MoS;
channel since the structure does not have a gate electrode. The LOD was achieved with
concentrations of 2 fM (Figure 7d), showing the high performance of the device.
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Figure 7. MoS, flexible field-effect transistor biosensor for the detection of the Ebola virus. (a)
Schematic of the biosensor with antibodies anchored to the substrate and antigens recognized by
the antibodies. (b) Optical images of the device fabrication and atomic force microscopy image of
the MoS; nanosheet. (c) Output characteristic curves (Ipg vs. Vpg) for the bending tests, showing no
degradation of the Ipg current. (d) Calibration curves of the device for de detection of the VP 40 with
(in black dots) and without (in blue dots) the presence of the VP40 antibodies and in the presence of
the interferent staphylococcal enterotoxin B (SEB) (in red dots). Adapted from [150] with permission
from Wiley-VCH.

Despite MoS; interesting characteristics, we are yet to see the advent of their application
on immunosensors since graphene is clearly the most used material in transistors applied to
biosensing. Other 2D materials applied to biosensing are described in the following.

3.2.3. Black Phosphorus and MXenes

Within the 2D family, BP [68] presents some exciting properties for application in
BioFET, such as high mobility and the presence of a bandgap, as shown in Table 1. Com-
posed of phosphorus atoms covalently bonded to other three phosphorus atoms in its
structure, is in puckered structure [83]. The use of BP applied to immunosensing FET is
still yet to be explored due to its instability and degradation when exposed to solutions
and air, but those drawbacks can be overcome if a passivation layer is introduced. The
most reviewed work in this subject is the one from Chen et al. [68], where BP was applied
as a channel material for sensing IgG. The channel was isolated from the aqueous solution
with an alumina (Al,O3) thin film, where gold nanoparticles were deposited on top of
the film and then functionalized with the anti-IgG via cysteamine and glutaraldehyde
linkers. The device showed a low LOD (10 ng/mL) and a high selectivity towards IgG. The
operation mechanism was characterized by a gating effect instead of charge transfer due to
the passivated layer. After encapsulating BP with alumina, the high surface properties are
lost, but it could be recovered with the introduction of gold nanoparticles, enhancing the
density of the bioreceptor immobilized on the surface. Despite these drawbacks, the device
still presents high mobility, which is important for this kind of application.

Another interesting and recent approach to utilizing BP as the channel for a BioFET
was conducted by Kim et al. [151] to detect alpha-fetoprotein (AFP) produced by liver
cancers. The AFP antibody was directly linked to a film of poly-L-lysine (PLL) over
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the BP layer. The device could detect AFP in the range of 0.1 ppb to 1 ppm, enough to
diagnose liver cancer in humans. AFP is a negatively charged molecule, and BP sheets are
naturally p-type. When the recognition event takes place, the AFP molecule is capable of
changing the conductivity of the channel, changing the output current, and providing the
sensing mechanism.

A 2D material class that has recently gained attention for the application in biosensors
is the class of MXenes. They can be categorized as transition metal carbides or transition
metal carbonitrides and are obtained from the etching of the A layer in MAX phases, where
M is a transition metal, A is an element from group III-A or IV-A, and X is carbon or
nitrogen. The structure resembles the one from TMDs, where the X element is between
the M atoms. In the bulk form, the layers of MXenes are held together by the A atoms
in a metallic bond, in contrast to graphene, or TMDs which are held by Van der Waals
forces. So, other processes, such as a balance between heat and etchants, are necessary
to exfoliate the sheets. Through stoichiometry, electronic characteristics can be changed,
varying from metallic to small bandgap semiconductors [94]. In 2011, Naguib et al. [152]
produced TizC; nanosheets with multilayer structures and conical scrolls from TizAlC, via
chemical exfoliation. This material has properties closely related to graphene, such as high
conductivity and low bandgap. However, it has a low surface area, but still higher than
that found in MoS, [77].

A recent work conducted by Li et al. [153] explored a heterostructure of graphene
and TiyC to sense both influenza A (HIN1) and SARS-CoV-2. The combination of the high
chemical sensitivity of the MXene and the possibility of integration in high continuous
sheets of graphene provided a platform with high sensitivity and selectivity, with detec-
tion limits of 125 copies/mL for HIN1 and 1 fg/mL for SARS-CoV-2 spike protein. The
antibodies were linked to the surface of the MXene via APTES. The surface of MXenes has
a large number of terminating groups, which in turn allows the binding of a high amount
of APTES. The device operates with relatively low voltages, and with characteristics sug-
gesting further integrations as wearable sensors. The mechanism in which the recognition
event is transduced is the changes in the localization of the neutral point of the transfer
curves, recording the values of Ipg and Vg for these points.

3.3. Theory and Simulation of Biosensing

The theory/experiment synergy to investigate sensing devices can enable the devel-
opment of robust rationalized devices. Theoretical works dealing with molecular modeling
can lead to relevant insights for the area, providing an understanding of EI's underlying
mechanisms and supporting the proposal of new and more efficient devices. Besides,
complex and often expensive experiments can be optimized based on the theoretical in-
sights gained by molecular modeling. However, simulating sensing devices is challenging
due to the need for complex models to describe all the phenomena occurring during the
detection event. There are numerous ways of applying theory to biosensing, and we can
classify them into continuous or large-scale modeling and molecular modeling. On the
one hand, continuous modeling is habitually used to propose semi-empirical equations to
describe some specific property and then solve them for a given set of parameters [154].
After that, the obtained characteristic curve can be compared to the experimental result.
On the other hand, molecular modeling usually applies atomistic simulations based on
classical/quantum mechanics [115,155,156] to the studied systems for investigating its
fundamental properties.

Nevertheless, molecular modeling works applied to EI are rarely reported in the
literature. The systems required to computationally model an EI are usually large macro-
molecules, limiting the applications as it becomes a costly simulation. Since EI's mecha-
nisms are related to the charge carriers through the employed material, there is a need to
apply computationally expensive techniques for the required number of atoms, such as
density functional theory (DFT). Another important aspect from the molecular modeling
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point-of-view that limits its application to biosensing is to realistically simulate the solvent
effects on these systems, which is still an open challenge for the area.

In contrast, molecular modeling works applied to biosensing not based on immunorecog-
nition events are more frequently reported in the literature. Molecular modeling based on
classical mechanics, such as classical molecular dynamics (MD), has been applied to inves-
tigate the underlying mechanisms of biosensors on a more regular basis [157]. Thereby, the
theoretical works of molecular modeling reported in the literature are usually done using
small molecules [158]. Stroud et al. [159], for instance, reported on an MD simulation to
investigate the interaction between a model peptide sequence and different potential LDM
candidates as transducer/substrate in biosensors platforms. That kind of simulation can
also be used to study phenomena like the EDL formation, calculate free energies, etc.

MD simulations are frequently used to investigate macromolecules and their sur-
rounding environment to assess fundamental properties that might be useful in proposing
new sensing devices. A recent work on the SARS-CoV-2 virus by Badhe et al. [160] using
MD presented an investigation of twelve peptides that could be used to both propose
therapeutics and detect the virus. The authors studied the functionalization of graphene
and CNT using the proposed peptides, evidencing the possibility of detecting the SARS-
CoV-2 virus based on the binding of its spike protein into the peptides. Due to the shorter
length of the peptides in relation to the antibodies, they are shown as an extremely viable
alternative to circumvent the Debye screening effects that occur in the analysis of real
samples, due to their high ionic content.

The works described above, however, do not consider a FET setup as electrons are not
explicitly accounted for. Molecular modeling based on quantum mechanics is widely ap-
plied to gas sensors [161], particularly in the proposal of nanoscopic devices based on chan-
nel conductance changes. For those studies, the typical size and number of atoms needed
to perform the simulations allow for the use of more computationally demanding methods,
such as DFT and the non-equilibrium Green’s functions (NEGF) [162]. Li et al. [163], for
instance, have recently reported a promising work on a gas sensor using 2D Tungsten
oxide (WO3). Among other results, the authors concluded that the adsorbed gases affected
the material’s conductance in distinct manners, paving the way for more selective devices
compared to the ones that use more traditional materials, such as graphene.

A class of biosensors that has been addressed in a more routine way are DNA sequence
devices. There are wishes to detect and identify the different nucleobases. There DNA
sensors have been frequently studied by means of molecular modeling based on quantum
mechanics as the nucleobases are small [95,164-166]. In this case, Feliciano et al. [167]
recently included the effect of the solvent in the simulations, something that was routinely
ignored due to the system size limitations. This was done in combination with molecular
mechanics to assess the solvent effects on biosensors [155]. Those studies usually involve
smaller systems compared to the ones needed to simulate a full EI, but can give important
insight, such as the effect of the solvent on the electronic properties of the system.

In this manner, theoretical approaches using numerical simulations are used on a more
regular basis to investigate EI, mainly focusing on their operation optimization. In contrast,
the methods based on molecular modeling are widely applied for biosensors, but the
system size required to investigate EI is still prohibitive, especially for methods based on
quantum mechanics. Nonetheless, molecular modeling can be used to assess fundamental
properties and mechanisms of operation of EI, such as charge transfer, binding energy,
changes in conductance, etc., using simplified models.

4. Outlook and Conclusions

There are many scientific challenges associated with LDM-based FET immunosensors.
We have shown that even the same material, when in a different environment, can present
significantly different detection mechanisms. From the experimental point of view, using
these devices to perform real-time measurements in samples from biological fluids, such as
saliva, blood, serum, and sweat. These samples possess a high ionic content that contributes
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to the Debye screening effect, decreasing the sensitivity of the devices in the analytical
detections, as mentioned in Section 2.4. In this case, searching for bioreceptors with shorter
dimensions compared to the antibodies, such as aptamers and nanoantibodies, appears to
be an appealing option to overcome this issue.

Due to their small size, LDM-based FET immunosensors are ideal for the implemen-
tation of multiplex analysis. This opens new possibilities for the medical community to
explore these devices to detect multiple biomarkers on low volume of patients’ samples,
allowing them to perform disease diagnosis with higher precision. Furthermore, the de-
vices could be integrated into portable readers to achieve the concept of point-of-care
biosensors, offering low-cost technology, especially for underdeveloped and emerging
countries, where access to clinical analysis laboratories is scarce.

Despite the remarkable progress in developing LDM-based FET immunosensors,
there is still a gap to bring these devices from the lab to the fab. First of all, the large-scale
production of LDMs in a standardized, fast, cheap and controllable way is still missing.
This is close to being realized for graphene and SWCNTs, but there is plenty to be filled
for other emerging LDMs beyond nanocarbon materials. More than that, integrating
LDMs into the standard CMOS technology for silicon semiconductor chips, retaining their
outstanding properties, is an ongoing process. New methods to transfer the LDMs to
substrates in a controllable, homogeneous, and scalable way are also in development. In
addition, strategies to improve the lifetime of the bioreceptors immobilized onto the LDMs
surface are an area of intense research. Those aspects are critical to allow these devices to
reach the final users. Besides that, it is essential to highlight that LDMs represent a new
class of materials, and their regulated use is not fully established. However, there is a
strong effort in the materials science community and the regulatory agencies to develop
the guidelines and the safe use of these materials.

In conclusion, we presented an extensive review addressing the fundamental aspects
of LDM-based FET immunosensors as well as the most recent advances in the field. We
discussed the principles of operation of such devices, the advantages of using LDM materi-
als, and the main detecting mechanisms. We covered most of the recent and outstanding
works reported in the literature, focusing our discussion on the main detecting mechanisms
described by the authors. Finally, we discussed the theoretical efforts in simulating systems
in the area and the main open challenges.
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Abbreviations

The following abbreviations are used in this manuscript:
Ab Antibody

Ag Antigen

BioFET Field-effect-transistor-based biosensor
BP Black phosphorus

CNT Carbon nanotube

DEP Dielectrophoresis

DFT Density functional theory

DI Deionized water

EDL Electrical double layer

EI Electrochemical immunosensor

FET Field-effect transistor

GFET Graphene field-effect transistor

Ips Drain-source current

Ion/Iorr Ratio of drain-source current between on and off operation modes
ISFET Ion sensitive field-effect transistor

LDM Low-dimensional material

LOD Limit of detection

MD Molecular dynamics

N/A Not available

NEGF Non-equilibrium green’s functions

NR Nanorod

NW Nanowire

ox-SWCNT  Oxidized single-walled carbon nanotube
rGO Reduced graphene oxide

sc-SWCNT  Semiconducting single-walled carbon nanotube
SGFET Solution-gated field-effect transistor
SWCNT Single-walled carbon nanotube

TMD Transition metal dichalcogenides

Vs Gate-source voltage

V1 Threshold voltage

AD Debye length
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