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ABSTRACT

Nowadays, there is a high demand for sensitive and selective real-time analytical methods suitable for a wide range of applications, frompersonalized tele-
medicine, drug discovery, food safety, and quality control, to defense, security, as well as environmental monitoring. Biosensors are analytical devices able
to detect bio-chemical analytes (e.g., neurotransmitters, cancer biomarkers, bio-molecules, and ions), through the combination of a bio-recognition ele-
ment and a bio-transduction device. The use of customized bio-recognition elements such as enzymes, antibodies, aptamers, and ion-selective mem-
branes facilitates achieving high selectivity. Among the different bio-transduction devices currently available, electrolyte-gated “eld-effect transistors, in
which the dielectric is represented by an ionic liquid buffer solution containing the targeted analyte, are gaining increasing attention. Indeed, these bio-
transduction devices are characterized by superior electronic properties and intrinsic signal ampli“cation that allow the detection of a wide range of bio-
molecules with high sensitivity (down to pM concentration). A promising semiconducting material for bio-transduction devices is represented by carbon
nanotubes, due to their unique electrical properties, nanosize, bio-compatibility, and their simple low-cost processability. This work providesa compre-
hensive and critical review of electrolyte-gated carbon nanotube “eld-effect transistor-based biosensors. First, an introduction to these bio-sensing devices
is given. Next, the device con“gurations and operating principlesare presented, and the most used materials and processes are reviewedwith a particular
focus on carbon nanotubes as the active material. Subsequently, different functionalization strategies reported in the literature, based on enzymes, anti-
bodies, aptamers, and ion-selective membranes, are analyzed critically. Finally, present issues and challenges faced in the area are investigated, the conclu-
sions are drawn, and a perspective outlook over the “eld of bio-sensing technologies, in general, is provided.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0058591
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I. INTRODUCTION

Biosensors are analytical devices that transduce (i.e., convert) a
bio-chemical response caused by a speci“c analyte or a group of
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analytes into a measurable signal proportional to the target analy-
te(s).1,2To realize a functional biosensor, two key elements are neces-
sary: (i) the bio-recognition element (such as enzymes, antibodies,
aptamers, and ion selective membranes) and (ii) the bio-transduction
device, which converts the interaction(s) between the bio-recognition
element and the analyte(s) of interest (input signal) into a measurable
(output) signal. Output signals can then be further manipulated, ide-
ally including on a single platform both the sensing element and the
readout circuitry.3 In the last decades, different bio-transduction devi-
ces have been used, including optical,4 piezoelectric,5 and electro-
chemical approaches.6 Among those, electrochemical devices (where
the bio-chemical input signal is converted into an electrical output sig-
nal) are heavily investigated due to their fast response time (few sec-
onds),7 easy miniaturization, and no need of sample pretreatment.8

The resulting label-free detection strategy (i.e., no need to attach ”uo-
rescent or radioactive molecules to the targeted analyte(s) to perform
the measurements)9…11enables integration into low-cost miniaturized
portable systems, allowing both laboratory analysis and point-of-care
testing.12 These advantages facilitate the use of biosensors in diverse
“elds such as biomedicine and health care,10,13…17wearable electron-
ics,18,19food and beverage quality control,15,20,21circuit applications,22

and precision agriculture.23,24

Biosensors using “eld-effect transistors (FETs) as bio-
transduction elements are one of the most promising class of electro-
chemical devices. Superior electronic properties and intrinsicsignal
ampli“cation allow FET-based biosensors to detect a wide range of
bio-molecules with high sensitivity and selectivity.12,25…27In general, in
FETs, the ”ow of electrons (or holes) through the semiconducting
channel connecting the two conductive (source and drain) terminals is
controlled via the third (gate) electrode, allowing current variations
over many orders of magnitude.8 In addition to the classical gate con-
tact control, the charge carrier ”ow in FETs can also be perturbed via
multiple mechanisms involving surface effects, local electric “elds, and
chemical reactions in the bulk.28 FET-based biosensors rely on these
latter mechanisms, where changes in the electrostatic surface potential
induced by the speci“c binding of the analyte molecule(s) to the bio-
recognition elements (intimately integrated in the FET transduction
platform) are used to detect the analyte(s) of interest.8 Speci“c exam-
ples of electrochemical biosensors using FET transduction can be
found in several recent papers.10,13…17,20,21,23,29…32

To date, the most widely used FET technology is constituted by
the so-called metal-oxide-semiconductor FETs (MOSFETs), where the
gate contact is insulated from the silicon (Si) semiconducting channel
by a thin silicon dioxide (SiO2) layer.33 FET-based biosensors can be
realized using different device con“gurations such as so-calledback-
gated (BG-FET),34,35 dual-gated (DG-FET),36,37 or electrolyte-gated
FETs (EG-FETs).16,38Among these, EG-FETs, where the typical FET
structure is modi“ed by replacing theSiO2 insulator with an electrolyte
such as a solid polymer,39,40an ion-gel,41 or a water-based electro-
lyte,42,43are widely employed bio-sensing FET con“gurations. Among
those, water-based electrolytes are the most used, due to the fact that
the majority of the biological analytes can be found in water-based
environments.14Limitations of MOSFET technology in terms of large-
area and low-cost scalability and applicability to low-temperature ”exi-
ble, stretchable, and bio-compatible substrates have led to the search
for alternative semiconductors such as amorphous metal oxides
(AMOs),44 organic materials,45 and one-dimensional (1D) or two-

dimensional (2D) nanomaterials such as carbon nanotubes
(CNTs)46…48or graphene.49,50

Among the possible materials, semiconducting CNTs are particu-
larly interesting due to their potential advantages related to the electri-
cal properties (e.g., relatively large carrier mobility of the individual
CNT as high as 2500 cm2 V� 1 s� 1),51 the nanometric dimension, bio-
compatibility with the target analytes,52and the solution processability
that allows CNTs to be unobtrusively integrated into almost any type
of substrate (e.g., ”exible polymeric foil).28,53…55CNTs are character-
ized by a unique geometry consisting of a 1D nanosize (comparable to
the typically targeted bio-molecules) in which the mass is mostly con-
centrated on the surface. For this reason, CNTs offer not only a large
surface area for the immobilization of the bio-recognition elements,
but also a surface charge transport that can be highly in”uenced by
small changes of the surrounding environment. Such unique features
allow CNT-based biosensors to be sensitive down to pM concentra-
tions.56 In that perspective, CNTs are especially attractive to realize
EG-FET biosensors (so-called EG-CNTFETs).57 This is why, in the
last decade, manifold applications of EG-CNTFETs have been demon-
strated, including the detection of neurotransmitters (e.g., dopamine
and glutamate),3,54cancer biomarkers (e.g., BT474 and MCF7 breast
cancer cells),58 real-time monitoring of bio-molecules (e.g., lactate and
glucose),14 cellular culture monitoring,38 and the realization of multi-
ion sensor arrays (e.g.,Hþ , Naþ , Kþ , Ca2þ , Cl� , andNO�

3 ).59…61In
addition, soft and mechanically bendable EG-CNTFET-based biosen-
sors are now also possible,59 paving the way toward biomedical diag-
nostics, wearable sensors, and implantable devices.14,59

While there are several valid reviews focused on the speci“c opera-
tion mechanisms of EG-FETs based on solid electrolytes for use in
printed electronics,40 on the detection mechanism of biological species
using CNTFETs,62or on the electrical properties of the CNTs semicon-
ducting layer in EG-CNTFET,63 on the different electrolyte used for
EG-FET operation,64 there is currently no comprehensive and critical
review on EG-CNTFET-based biosensors, where the operating princi-
ples of such devices and their application are thoughtfully analyzed.

Main aim of this work is to critically review the recent advances
obtained with EG-CNTFET-based biosensors based on different
bio-recognition elements. First, in Sec.II, the possible EG-CNTFET
con“gurations, the most used materials and processes are presented,
followed by a description of the operating principle of the biosensor.
Then, in Sec.III , a critical discussion on CNTs as active material for
EG-CNTFETs is given. Subsequently, in Sec.IV, the different func-
tionalization strategies utilized for EG-CNTFET biosensors are intro-
duced. SectionV is focused on the analysis of the reported literature
about EG-CNTFET-based biosensors, speci“cally biosensors based on
enzymes (Sec.V A), antibodies (Sec.V B), aptamers (Sec.V C), and
ion selective membranes (Sec.V D) are critically analyzed. Finally, in
Sec.VI, present issues and challenges faced in the area are investigated,
the conclusions are drawn and a perspective outlook over the “eld of
bio-sensing technologies, in general, is provided.

II. BIOSENSOR CONFIGURATION AND OPERATION

Aim of this section is to give the reader an extensive introduction
to the EG-CNTFET bio-sensing platform. SectionsII A and II B are
dedicated to the discussion of the design and material choices usedfor
EG-CNTFET in literature, while Secs.II C andII D are focused on the
description of the working principle behind the operation of an
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EG-CNTFET, that is, how to characterize such devices and how this
translates in the design and fabrication of a EG-CNTFET-based
biosensors.

A. EG-FET configurations

The basic architecture of an EG-FET is, in principle, the same as
the one of a conventional FET: it consists of three electrodes, namely,
the source, the drain, and the gate. The source and drain electrodes are
connected through a semiconducting material, while an insulating
material is used to separate the gate electrode from the semiconducting
material. By applying a voltage between the gate and source electrodes,
it is possible to force the inversion of the region of the semiconductor
in close proximity to the oxide, thus forming a conductive channel, so
that if a voltage is applied between the source and drain electrodes, the
charge carriers (either electrons or holes) can ”ow through this chan-
nel and a current can be measured. The mechanism we just brie”y
described is referred to as “eld-effect: through precise control of the
voltage applied on the gate electrode, it is possible to modulate the cur-
rent ”owing between source and drain.

In an EG-FET, the insulating material is replaced with an electro-
lyte solution, that is, a liquid medium (mostly de-ionized water) in
which the salt of choice is dissolved, releasing ions and thus forming a
conductive solution.66 In the speci“c case of EG-CNTFETs, the semi-
conducting layer is made of CNTs. As it will be explained later in Sec.
III , both random and aligned networks are employed, and several
growth/deposition techniques are used as well. The most used con“gu-
rations reported in the literature for EG-FETs are depicted inFig. 1,
while in Table Iwe have summarized the fabrication details reported
for the different platforms. The most used con“guration is the one
where a conventional reference electrode is used as gate electrode, that
is, a commercially available Ag/AgCl needle or a Pt wire [seeFig. 1(a)].
Using a conventional reference electrode helps achieving more stable
and reliable performance of the EG-CNTFET, as it will be discussed

later in Sec.II B. The other con“guration used in the literature is the
so-called planar gated EG-CNTFET [sometimes referred to as side
gated EG-CNTFET, seeFig. 1(b)]. In this case, the gate electrode is fab-
ricated and patterned together with the source and drain electrodes
(i.e., during the same fabrication step). The main advantage offered by
this architecture lies in more straightforward fabrication process, since
no external elements (and no extra costs) are required for the reference
electrode. For the same reason, a completely planar architecture allows
for the full exploitation of the properties of ”exible, free-standing sub-
strates like polyimide (PI). Albeit typically not reported for EG-
CNTFETs, another possible con“guration is the so-called extended
gated EG-FET [seeFig. 1(c)]. We can divide this con“guration in two
parts: a CNTFET and a separated gate electrode. The CNTFET here
acts as an ampli“er for the signal produced by the remote gate elec-
trode. The main advantage offered by the extended gated con“guration
is the fact that the sensing part of the device is the only one exposed to
the environment in which the measurement is performed, and this
ensures better stability and reproducibility.67 In spite of the advantages
offered by the latter con“guration, in our literature survey we have
found very few signi“cant examples of extended gated EG-CNTFETs,
the only remarkable one being the one reported by Yamamotoet al.57

It is worth mentioning that some authors, for example, Shibaniet al.,
in their work about cortisol detection,68 use •EG-FETŽ as an acronym
for extended gated FET, as there is no universal agreement in the “eld
on how to refer to the speci“c con“gurations.

B. EG-FET materials and fabrication processes

In this subsection, we brie”y describe the different substrates and
materials used for the conductive electrodes and the electrolyte dielec-
tric, as reported inTable I. A thorough discussion about the techni-
ques used to grow/deposit the CNTs on the substrate, as well as the
properties of the CNTs, is the focus of Sec.III .

FIG. 1.Schematic representation of biologically sensitive electrolyte-gated carbon nanotube “eld-effect transistors (EG-CNTFETs): (a) conventional gated (reference electrode)
EG-CNTFET, (b) planar gated EG-CNTFET, and (c) extended gate EG-CNTFET. For all the three con“gurations, the different components are shown: substrate, gate (G),
source (S) and drain (D) electrodes, gate insulator, semiconducting CNT channel, electrolyte, and bio-recognition element.VG andVD are the gate and the drain voltage,
respectively. Reproduced with permission from Joshiet al., •Understanding the in”uence of in-plane gate electrode design on electrolyte gated transistor,Ž Microelectron. Eng.
199, 87…91 (2018).65Copyright 2018 Elsevier.
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€ SubstratesThe choice of the speci“c substrate, when the fabrication
of a new device needs to be planned, is driven by not only by the
application (e.g., the substrate has to be ”exible because the device
needs to be wrapped around a non-planar surface) but also by the
processes that the substrate itself will have to go through along the
fabrication (i.e., the maximum temperature that the substrate is able
to withstand, the compatibility with the used chemicals).
As shown in Table I, the most used substrate is the well-
establishedSi=SiO2 wafer,56,61,69…72,75…79,81,86…88thanks to its
compatibility with both vacuum- and solution-processed deposi-
tion techniques for CNTs. Other rigid substrates reported for
EG-CNTFETs are quartz,73,74and glass.38 A peculiar application

is the one proposed by Leeet al., where the EG-CNTFET is real-
ized directly on a glass tube meant to be used as a probe.80

Dudina et al., instead, embedded an EG-CNTFET array on a
standard CMOS (complementary-MOS) chip, having on the
same substrate also the readout circuit.3

Several EG-CNTFETs fabricated on ”exible substrates are also
reported in literature. PI is by far the most used sub-
strate,14,26,59,83…85while there is only one reported example of an
EG-CNTFET fabricated on polyethylene terephthalate (PET).82

The main limitation to be faced when using one of these two
materials is related to the maximum temperature they can with-
stand (PI and PET have a glass transition temperature of around

TABLE I.Summary of the different fabrication techniques and materials used in the realization of EG-CNTFET-based biosensors. Where clearly stated by the authors, the com-
position and dilution of the electrolyte used is reported.

CNT process Substrate S/D materials S/D encapsulation Gate Electrolyte Ref.

Si=SiO2 Ti/Au � � � Ag/AgClneedle PBS 1� 56
Si=SiO2 Co=Ti=Au � � � Ag/AgClneedle (a) PBS 0.0005� 69

(b) human serum
Si=SiO2 Au PMMA Au planar PBS 0.05� 70
Si=SiO2 Cr/Au � � � Agwire NaCl 71

CVD Si=SiO2 Cr/Au � � � Ag/AgClneedle PBS 1� 72
Quartz Au � � � Ag/AgClneedle PBS 73
Quartz Au � � � Ag/AgClneedle PBS 74
Si=SiO2 Ti/Au � � � Ag/AgClneedle PBS 1� 75
Si=SiO2 Au PMMA Ag/AgClneedle KCl [10� 5:100] M 76

Dielectrophoresis CMOS chip Pt SiO2=Si3N4 Ag/AgClneedle PBS 1� 3

SiO2 Au Epoxy Ag/AgClneedle BRB 77
PI Cr/Au Photoresist AZ 1518 Ag/AgClneedle tris…HCl [2;20] mM 26

Si=SiO2 Cr/Au � � � � � � PBS 0.15� 78
Dip-coating SiO2 Pd/Au Photoresist AZ 5214 � � � PBS 79

Glass tube Ti/Au � � � Pt needle PBS 1� 80
SiO2 Pd/Au Photoresist DNR-L300 Ag/AgClneedle NMG 81
PET Cr/Au � � � Ag/AgClneedle PBS 1� 82

Glass Cr/Au � � � Ag/AgClneedle DMEM 38
PI Cr/Au � � � Pt wire NaCl, CaCl2, MgCl2, KCl 59

Spin-coating PI Cr/Au � � � Pt wire (a)NaCl150 mM 83
(b) NaCl112 mM,CaCl2 0.41 mM,

MgCl2 0.28 mM,
(c) NaCl112 mM,CaCl2 0.41 mM,

MgCl2 0.28 mM,KCl 3.7 mM

PI Cr/Au � � � Cr/Au planar PBS, 0.1� 14
Si=SiO2 Cr/Au � � � Ti/Pt planar PBS, [0.001:10]� 61

Spray-coating PI MWCNTs � � � MWCNTs planar NaCl, 0.1 M 84
PI Cr/Au � � � Cr/Au planar PBS, 0.1� 85

Si=SiO2 Cr/Au � � � Au planar KCl, CaCl2, K2SO4 86

Vacuum “ltration Si=SiO2 Pd/Au � � � Ag/AgClneedle PBS, 1� 87
Si=SiO2 Ni/Au Photoresist SU-8 Ag/AgClneedle PBS, 1� 88
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400 and 70� C, respectively): in fact, there are no reported exam-
ples of EG-CNTFETs fabricated on PI or PET when the chemical
vapor deposition (CVD) technique is used for the growth of the
CNTs on the substrates, since temperatures between 550 and
1000� C are required (further details about CVD, as well as for
the other techniques, are provided in Sec.III ).

€ Source and drain electrodesThe choice of the conductive material
to be used for the source and drain electrodes is mainly motivated
by how well the work function of the material match the one of
the semiconducting material, in order to guarantee a low contact
resistance. In the speci“c case of our literature survey, being the
semiconducting material CNTs, it is not surprising to notice from
Table Ithat almost all the references report gold (Au) as conduc-
tive material for the source and drain pads. Only in the work of
Dudina et al., the material of choice is platinum (Pt).3

Nevertheless, different choices can be made regarding the material
for the adhesion layer, usually required because of the poor adhe-
sion of gold on the substrate: the two more used are chromium
(Cr)14,72,78,85and titanium (Ti).56,75,80 Palladium (Pd)79,87 and
nickel (Ni)88 are the two other metals reported. The techniques
used for the deposition of the metal pads are electron-beam depo-
sition,3,69,74,76 thermal evaporation,14,78,80,85,87and sputtering,88

even if it is not uncommon that the details of the fabrication pro-
cess are omitted. A peculiar approach is the one proposed by Bhatt
et al., where the metal pads for source and drain (as well as for the
gate, being the EG-CNTFET planar) are substituted with spray-
deposited conductive multi-walled CNTs (MWCNTs) pads.84

€ Encapsulation of source and drain electrodesAn often over-
looked issue is the encapsulation of the metal pads. As it will
described later in Sec.II C, the working principle of an EG-
CNTFET relies on what happens at the two interfaces between
the CNT channel and the electrolyte, and between the gate elec-
trode and the electrolyte. When approaching the fabrication and
characterization of an EG-CNTFET, it should be carefully con-
sidered also what happens at the interface between the electrolyte
and the area of the device where the CNT channel and the metal
pads are in contact. As correctly addressed by Yamamotoet al., if
the electrical behavior of the interface between CNTs and the
metal pads changes consequently to the exposure to the electro-
lyte, this could become the main phenomenon dictating the per-
formance of the device, instead of the CNT channel itself.57 This
can be also generalized to EG-FETs realized with other semicon-
ducting materials other than CNTs: Sonmetzet al., for example,
highlighted that without the encapsulation of the source and
drain contacts no EG-FET behavior was possible in their Si-
based water-gated transistors.43 It is hence quite surprising to see
in Table I that only very few authors embedded this fabrication
step in their work”ow. The materials used for the passivation of
the pads are mainly photoresists,26,57,70,76,79,81,88but we also
found an example where an epoxy is used.77 For their EG-
CNTFET array embedded directly in a CMOS chip, Dudinaet al.
used anSiO2=Si3N4 passivation layer to cover the Pt pads. In
some cases, like in the work of Leeet al., the encapsulation mate-
rial is not explicitly mentioned, but it can be seen from the sche-
matic that passivation of the pads was performed as well.80

€ Gate electrodeWe have already introduced the two main architec-
tures used for the fabrication of EG-CNTFETs: the conventional

one, with an external reference electrode, and the planar one. It is
quite straightforward to understand how the choice of the architec-
ture directly determines the range of materials that can be used for
the gate electrode. For the external gate, the vast majority of the
reported literature employs a commercially available Ag/AgCl elec-
trode,26,38,56,69,72…77,81,82,87,88that uses a concentrated KCl solution
to provide a stable reference potential.89 The other materials
employed for this con“guration are Ag, in the form of a wire,71and
Pt, both in the form of needle80and wire.59,83When the planar con-
“guration is adopted, the gate electrode is normally realized during
the same process step of source and drain, so also the materials
used are the same.14,70,84…86Nevertheless, there might be cases in
which a different material is needed (e.g., to perform the functional-
ization of the gate electrode) so that a speci“c step is introduced in
the fabrication work”ow.61

€ Electrolyte The analytical performance of EG-CNTFETs is
mainly demonstrated in phosphate buffer saline (PBS) electro-
lyte (pH ¼ 7.4), as this is an isotonic solution nontoxic to bio-
molecules.3,14,56,57,69,70,72…75,78…80,85,87,88Commercially available
1� PBS (corresponding to 10 mM phosphate buffer) consists of
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM
KH2PO4. Sometimes, instead of PBS, a speci“c combinations of
salts is dissolved in de-ionized water.59,76,83,84,86Other mediums
(i.e., electrolytes) that are used are tris-hydrochloric acid
(Tris-HCl),26 the Dulbecco•s modi“ed Eagle•s medium,38 buffer
solutions prepared using the Britton…Robinson methods,77 and
the NMG buffer.81 Not all the papers state clearly if the medium
used is diluted, and in which ratio: as it will be explained in Sec.II C,
the choice of the dilution is extremely important during the charac-
terization of the EG-FET as a biosensor. It is also worth highlighting
that a control of the dilution of the medium in real-life applications
(e.g., real-time monitoring of blood, sweat) is not possible: when the
EG-CNTFET biosensor is designed for such applications, the testing
of the biosensors should be done in conditions that mimic as much
as possible the effective environment in which they will operate. The
choice of the speci“c electrolyte determines also the range of voltages
that can be used to operate the EG-CNTFET: in water-based electro-
lytes, the voltage is in the range of6 1 V as the electrochemical win-
dow (i.e., the maximum voltage that can be applied without inducing
any oxidation/reduction in the electrolyte) of water is 1.23 V.90While
such a small range of voltages may constitute a limitation in terms of
electrical performance, it becomes an advantage for applications were
small voltages are a fundamental requirement (e.g., wearable applica-
tions). To ensure that the liquid medium stays only on top of the
active area of the device, usually a microchamber is fabricated and
placed on top of the EG-CNTFET. The most used material for this is
polydimethylsiloxane (PDMS).

C. EG-FET operation

The working principle of EG-FETs relies on the intrinsic proper-
ties of the ions contained in the electrolyte to rearrange themselves
when an external voltage (i.e., an electric “eld) is applied, and thecon-
sequent formation of two electric double layers (EDLs) at the two
interfaces between the gate electrode and the electrolyte and between
the CNT channel and the electrolyte: thanks to the formation of the
two EDLs, as it will be shortly explained, the bulk of electrolyte
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effectively behaves as an insulator, thus enabling a FET-like behavior
of the EG-FET.

As depicted inFig. 2(a), when no bias is applied the cations (posi-
tively charged ions) and the anions (negatively charged ions) are ran-
domly dispersed inside the electrolyte. In principle, an EG-FET can be
fabricated by using both an n-type semiconducting material (i.e., a
semiconductor where the main charge carriers are negatively charged
electrons) and a p-type semiconducting material (i.e., a semiconductor
where the main charge carriers are positively charged holes).
Semiconducting CNTs typically show p-type behavior, since the oxy-
gen present in the air acts as a p-dopant,91which means that a negative
bias is typically required to turn on the EG-FET, as explained inSec.
II C. Figure 2(b)shows what happens in the electrolyte when a nega-
tive bias is applied, that is, a negative voltage is applied between the
gate electrode and the source electrode: the cations accumulate at
the interface between the gate electrode and the electrolyte, while the
anions accumulate at the interface between the CNT channel and the
electrolyte. In both cases, a monolayer of ions is formed at the interface
between the two materials, immediately followed by a region charac-
terized by an exponential decay of the concentration of ions. This
mechanism is known as the Stern-modi“ed Gouy…Chapman double
layer model.92

Each of the two EDLs behaves, effectively, as a parallel plate
capacitor, screening the rest of the ions from the two interfaces. The
speci“c capacitance of an EDL (i.e., the capacitance per unit area, usu-
ally reported inl F cm� 2) can be then calculated using the Helmholtz
equation:40

c ¼
ke0

kD
; (1)

where k is the relative permittivity of the electrolyte,e0 is the vacuum
permittivity, andkD is the width of each of these two EDLs, that is
referred to as Debye length. The Debye length can be seen as the dis-
tance, considering the solid…electrolyte interface as the starting point,

after which the charges are screened by the ions forming the EDL. In
an electrolyte solution, thekD can be de“ned using the following
formula:93

kD ¼

���������������
e0erkBT
2NAq2I

s

; (2)

wheree0 is the vacuum permittivity,er is the relative permittivity of
the medium,kB is the Boltzmann constant, T is the absolute tempera-
ture in kelvin,NA is the Avogadro number, q is the elementary charge,
and I is the ionic strength of the electrolyte expressed in mmolL� 1. As
all the other parameters are “xed, the ionic strength becomes crucial
for the determination of thekD: as an example, for 1� PBS the calcu-
latedkD is 0.7 nm, for 0.1� PBS (i.e., 1 part of 1� PBS plus nine parts
of de-ionized water) 2.3 nm, for 0.01� PBS 7.3 nm, while 0.0001�
PBS reaches akD of approximately 100 nm.42

Two important conclusions can be drawn from the de“nitions of
the speci“c capacitance and of the Debye length:

€ the speci“c capacitance of an EDL is several orders of magnitude
higher than the one of conventional oxides. For example, if we
consider a 1� PBS, whose relative permittivity is around 80, we
get a speci“c capacitance of 10l F cm� 2. To have a reference, if
we consider a conventional 65-nm-thickSiO2 oxide94 (relative
permittivity¼3.9), we obtain a speci“c capacitance of circa
50nF cm� 2, while for a 50-nm-thickAl2O3 oxide95 (relative
permittivity¼9.5) we obtain a speci“c capacitance of circa
170nF cm� 2. Having such a bigger capacitance dramatically
strengthens the “eld-effect, that is, the current ”owing in the
semiconducting channel changes in a measurable way even in
response to very small changes of the gate voltage. Moreover, as
already mentioned before, having such a big capacitance allows
having good electrical behavior even when a very small range of
voltages is used for the operation of the EG-FET. The main draw-
back is represented by the switching speed of the device, which is
much slower than conventional MOSFETs, since a bigger capaci-
tance requires more time to be charged/discharged.

€ kD depends only on the intrinsic properties of the electrolyte,
that is, its relative permittivity and the ionic strength. This means
that, in “rst approximation, the electrical properties of the EDLs
are determined only by the composition of the electrolyte. This
becomes particularly crucial in real-life applications (e.g., sweat
for sport-monitoring applications) where there is no direct con-
trol over the characteristics of the medium in which the EG-FET
will be employed.

Ideally, once the two EDLs are formed at the gate…electrolyte and
at the CNT channel…electrolyte interface, there is no voltage drop
across the bulk of the electrolyte, so that the ions do not move in
response to the applied bias, that is, there is no current ”owing
between the gate and source electrodes. In other words, thanks to the
formation of the two EDLs the bulk of electrolyte effectively behaves
as an insulator; hence, an EG-CNTFET can be analytically described
using the notation and equations adopted for conventional FETs:

€ VGS is the voltage applied between the gate and the source elec-
trodes (VGS¼ VG …VS). By controlling theVGS, it is possible to
enable the formation of the EDLs, i.e., to turn on the

FIG. 2. (a) Unbiased and (b) biased cross section operation of an EG-CNTFET. In
particular, with a negative voltage applied between the gate and source electrodes
(b), cations accumulate on the gate electrode surface, while anions accumulate at
the p-type CNT channel surface. Under these conditions, electric double layers
(EDLs) are formed on both the gate electrode surface and the CNT channel estab-
lishing the gate dielectric of the FET.
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EG-CNTFET. TheVGS at which the device turns on is the so-
called threshold voltageVTH.

€ VDS is the voltage applied between the drain and the source elec-
trodes (VDS¼ VD …VS). VDSenables the ”ow of the charges over
time (i.e., of the current) in the CNT channel.

€ IDS is the current ”owing from the drain to the source electrode.

Being semiconducting CNTs a p-type material,VTH is typically
negative, so a more negativeVGSis needed to turn on the device, and
the IDS is negative as well. While a possible choice would be to use the
symbolsVSG, VSD,andISD, here we prefer to stick to the former nomen-
clature, since it is the one adopted in the vast majority of the papers we
report. Nevertheless, to avoid ambiguity we will explicitly referto the
absolute value of the voltages and of the current when needed.

Depending on theVGSandVDSvalues applied, we can distinguish
between two operating regimes for the EG-FET (granted that
jVGSj > jVTH j):

€ for jVDSj < jVGSj � j VTH j, we say that the EG-FET is operating
in linear regime. The current ”owing from drain to source is
described by the following equation:

IDS;lin ¼ l CEDL
W
L

ðVGS� VTHÞVDS; (3)

wherel is the channel mobility, W and L are the channel width
and length, respectively, and the capacitanceCEDL is the series
of the capacitanceCGE of the EDL at the gate…electrolyte inter-
face and the capacitanceCSEof the EDL at the CNT channel…
electrolyte interface

CEDL
� 1 ¼ CGE

� 1 þ CSE
� 1: (4)

€ for jVDSj > jVGSj � j VTH j, we say that the EG-FET is operating
in saturation regime. Here, theIDSdescribed as

IDS;sat ¼ l CEDL
W
2L

ðVGS� VTHÞ2: (5)

The characterization of the EG-FET is then carried out measuring the
change in theIDS for several combinations ofVGS and VDS applied.
We call transfer characteristics theIDS-VGS curves, taken for one or
more different values ofVDS. We call instead output characteristics the
IDS-VDScurves, taken for different values ofVGS. Typical transfer and
output curves obtained from an EG-CNTFET are depicted inFig. 3.

From the analysis of the transfer curves it is possible, in principle,
to extract several electrical parameters of interest: the carrier mobility
l , theION=IOFF ratio, the threshold voltageVTH, the transconductance
gm, the subthreshold swing SS, and the off currentIOFF. A thorough
description of each of these parameters and how to extract them can
be found in the work from Pettiet al.44 In the speci“c case of the EG-
CNTFETs, very rarely these parameters are reported by the authors.
One exception is theION=IOFF ratio, thanks probably to the fact that it
is, as highlighted inFig. 3(a), the most straightforward to extrapolate
from the curve: in fact, it is the ratio between the maximumIDS and
the minimum IDS. While for conventional FETs typical values are
> 106A=A,96 for EG-CNTFET theION=IOFF ratio is typically between
102A=A and 103A=A, where the limitation comes from the trade-off
between the maximumION that can be achieved without having an
equal increase in theIOFF, due to the conduction mechanism of the
CNTs.94 The other parameter is theVTH, usually obtained from the
linear extrapolation of the transfer curve (when the device is operated
in linear region) or the linear extrapolation of the

������
IDS

p
-VGS curve

(when in saturation regime).
In Sec.IID, we will explain how the electrical characteristics (in

particular, theIDS-VGS) can be used to understand the behavior of an
EG-CNTFET used as a biosensor.

D. EG-FET as a biosensor

In Sec.II C, the working principle behind the operation of an
EG-FET has been described. By using a bio-recognition element, that
is, an element able to react only upon exposure to the target of interest,

FIG. 3.Typical current…voltage (I…V) characteristics of a p-type EG-CNTFET (L¼50l m, W¼57 mm): (a) transfer (IDS-VGS), and (b) output (IDS-VDS) curves. The transfer
characteristics were recorded by sweeping theVGSfromþ 0.8 to� 0.8 V, while keeping theVDSconstant at� 0.1 V. TheION=IOFF ratio, hysteresis, and threshold voltage are
highlighted. The output characteristics were recorded by sweeping theVDS from 0 to� 0.6 V for different values ofVGS(fromþ 0.2 to� 0.8 V, with� 0.2 V steps). The linear
and saturation regions are highlighted.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev.8, 041325 (2021); doi: 10.1063/5.0058591 8, 041325-7

VC Author(s) 2021



it is possible to use an EG-FET as a biosensor, achieving a selective
response to bio-molecules. From the explanation of the working prin-
ciple of the EDLs, it is straightforward to conclude that for high sensi-
tivity the binding of the analyte to its bio-recognition element should
occur within the Debye length, so that the presence of the analyte can
actually lead to a change in the behavior of the CNT channel, ulti-
mately leading to a change in theIDS. On the contrary, if the binding
occurs at distances bigger thankD, the charges will be screened by the
EDL, and no actual effect will be observed in theIDS. As we already
discussed before, it is possible to increase thekD by diluting the elec-
trolyte, but the ratio of the dilution should be carefully chosen. First,in
real-life settings normally it is not possible to perform a dilution of the
medium in which the EG-FET has to work (e.g., blood, sweat), so hav-
ing a biosensor that works in a diluted medium is not a guarantee of
success when moving to the real environment. Second, reducing the
ionic strength of the electrolyte can lead to poor ef“ciency of the detec-
tion process.70 Assuming that the detection happens within the Debye
length, the effect of the presence of the analyte of interest in proximity
of the CNT channel can be noticed from the analysis of the transfer
characteristics of the EG-CNTFET.

If a shift in the threshold voltageVTH happens (i.e., the transfer
curve shifts horizontally), this can be either due to charge transfer
between the analyte and the CNT channel (as proposed by Allen
et al.)62 or due to electrostatic gating (as proposed by Helleret al.).72

In the former case, the addition of positive charge carriers to the p-
type CNT channel shifts the threshold voltage toward more positive
values, the opposite for the addition of negatively charge carriers. In
the latter case, instead, the adsorption of positively charged species
causes electrostatic repulsion of the carriers in the CNT channel(i.e., a
de-doping of the CNTs), thus a shift of the threshold voltage toward
more negative values, the opposite for the adsorption of negatively
charged species. During our literature survey, we have found very few
examples of EG-CNTFET-based biosensors where the shift in the
threshold voltage is used as parameter,59,77,83and in those cases, the
authors always propose the electrostatic gating effect as an explanation
of the observed shift in the curve.

Most of the works in our analysis report a change in theIDS in
response to different concentrations of the analyte of interest. If the
absolute value of theIDSdecreases, this can be related to a drop of the
mobility l of the carriers because of the surface scattering induced by
the presence of the charged analyte in proximity of the CNT
channel.62

In Sec.II B, we have introduced the problem of the encapsulation
of the area where the CNT channel and the metal pads overlap. As dis-
cussed by Schroederet al., the effect of the exposure of this area to the
electrolyte is still not fully understood and depends on a variety of fac-
tors, such as the metal used, the analyte, and the conductivity of the
CNTs.97 Most importantly, this effect can easily become the predomi-
nant mechanism behind the change in theIDS: encapsulation of the
interface between the CNT channel and the metal should always be
performed to have a reliable bio-sensing platform.

From a practical point of view, the characterization of the EG-
CNTFET biosensor is carried out exposing the device to different con-
centrations of the analyte of interest, while measuring the real-time
response of the device (i.e., measuring continuously theIDSat a “xed
bias) or taking the transfer curve for each concentration. By extracting
the electrical parameter of choice from these curves (IDS or VTH,

depending on the speci“c phenomenon observed) and correlating the
values to the concentration of the analyte, the so-called calibration
curve can be derived. The slope of the calibration curve is de“ned as
the sensitivity S of the biosensor.

Directly related to the slope of the calibration curve is the limit of
detection (LOD), de“ned as the lowest concentration of the analyte
that can be detected with reasonable certainty.97 It can be formally cal-
culated using the following equation:98

LOD ¼ 3:3x
SD

slope
; (6)

where SD is the standard deviation of the blank, that is, the standard
deviation of the measurements carried out without having the analyte
in the electrolyte.

III. BIOSENSOR CHANNEL

In this section, we will brie”y describe the main physical and
electrical properties of semiconducting CNTs, critically analyzing the
different methods used to integrate semiconducting CNTs into EG-
FETs, as reported inTable I.

CNTs are allotropes of carbon that can be visualized as hollow
cylinders made of either one (single-walled carbon nanotubes,
SWCNTs) or multiple (multi-walled carbon nanotubes, MWCNTs)
hexagonal graphite planes rolled up around the same axis. Due to their
high aspect ratio (length to diameter ratio), which ranges between 103

and 105, CNTs are classi“ed as 1D nano-materials.99 Indeed, they
have a diameter that varies from 0.4 to 100 nm and a length up to tens
of l m.100 The nanometric dimension (comparable in size to most of
the relevant analytes) and the high aspect ratio make CNTs an inter-
esting material for bio-sensing, because of the large surface area offered
for the immobilization of the bio-recognition elements, consequently
leading to an enhancement of the overall biosensor sensitivity. The
whole weight of the nanotubes is concentrated on the surface layers,
giving them unique electrochemical and adsorption properties.101For
example, in SWCNTs, every atom of carbon is exposed to the sur-
rounding environment, leading to a better sensitivity toward any inter-
action that takes place on the surface.57,101Depending on the chirality
of the graphite planes, CNTs can exhibit either conductive or semicon-
ducting properties. The electronic properties of CNTs are speci“ed not
only by the chirality of the nanotubes but also by the diameter (the
bandgap scales inversely with the diameter between 1 and 0.3 eV), by
the gas exposure history (e.g., oxygen is a p-type dopant), as well as by
the presence of defects and contaminants (e.g., residual catalysts
from the deposition process).102,103The combination of these elec-
tronic and electrochemical features makes semiconducting CNTs
promising candidates to realize EG-FET-based biosensors.

The selective synthetics/growth of either metallic or semicon-
ducting CNTs is a great challenge, because of their structural similari-
ties.104 Up to now, chemical vapor deposition (CVD) is the most
established and used technique for semiconductor synthesis, in gen-
eral,105 and due to the employment of speci“c catalysts, CVD is also
adopted for the growth of CNTs as well (details on the technique in
Sec.III B). For example, Zhanget al.presented a CVD technique using
tungsten carbide as a catalyst to enrich 80% selectivity for the semicon-
ducting CNTs.106Similarly, Zhaoet al.employed cobalt tungstate as a
catalyst and graphene oxide as a supporter for the synthesis of 90%
semiconducting CNTs.107 More details on the different methods for
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the selective synthesis of semiconducting CNTs can be found in more
speci“c reviews.108,109

In addition to the selective growth, to reach high purity of CNTs
(e.g., > 99%), sorting strategies and post-processing methods are
employed, such as interactions via surface functional groups,110conju-
gated polymer wrapping,111…113electrophoresis,114 and density gradi-
ent centrifugation.115 For example, Liuet al.presented an alternative
technique based on a multiple-dispersion sorting process to achieve a
solution containing semiconducting CNTs with a purity as high as
> 99.9999%.112The authors used a multiple-dispersion sorting process
for preparing CNTs of ultrahigh semiconducting purity. First, raw
CNTs were dispersed and sorted in toluene solvent by using conju-
gated PCz (poly[9-(1-octylonoyl)-9H-carbazole2,7-diyl]) molecules.
The PCz-wrapped semiconducting CNTs were then redispersed in
1,1,2-trichloroethane, and to achieve the desired purity, theseprocesses
were repeated twice.

Nevertheless, increased effort is needed for the synthesis of pure
semiconducting CNTs, since the ideal performance (i.e., on…off ratio,
hysteresis, gate leakage) of FET devices can be achieved only by using
high-quality semiconducting nanotubes.26

EG-CNTFETs can be realized using a single semiconducting
CNT as an electron channel between the source and the drain electro-
des or a network of CNTs.62 The latter is the most used con“guration
in EG-CNTFET-based biosensors, and it is made of a large number of
CNTs in the form of random and aligned matrix. In Secs.III A and
III B, we will explain how to realize these types of networks into devi-
ces, critically comparing the overall performances.

When CNTs are employed as a random network, an essential
aspect is the conduction mechanism, that is, ruled by the percolative
theory, in which the charge carriers ”ow through the matrix following
pathways that are created by the contact between different CNTs.
Increasing the quantity of CNTs, the numbers of possible current
pathways increase with a consequent increase in the network conduc-
tance that follows a percolation power law. Thus, the macroscopic
transport mechanism of a random CNT network is related to the
number and distribution of the preferential current pathways that
depends on the CNT composition (the semiconducting to metallic
ratio, i.e., the percentage of semiconducting CNTs that typically ranges

between 95 and 99%wt), density, alignment, and “lm thickness.117,118

For instance, Janget al.showed that the on/off ratio of a pure semicon-
ducting CNT network decreases with the increase in the network den-
sity corresponding to the percolation threshold, due to the
enhancement of the junction resistance by increasing the CNT-CNT
contacts.117This limitation can be solved by employing aligned CNTs,
thus preventing the formation of the tube-to-tube contact and leading
to higher current ”ow, ultimately to a higher on/off ratio.119Indeed, in
aligned networks the current ”ows through multiple tubes that act as
parallel and independent channels.

There are several methods available to deposit the CNT channels
of EG-CNTFETs, either using vacuum- or solution-based techniques.
While vacuum-based methods rely mainly on chemical vapor deposi-
tion (CVD),70,71,99solution-based techniques include various processes
such as drop-casting,120 dip-coating,26,78,81spray-coating,14,54,84vac-
uum “ltration,87,88spin-coating,38,59and dielectrophoresis.35,77,121In
any case, solution-based techniques also rely on vacuum-based pro-
cesses, as the methods employed to synthesize CNTs are arc-
discharge, laser ablation technique, or CVD. However, nowadays it is
easy to “nd on the market CNT powders with different characteristics,
overcoming the need for expensive machines for the synthesis. The
so-formed CNTs are then dispersed in an medium such as a water-
surfactant-based solution (e.g., sodium dodecyl sulfate or sodium
carboxymethyl cellulose) or in an organic solvent (e.g., isopropanolor
ethanol) and subsequently solution-deposited on the devices.
Compared to vacuum-deposition methods, solution-based techniques
offer cost-effectiveness, scalability to large areas, and compatibility
with a wide variety of substrates including ”exible substrates such as
PI and PET.59,85

Depending on the deposition method used, either random84 [see
Fig. 4(a)] or aligned74,104,122[seeFig. 4(b)] networks of CNTs can be
realized. Controlling the alignment and density of the CNTs is an
important aspect because it has been proven that the electrical proper-
ties of the CNT “lms are generally dominated by the possible presence
of metallic CNTs in the network and by the contact resistance between
the tubes. As a matter of fact, a monolayer of aligned CNTs minimizes
the tube-to-tube contact resistance and thereby improves the transcon-
ductance,51 leading to an effective mobility up to ten times higher.76,123

FIG. 4.Scanning electron microscopy (SEM) images of SWCNT thin “lms grown by chemical vapor deposition (CVD) technique, using Fe as a catalyst, patterned on a quartz
substrate: (a) random SWCNT network; (b) perfectly aligned SWCNT network. Reproduced with permission from Cao and Rogers, •Random networks and aligned arrays of
single-walled carbon nanotubes for electronic device applications,Ž Nano Res.1, 259…272 (2008).116Copyright 2008 Authors, licensed under a Creative Commons Attribution
(CC BY-NC 2.0) license.
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The improvement of the overall electrical performance of the FET
results in enhanced sensing properties, leading thus to more ef“cient
biosensors. Although the outstanding properties aligned networks can
achieve, EG-FET-based biosensors (and, in general, devices) based on
random CNTs are more popular because of their easier manufactur-
ability using cost-effective solution-based techniques, and because of
the resulting higher device-to-device reproducibility. In fact,nowadays
it is still a challenge achieving a good control of the CNT alignment.

In Secs.III A andIII B, we will shortly review the different meth-
ods that allow achieving random and aligned networks of CNTs for
EG-FETs.

A. Random carbon nanotube networks

Random networks of CNTs are typically achieved using solution-
based methods such as drop-casting, dip-coating, vacuum “ltration,
spin-coating, and spray coating.

Drop-casting represents the cheapest and easiest method to real-
ize random networks of CNTs: the prepared CNT solution is simply
drop-cast between the source and drain electrodes using a micropi-
pette. Another simple approach to realize a random network of CNTs
is dip-coating. In this case, a patterning of the CNTs is possible
through the use of a self-assembled monolayer (SAM) of non-polar
organic compounds (e.g., octadecyltrichlorosilane) that blocks the
nonspeci“c adsorption of CNTs. First, the SAM is patterned via pho-
tolithography, leaving the space between the source and drain uncov-
ered; then, the device is dipped in the CNT dispersion, and “nally, the
CNTs are adsorbed onto the uncovered region of the substrate
between the source and drain to form the semiconducting channel,
while the SAM-coated region remains free of CNTs.78,79

Other easy routes for fabricating random networks of CNTs
from the dispersion are vacuum “ltration and spin-coating. In the case
of vacuum “ltration, a diluted CNT dispersion is “ltered through a
membrane “lter using a vacuum “ltration apparatus forming a contin-
uous thin “lm of random CNT network.87,88 Alternatively, spin-
coating employs the centripetal force to distribute the CNT dispersion
over the substrate surface. The CNTs adhere to the surface via physi-
sorption. However, it may be essential to “rst coat the substrate with a
silane-based SAM or to perform oxygen plasma, to promote adhesion
between the CNTs and the substrate.59 The spinning process can be
repeated several times to reach the desired homogeneity and thick-
ness.38 Interesting is also the possibility to use this technique to realize
spin-aligned CNT networks by simply tuning the spin speed.119 The
main drawbacks of these techniques are the low reproducibility, high
inter-sample variability, and the formation of non-homogeneous CNT
“lms.

For optimal EG-CNTFET operation, the semiconducting ran-
dom network should be de-bundled and have a homogeneous tube
density. Those optimum conditions can be achieved by using the
spray-coating technique. This technique consists of the homogeneous
deposition of liquid droplets onto the target substrate starting from a
bulk dispersion. The CNT dispersion is decomposed into small drop-
lets (atomization) at the nozzle of the spray head with the aid of a
compressed air stream (air-assisted atomization) or kinetic energy
(ultrasonic atomization), and deposited onto the substrate. Then, the
dispersing ”uid is evaporated by heating (the temperature is regulated
depending on the boiling point of the solvent), thus leaving the colloi-
dal deposit to form a thin coating.124,125In this case, CNT patterning

can be realized using a shadow mask that leaves the desired pattern to
be sprayed uncovered. Major spray parameters such as material ”ow
rate, nozzle-to-sample distance, motion speed, atomizing gas pressure,
and substrate temperature can be adjusted to obtain the desired spray
characteristics.126 This technique is attracting increasing interest in
this area, because of its advantages such as easy scalability and “ne
control of the layer thickness down to tens of nanometers.94 Indeed,
the possibility to obtain thin layers of random network of CNTs allows
to effectively reduce metallic pathways of the semiconducting channel,
leading thereby to better on/off ratios.51

B. Aligned carbon nanotube networks

Although all of the aforementioned deposition methods are
widely used, for better EG-CNTFET performance, a semiconducting
channel made of highly aligned CNTs is preferred. Indeed, such a
structure avoids the tube-to-tube contacts, allowing FETs made of
CNT network to approach the intrinsic electrical properties of FETs
made by individual CNT (e.g., intrinsic mobility close to the valueof a
single CNT, around 2500 cm2 V� 1 s� 1).127 Aligned CNT semicon-
ducting channels can be realized by using both CVD and dielectropho-
resis techniques.

As mentioned CVD is the most widely used technique to grow
nanomaterials, including CNTs, on rigid substrates. The nanomaterial
precursors react on the substrate in a vacuum chamber at high tem-
peratures (550…1000� C), leading to the formation of a solid “lm on
the substrate.128,129This process usually employs a catalyst, typically
based on metallic particles (e.g., Ni, Fe, or Co).129In the case of CNTs,
the carbon source is a hydrocarbon material, its decomposition is cata-
lyzed by a metal atom in a temperature- and pressure-controlled
chamber enabling thein situ formation of CNTs onto selected sub-
strates such asSi/SiO2 and quartz.128…131Using CVD techniques, it is
possible to produce large quantities of CNTs with high purity, and
restricted defects, as well as with vertical alignment.74,128,130Moreover,
the average length of the CNTs and density of the produced “lms can
be controlled by varying different parameters, such as the hydrocarbon
materials, the temperature of the reaction, the growth time, and the
size of the catalytic particles. The drawbacks of this technique are the
high thermal budget, which limits the types of substrates that can be
used, and the high fabrication costs (mainly related to the maintenance
cost of the machine).128 Indeed, nowadays it is possible to buy CNT
powders with different characteristics (e.g., different lengths, purity,
functionalized with the carboxyl groups) that remove the need to syn-
thesize and post-process (e.g., puri“cation, sorting) the CNTs in the
laboratory lowering the overall production costs of the devices.

Alternatively, a versatile low-cost technique able to manipulate
CNTs into an aligned network is dielectrophoresis. Dielectrophoresis
refers to the movement of polarizable particles suspended in a dielec-
tric medium by using a non-uniform electric “eld.131 The dielectro-
phoresis is ruled by the difference of dielectric properties of the CNTs
and the surrounding medium (solvent), and it can be tuned and opti-
mized by adjusting several parameters such as deposition time, ampli-
tude, frequency of the alternating current, and solution
concentration.132,133As a simple low-cost, low-temperature, and scal-
able method, dielectrophoresis has been widely used for the fabrication
of several of EG-CNTFETs.3,35,77,132

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev.8, 041325 (2021); doi: 10.1063/5.0058591 8, 041325-10

VC Author(s) 2021



IV. BIOSENSOR FUNCTIONALIZATION

Prior to any functionalization of the EG-CNTFET structure with
the immobilization of a speci“c bio-recognition element, the deviceis,
in general, characterized by a low selectivity toward any speci“c ana-
lyte. The key component for sensitive and selective EG-CNTFET-
based biosensors is the bio-recognition element. The speci“c operating
principles of typical bio-recognition elements (namely, enzymes, anti-
bodies, aptamers, and synthetic ion-selective membranes) together
with speci“c biosensor examples using each of these elements will be
reviewed in Secs.V A…V D. Here, we will discuss the functionalization
strategies that can be employed to immobilize these bio-receptors onto
EG-CNTFET bio-sensing platforms, while also critically comparing
the different bio-recognition elements.

A. Functionalization methods

The functionalization step is critical to achieve a speci“callyread-
able biosensor (output) signal that correlates directly to the target mol-
ecule(s) of interest. As already anticipated in Sec.II , the main
strategies used to functionalize an EG-CNTFET-based biosensor
include the functionalization of the semiconducting CNT channel, the
gate electrode, or the substrate surface.

€ Functionalization of the semiconducting CNT channelThe func-
tionalization of the semiconducting layer is the most employed
approach. It can be performed through either non-covalent or
covalent surface modi“cations of the CNTs, leading to either direct
immobilization of the analyte or indirect immobilization (i.e.,
through the use of an additional binding molecule). The non-

covalent functionalization consists in the nonspeci“c physical
adsorption of bio-recognition elements onto the CNTs that can
involve p � p interactions, hydrophobic, or electrostatic interac-
tions.134,135The covalent functionalization of the CNTs, instead,
involves a chemical attachment of functional groups such as car-
boxyl, amine, and thiol that react with the complementary group
present on the bio-molecules, thus forming covalent bonds. In
most cases, oxygen-containing groups (e.g., -COOH) are intro-
duced using a strong oxidizing agent (e.g., mixture of sulfuric acid
and hydrogen peroxide) on the CNT surfaces, and subsequently
activated via 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
Hydroxysuccinimide (EDC/NHS) or sulfo-NHS yielding a semista-
ble amine-reactive NHS-ester group.3 Once exposed to the bio-
recognition element, the NHS-ester reacts with primary amines
(groups that can be found in most of the bio-recognition elements)
to form a strong and stable amide bond [seeFig. 5(a)].78,136

Covalent conjugation provides a stronger and more durable bond,
which can interfere with the CNT electronic structure. Indeed, the
procedure of generating covalent bonds on the CNT surfaces (e.g.,
the employment of a strong acid) can generate defects in the nano-
tube backbone. In fact, the main advantage of the non-covalent
functionalization is that the carbon atoms in the nanotubes keep
their sp2 hybridization and the electrical properties of CNTs remain
undamaged.26,97,137 In addition to the direct immobilization
described above, indirect immobilization through the use of bind-
ing bio-molecules attached to the CNTs (with both covalent and
non-covalent bonds) facilitates the subsequent immobilization of
the bio-recognition elements. Using binding molecules [such as

FIG. 5.Different bio-functionalization mechanisms for EG-CNTFETs: (a) direct covalent immobilization of the bio-recognition element (En¼ enzyme) onto a carboxylated
SWCNT„activated via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/sulfo-N-hydroxysuccinimide (EDC/sulfo-NHS),3 (b) indirect covalent immobilization of the bio-recognition
element onto the surface of a SWCNT via PBASE (1-pyrenebutyric acid N-hydroxysuccinimide ester) linker molecule,69 (c) polyimide (PI) substrate functionalization with the
bio-recognition element using glutaric acid as a linker molecule,14 (d) gold gate functionalization with the bio-recognition element using 3-mercaptopropionic acid (3-MPA) as a
linker molecule.85
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1-Pyrenebutyric acid N-hydroxysuccinimide ester (PBASE), and
diazonium salts]52,79 with two different functional groups at the
two ends enables a non-covalent attaching of the molecule to the
CNTs, while the other end is used for covalent coupling to the bio-
recognition element [seeFig. 5(b)].26,73,80

€ Functionalization of the substrateRecently, Joshiet al.proposed an
innovative functionalization approach based on the modi“cation of
the PI substrate surface below the semiconducting CNTs channel.14

In this case, glutaric acid was used as a binding molecule, whereone
carboxylic end was used to bond to the nitrogen end of the PI sub-
strate, while the other carboxylic end remained free to bond to the
amine group of the bio-recognition element [seeFig. 5(c)]. A major
advantage of such an approach is the preservation of the structural
and electrical properties of the semiconducting CNTs.

€ Functionalization of the gate electrodeThe attachment of the
bio-recognition element on the gate electrode allows achieving the
preservation of the structural and electrical properties of the semi-
conducting CNTs. In case of gold gate electrodes, thiol chemistry
is used for direct immobilization of bio-recognition elements.
Indeed, alkanethiols are able to introduce a self-assembled mono-
layer into the gold surface, due to the high af“nity of thiol groups
to conjugate with gold. Bhattet al.demonstrated the functionaliza-
tion of the planar gold gate electrode of an EG-CNTFET using 3-
mercaptopropionic acid (MPA) as a linker molecule. The thiol
group of MPA was covalently bound to the gold surface, while the
carboxylic groups remained free to bind to the amine group of the
bio-recognition element [seeFig. 5(d)].85

Several strategies for the immobilization of the bio-recognition
elements onto the EG-CNTFETs are presented above. What is lacking
in the literature is the con“rmation of these functionalization strate-
gies. In most cases, the assessment of successful immobilizationcomes
from the electrical measurements (e.g., I…V characteristics). However,
while such measurements indicate changes of surface properties, a pre-
cise technique should be employed to validate the chemistry usedand
subsequently quantify the surface coverage and the density of the bio-
recognition element. To determine robust functionalization (e.g., sur-
face coverage) by the bio-recognition elements, one can rely on several
techniques such as optical waveguide lightmode spectroscopy
(OWLS),138 quartz crystal microbalance (QCM),139 x-ray photoelec-
tron spectroscopy (XPS),140and ”uorescence microscopy.141

OWLS is an opticalin situ technique capable of monitoring
changes in the polarizability density, that is, in the refractive index,in
the proximity of the waveguide surface when exposed to different solu-
tions (e.g., bio-recognition elements).138,142Optical waveguides consist
of a highly transparent material such as silicon oxide (SiO2), titanium
oxide (TiO2), and tantalum oxide (Ta2O5). The waveguiding layer is
further modi“ed by a nanometer-thin layer, allowing the study ofbio-
molecular interaction with speci“c substrate chemistries. The changes
in the refractive index can be used to calculate the surface adsorbed
mass density using the de Feijter•s formula:138

madsorbent¼ dfilm
nfilm � nsolvent

dn=dc
; (7)

whered“lm andn“lm are the thickness and the refractive index of the
added thin “lm, respectively,nsolvent is the refractive index of the
medium, and dn/dc the refractive index increment.

Similarly, QCM is a mass-sensitive technique based on an oscilla-
tory quartz crystal capable of detecting nanogram changes in mass.
The QCM method employs the piezoelectric property of quartz crys-
tals to measure enormously low mass changes per unit area. By apply-
ing an alternating electric current to the quartz crystal, an acoustic
oscillation is produced. The frequency of this oscillation is dependent
on the thickness of the crystal. When the bio-recognition elements
adsorb on the crystal and thus increase the crystal thickness, the
instrument will detect the frequency change, and subsequently,
the mass of adsorption can be calculated. A detailed description of the
technique and its application for monitoring in real-time bio-molecule
immobilization can be found in the review by Chenget al.139

XPS analysis is a powerful measurement technique widely used
to analyze surface chemistries, thus employed also for the monitoring
of the bio-molecules immobilization. For example, Tsanget al.have
con“rmed the presence of the PBASE molecule on the graphene chan-
nel by analyzing the intensity of N1s peak: since the only source of
nitrogen atoms in functionalized graphene is the PBASE molecule, the
increase in intensity of the nitrogen peak validated the PBASE immo-
bilization.140 Further increase in N1s peak was observed after anti-
bodies were immobilized (anti-CD63 antibodies), due to the presence
of the amine groups, hence con“rming the successful immobilization
of the antibodies.

Another technique that could be used to con“rm the functionali-
zation and the coverage by the bio-recognition element is ”uorescence
microscopy. For example, Haddadet al. have visualized the biotin
attachment to the CNTs via ”uorescence microscopy, where the ”uo-
rescence intensity is related to the amount of biotin immobilized into
the nanotubes.141 A useful approach consists in labeling the already
immobilized bio-recognition element with a ”uorophore (which binds
speci“cally to the bio-recognition element) and, afterward, measuring
the ”uorescence intensity. Using this approach, it is possible to con-
“rm the successful immobilization and, at the same time, gain infor-
mation about surface coverage, uniformity, and density of the
immobilized bio-recognition element.

B. Bio-recognition elements

The aforementioned different functionalization strategies are
used to realize EG-CNTFET-based biosensors through the immobili-
zation of the different bio-recognition elements (enzymes, antibodies,
aptamers, or synthetic elements like ion-selective membranes), which
we will review one by one here.Table IIgives details and examples of
the most used bio-recognition elements for various applications
of EG-CNTFET-based biosensors. Furthermore, the pros and cons of
each speci“c bio-recognition element are listed as well.

Enzymes and antibodies are protein-based bio-recognition ele-
ments, often used thanks to their high sensitivity (detection down to
nM range) and commercial availability. Enzymes are large proteins,
composed of a set of amino acids. The speci“c set of amino acids gives
the enzymes a particular shape, size, and bio-chemical behavior. The
active sites of the enzymes can bind to a particular analyte and catalyze
a chemical reaction. The selectivity of the enzymatic reaction is
achieved due to electrostatics, hydrogen-bonding, and other non-
covalent interactions between the enzyme structure and the analyte of
interest. A great advantage of enzymes lies in the fact that they arenot
altered during the chemical reaction, and this would allow for the
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fabrication of reusable sensors.143Their main drawback is the low sta-
bility that limits the biosensor shelf life.144,145

Antibodies consist of two heavy chains and two light chains of pro-
teins, synthesized from animals. Each end of the antibody contains apara-
tope (analogous to a lock), which speci“cally binds to the epitope
(analogous to a key) of the antigen (which represent the analyte).146The
main advantage of using antibodies in bio-sensing is the fact that they are
commercially available for a wide range of different analytes. In addition
to their large employment, the main drawback is related to their bulky
size that can lead to detection of the analyte outside the Debye length.136

The Debye length issue can be addressed through the use of
aptamers, which are single-stranded oligonucleotides, synthesized
in vitro using the systematic evolution of ligands by exponential
enrichment (SELEX) process.147,148By varying the primary oligonucle-
otide sequences, high selectivity can be achieved, and this can bedone
for a wide range of analytes from proteins to small molecules.148,149

The use of aptamers has gained popularity in electrochemical sensing
due to their high selectivity and ability to overcome the Debye length
limitation by undergoing target-speci“c conformational changes that
occur in close proximity to sensing surfaces.16,150These conforma-
tional changes allow the detection of analytes even in high ionic
strength solutions (i.e., solutions with very smallkD), which is a critical
challenge when using protein-based bio-recognition elements. Thus,
integration of aptamers with optimized binding properties into EG-

CNTFETs leads to highly sensitive and selective biosensors.16,26,69

Moreover, aptamers are also characterized by a good stability in com-
plex environments due their chemical nature.151…154

The main challenge for aptamers is the complicated synthesis
procedure needed to isolate highly selective sequences able toundergo
signi“cant conformational rearrangements upon target recognition.
Methods that employ advanced SELEX strategies to design structure-
switching sequences have been reported. Details on the SELEX process
can be found in the literature.155…157

While enzymes, antibodies, and aptamers have been used to detect
bio-molecules and bio-markers,3,14,73the need to detect ions in several
“elds, such as environmental water analysis, medicine, chemical, and bio-
logical research, has led to the development of new synthetic sensing
materials called ion-selective membranes.59,77,83Ion-selective membranes
are synthesized by mixing a supporting material [e.g., poly(vinyl alcohol)
(PVA)], which gives the structural properties to the membrane, a plasti-
cizer, an ionophore, which is the sensing component of the membrane,
and an anion or cation excluder component, which reduces the competi-
tive coordination between the ionophore and the counter ions. Their
working principle is based on the ion exchange, while the selectivity is
achieved by the presence of the ionophore.158Synthetic recognition ele-
ments such as ion-selective membranes offer satisfactory selectivity and
great stability in harsh chemical environments.77However, their adhesion
to the semiconducting channel still remains challenging.159

TABLE II.Comparison between different bio-recognition elements (enzymes, antibodies, aptamers and ion selective membranes) for EG-CNTFET-based bio-sensing applica-
tions, with a summary of advantages and limitations.

Bio-recognition
element Characteristics Target analyte CNT type/composite Linear detection range Ref.

Pros Lactate CNTs 10� 3…106nM 14
…High sensitivity Glucose CNTs 10� 3…105nM 14

Enzymes …Commercially available Acetylcholine CNTs 10� 3…106nM 85
Cons Glutamate SWCNTs/Pt NP 10� 1…105nM 87
…Enzyme activity Glucose SWCNTs/PDDA 2� 106…1� 107 nM 82

Pros Lyme ”agella CNTs/diazonium salts 1…3000 ng=mL 52
…High selectivity Arginase MWCNTs 30…100 ng=mL 35

Antibodies …Commercially available PSA SWCNTs 10� 1…102nM 73
Cons Aspergillus SWCNTs 5� 10� 4…1� 107 nM 78
…Debye length limitation Atrazine SWCNTs 4:6 � 10� 3…4:6 � 101 nM 34

Pros IgE CNTs 2:5 � 10� 1…1:6 � 102 nM 56
…High selectivity Thrombin CNTs 10� 1…1 nM 70

Aptamers …Detection withinkD Kþ CNTs 1� 10� 1…1:1 � 103 nM 26
Cons CatE SWCNTs 0.1…1 ng/mL 69
…Complicated synthesis IL-6 CNTs 1� 10� 3…1� 10� 2 nM 88

Pros Kþ or Ca2þ CNTs 101…106nM 59
…Stable in harsh chemical
environment

Naþ , Kþ , Ca2þ ; NHþ
4 and pH CNTs � � � 60

Ion-selective
membranes

Cons pH SWCNTs/PAA 2…12 77

…Poor adhesion to Ca2þ CNTs/PVC 103…108nM 82
semiconducting material Kþ SWCNTs/PDDA 105…108nM 86
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C. The issue of nonspecific binding

To fabricate selective EG-CNTFET-based biosensors, the surface
of the CNTs should be functionalized in such a way that would ensure
speci“c binding with the analyte of interest, while preserving the elec-
tric properties of the nanotubes.160

The transduction mechanism in EG-CNTFETs is based on the
presence of charges near the surface of the CNT channel (i.e., within
the Debye length) that cause measurable current changes. Such biosen-
sors are highly sensitive but not selective in terms of differentiatingthe
bio-recognition binding events from nonspeci“c adsorption to both
background molecules and the recognition elements themselves.69,161

Therefore, in addition to choosing highly speci“c bio-recognition ele-
ments, an important matter to ensure speci“c binding is the insulation
of the CNT channel. If not properly insulated, the CNT channel of the
EG-CNTFET could be subject to modulated electrostatic gating,
charge transfer, etc., due to nonspeci“c interactions with interfering
analytes, leading to false positive results.

To minimize the nonspeci“c interactions, the sidewalls of bare
nanotubes must be insulated. Several blocking reagents (insulating the
CNT channel) are reported in the literature such as bovine serum albu-
min (BSA),3,160 Tween-2088 and ethanolamine.69,79,150Such blocking
steps reduce nonspeci“c interactions and thus attribute the recorded
current changes to the interaction between the bio-recognition element
and the analyte of interest. In addition to surface blocking steps, to fur-
ther reduce the non-speci“c binding one can do internal referencing
(e.g., having a nonbinding element on the same device).162

Another approach that could be employed for the CNT channel
encapsulation is the use of lipophilic membranes, as reported by Joshi
et al.163 Such treatments improve EG-CNTFET characteristics with
the on…off ratio increased by over 2-fold, the hysteresis reduced by 10-
fold, and the gate leakage current lowered by two orders of magnitude.
Such improvements are the result of the insulation of the surface of
CNTs by the lipophilic membrane, which does not allow ambient
impurities to modulate the conduction of the nanotubes. The use of
the lipophilic membrane, however, implies that no bio-recognition ele-
ment can be attached on the surface of the CNTs: when such an
approach is employed to insulate the CNT channel, only the function-
alization of the gate can be then explored to achieve a selective
response toward the analyte of interest.

V. BIOSENSOR EXAMPLES

In Secs.V A…V D, the working principle of EG-CNTFETs func-
tionalized with enzymes (Sec.V A), antibodies (Sec.V B), aptamers
(Sec.V C), and ion-selective membranes (Sec.V D) is brie”y described
and speci“c examples of biosensors are given.

A. Enzymatic sensors

The working mechanism of enzyme-modi“ed EG-CNTFETs
(called enzymatic sensors) is based on the catalytic reaction of the
immobilized enzyme to oxidize/reduce the analyte of interest into a
secondary product, leading to a variation of theIDS current, as
explained in Sec.II D.3,14 In particular, the sensing mechanism of
enzyme-based EG-CNTFETs is based on one of the following enzy-
matic reactions:

Reactant1 þ O2 ! Product1 þ H2O2; (8)

Reactant1 þ H2O ! Product1 þ Hþ ; (9)

whereReactant1 is the analyte of the interest, whileProduct1 is the pri-
mary product formed by enzymatic catalysis. In reaction 8, the second-
ary product (H2O2) is further oxidized intoHþ ions by applying the
oxidation potential at the gate. In reaction 9, the secondary products
are directlyHþ ions. In both cases, an increase inHþ ions occurs lead-
ing to an increase in the number of positive charges in the electrolyte
solution near the gate [due to the negative bias applied, seeFig. 2(b)].
This effect induces an increase in the negative charges near the CNT
channel, thus an accumulation of positive charge carriers in the semi-
conducting channel, which is re”ected in an increase in the absolute
value of theIDS.

85 The amount ofHþ ions produced will determine
the change in the current, while being directly correlated with the
amount of the analyte of interest.

A good description of the aforementioned mechanism in the case
of EG-CNTFETs is reported by Lee and Cui, who showed ”exible EG-
CNTFETs functionalized with glucose oxidase for glucose detection.82

In this case, a mixture of poly(diallyldimethylammonium chloride)
(PDDA) and SWCNTs was deposited through dip-coating to form the
semiconducting channel of the device [seeFig. 6(a-i)], while an exter-
nal Ag/AgCl reference electrode was used as the gate electrode [see
Fig. 6(a-ii)]. The EG-CNTFETs showed a real-time linear detection
range between 2� 106 to 1 � 107 nM as a result of oxidation of glu-
cose into d-glucono-d-lactone, followed by the hydrolysis of the latter
to produceH2O2, which was “nally oxidized under� 1.5 V applied
gate potential [seeFig. 6(a-iii)]. Interestingly, the same device worked
also as a pH sensor without the enzyme immobilization with an abso-
lute IDSexponential increase with a pH decrease. In fact, the decrease
in pH (i.e., the increase inHþ concentration in the electrolyte) led to
an increase in the absoluteIDS, as explained at the beginning of this
section. Unfortunately, the authors did not show simultaneous mea-
surement of pH and glucose, and it is therefore not clear how it is pos-
sible to differentiate the two signals.

As described in Sec.IV A, enzymatic EG-CNTFET biosensors
can be realized employing diverse immobilization approaches, includ-
ing the functionalization of the substrate as reported by Joshiet al.,
who presented a ”exible EG-CNTFET for the detection of glucose and
lactate fabricated on PI.14 The authors took advantage of the chemical
properties of the PI and immobilized the enzymes (glucose oxidase
and lactate oxidase) directly on the surface using the dicarboxylic
acid„glutaric acid as a binder molecule: one end was used to bind to
the nitrogen end of the PI surface, while the other carboxylic end was
used to bind to the amine group of the enzyme. The devices showed a
typical p-type behavior with anION=IOFF of about 260A/A. After
functionalization with lactate oxidase, the EG-CNTFET responded
to lactate in a wide range of concentrations from 10� 3 to 106nM
[seeFig. 6(b-i)] with sensitivity of 2.198l A/decade [seeFig. 6(b-
ii) ], while the sensor functionalized with glucose oxidase showed a
linear response for glucose in the range of 10� 3 to 105nM with sen-
sitivity of 1.658l A/decade.

A different approach was chosen by Bhattet al., who presented a
planar EG-CNTFET fabricated on a ”exible PI substrate for acetylcho-
line detection, employing enzymes to functionalize the planar gold
gate electrode.85 Alkanethiol chemistry was used to functionalize the
planar gold gate electrode with the acetylcholinesterase enzymes, by
means of 3-mercaptopropionic acid as a binder molecule. The immo-
bilized enzyme catalyzed the hydrolysis of acetylcholine into choline
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and acetic acid, releasingHþ ions into the electrolyte solution. With
increasing concentration of the acetylcholine in the electrolyte, an
increase in theHþ ions in the electrolyte surface near the gate was
induced, ultimately leading to an increase in the absolute value of the
IDSaccording to the mechanism described at the beginning of this sec-
tion. Transfer curves were recorded with a “xedVDSat � 0.2 V, while
sweepingVGSfrom þ 0.8 to� 0.8 V for different concentrations of ace-
tylcholine. The sensor showed a real-time response for acetylcholine
detection in the concentration range of 10� 3 to 106nM, with the calcu-
lated sensitivity of 5.6855l A/decade.

Enzymes are also used to directly functionalize the semiconduct-
ing CNT channel. For instance, Dudinaet al.reported a sensing plat-
form realized using a CMOS chip.3 The CMOS implementation (i.e.,
the combination of n-type and p-type elements for the realization of
circuital elements) was used to realize the ampli“cation/readout

circuitry very close to the EG-CNTFET array used as sensing element.
The EG-CNTFETs were functionalized for glutamate detection, by
covalently attachment of the enzyme glutamate oxidase to the carbox-
ylated CNTs. The working principle of the sensor was based on
enzymatic oxidation of glutamate, which producedH2O2. The
EG-CNTFET array demonstrated a real-time response for glutamate
with a linear detection range between 2:5 � 105 and 5� 105 nM
achieved by oxidizing theH2O2 (product of glutamate oxidization by
the enzyme) with a potential of� 0.65 V applied to the gate.

In addition to the different sites of functionalization (substrate,
gate, semiconductor), the enzymatic EG-CNTFET biosensors can be
realized using different FET con“guration as explained in Sec.II A.
For example, Bariket al.reported a dual-gated FET, based on CNTs
doped with polyethylene imine channel, Ag/AgCl top gate and indium
tin oxide as a back gated for acetylcholine detection.120In this case, the

FIG. 6.Examples of EG-CNTFET-based enzymatic biosensors: (a) Glucose biosensor: (i) schematic diagram of EG-CNTFET, based on deposition of poly(diallyldimethylam-
monium chloride) (PDDA) and SWCNTs, functionalized with glucose oxidase„for selective glucose detection; (ii) a real picture of the experimental setup in which an external
Ag/AgCl reference electrode is used as gate electrode for the fabricated EG-CNTFET; (iii) proposed sensing mechanism: the oxidation of glucose to d-glucono-d-lactone and
H2O2 is catalyzed by the glucose oxidase, followed by the hydrolysis of d-glucono-d-lactone and the electrooxidation ofH2O2 to produce hydrogen ions. Reproduced with per-
mission from Lee and Cui •Low-cost, transparent, and ”exible single-walled carbon nanotube nanocomposite based ion-sensitive “eld-effect transistors for pH/glucose
sensing,Ž Biosens. Bioelectron.25, 2259…2264 (2010).82Copyright 2010 Elsevier. (b) Lactate biosensor (i) response of ”exible EG-CNTFET functionalized with lactate oxidase
to different lactate concentrations, (ii) calibration curve for lactate biosensor: drain current vs lactate concentration. Reproduced with permission from Joshiet al., •Flexible lac-
tate and glucose sensors using electrolyte-gated carbon nanotube “eld effect transistor for non-invasive real-time monitoring,Ž IEEE Sens. J.17, 4315…4321 (2017).14

Copyright 2017 IEEE. (c) Glutamate biosensor„proposed sensing mechanism: the production ofH2O2 from glutamate is catalyzed by glutamate oxidase, followed by catalytic
decomposition ofH2O2 to produce oxygen species. Reproduced with permission from Leeet al., •Electrochemical functionalization of single-walled carbon nanotubes with
amine-terminated dendrimers encapsulating pt nanoparticles: Toward facile “eld-effect transistor-based sensing platforms,Ž Sens. Actuators, B275, 367…372 (2018).87

Copyright 2018 Elsevier.
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detection of acetylcholine is based on the hydrolysis reaction catalyzed
by acetylcholine esterase to produce acetic acid and choline. The sen-
sor showed a linear detection range 1� 104 to 2 � 105 nM and sensi-
tivity of 1.25 V/decade for acetylcholine detection.

An interesting functionalization approach of the CNTs involves
the use of metal nanoparticles before the immobilization of the
enzymes, as presented by Leeet al. The authors proposed an EG-
CNTFET based on electrochemical functionalization of CNTs with
amine-terminated dendrimers encapsulating platinum nanoparticles
(Pt DENs) for glutamate detection.87 The device fabrication started
with the adsorption of CNT suspension (0.1 mg/mL in o-dichloroben-
zene) on theSiO2 surface treated with octadecyltrichlorosilane, fol-
lowed by standard photolithography to pattern the source and drain
electrodes. Afterward, cyclic voltammetry was used to functionalize
the CNT “lm with Pt DENs. Finally, enzyme glutamate oxidase was
absorbed on the CNT-Pt DENs channel. Integration of the Pt DENs
into the CNT “lm enhanced the electrocatalytic activity of the sensors;
furthermore, the amine groups grafted on Pt DENs offer a new inter-
esting approach for immobilization of the bio-recognition element.
The glutamate oxidase enzyme catalyzes the oxidation of glutamate,
leading to the release of electrochemically activeH2O2 as a secondary
product of the enzymatic reaction [seeFig. 6(c)]. Catalytic decomposi-
tion of H2O2 led to an increase in the absolute value of theIDS, due to
the increased concentration ofHþ in proximity of the semiconducting
channel. The sensor showed a wide dynamic range of detection from
10� 1 to 105nM with calculated limit of detection as low as 0.092 nM.
The sensing ability of the device was demonstrated on real samples
(rice soups) without any pretreatment, showing acceptable sensitivity
in the range of 10� 1 to 105nM.

In general, the demonstration of the sensing properties of enzy-
matic EG-CNTFET-based biosensors in real applications is still miss-
ing in the literature and limitedin vivo applications are reported.
Among these, we can cite the work of Leeet al., who reported EG-
CNTFETs for glutamate detection.80 The sensor fabrication started
from a glass capillary tube which was dipped into SWCNTs dispersion
(in 1,2-dichlorobenzene), followed by thermal evaporation of source
and drain electrodes (10 nm of Ti and 30 nm of Au) and use of a Pt
wire as a gate electrode. Glutamate oxidase was immobilized on the
CNT channel using PBASE as a linker molecule. The sensor showed a
real time linear detection range between 300 to 15 000 nM, with the
coef“cient of determination as high as 0.99. Furthermore, the sensing
capability of the sensor was demonstratedin vivo for monitoring glu-
tamate released during intra- and post-ischemic periods on 11 vessel
occlusion rat model.

B. Immunosensors

Antibody-modi“ed biosensors (called immunosensors) are based
on the speci“c antigen (Ag)…antibody (Ab) interaction, which has
attracted signi“cant interest in the realization of EG-CNTFET-based
biosensors due to its high selectivity. An antibody typically recognizes
only one speci“c antigen, forming an Ab…Ag immunocomplex. This
reaction is highly selective but sometimes cross-reactivity is possible.164

The binding af“nity between an Ab and an Ag (for a noncompetitive
reaction) can generally be expressed by the following formula:

K ¼
Ab � Ag½ �
Ab½ �Ag½ �

; (10)

where K is the equilibrium constant, [Ab-Ag] is the concentration of
the immunocomplex formed between Ab and its speci“c Ag, and [Ab]
and [Ag] are the concentrations of the Ab and the Ag, respectively
(expressed in mol L� 1). Typical values of K range from 106 to 1012 L
mol� 1. For K values� 108 L mol� 1, antibodies will typically exhibit
low cross-reactivity and therefore lead to high selectivity.164

When antibodies are used in EG-CNTFET-based biosensors, the
sensing mechanism is based on the immunoreaction formation
between the target antigens with the antibodies immobilized on the
CNT channel, causing a change in the surface charges58,72and thereby
a change of theIDS. In this regard, Teker suggested that the change in
the IDS resulting from the attachment of the antibodies (anti-insulin-
like growth factor 1 antibodies) is related to the capability of the amine
group of the antibodies to donate electrons to the CNTs.58 When
breast cancer cells (BT474 or MCF7) were injected into the device, a
signi“cant increase in theIDSwas observed. The authors explained this
increase due to the electron transfer from the CNTs to the immuno-
complex (holes density increases).

A different behavior has been reported by Palaniappanet al.73

They realized an EG-CNTFET-based immunosensor based on par-
tially aligned SWCNTs grown on quartz substrates for the detectionof
prostate-speci“c antigen (PSA), where anti-prostate antibodies were
immobilized on the SWCNTs using PBASE ester as a binder molecule
[seeFig. 7(a-i)]. First, the authors compared the transfer characteristics
of EG-CNTFETs fabricated using random and aligned SWCNTs net-
works, demonstrating the superior performance (i.e., higher absolute
value ofIDS) of the device fabricated using the latter [seeFig. 7(a-ii)].
Upon the injection of different concentrations of PSA, a decrease in
the measured absoluteIDS was observed [seeFig. 7(a-iii)]. Since PSA
has positive surface charge potential, its attachment to the anti-
prostate antibodies caused a decrease in the absolute value of theIDS

due to electrostatic interaction between positively charged analytes
and SWCNTs (i.e., the positive charge potential of the PSA caused a
depletion of holes in the semiconducting channel, hence less current).
The sensing capability of the device toward PSA was demonstrated in
the range of 1� 10� 1 to 1 � 102 nM, with a calculated LOD as low as
3 � 10� 2 nM. The group has applied the same concept for the detec-
tion of the food toxin Clostridium perfringens, achieving an LOD as
low as 2 nM.74

As explained in Sec.II D, good sensitivity can be obtained only if
the immunoreaction happens within thekD.42Therefore, a challenging
aspect for EG-CNTFET-based immunosensors is the bulky size of
antibodies (10…12 nm),79 which is larger than thekD of physiological
solutions (< 1 nm). As already stated, to increase thekD, some authors
use diluted PBS. For example, Jinet al.reported EG-CNTFETs based
on acid treated SWCNTs functionalized with antibodies for rapid and
selective detection of Aspergillus species.78 The authors used a low
PBS concentration (0.15� PBS, i.e., 6.7 times diluted with respect to
1� PBS) characterized by akD of around 9 nm. As the antibodies used
in this study have a height of around 3 nm, the immunoreaction hap-
pened within thekD. The sensor showed a real-time response upon
successive injections of Aspergillus [seeFig. 7(b-ii)], and a linear detec-
tion range between 5� 10� 4 to 1 � 107 ng/mL [seeFig. 7(b-iii)], with
an estimated detection limit of 1� 10� 4 ng/mL.

To address the Debye length issue while maintaining undiluted
PBS concentration, Kimet al.reported EG-CNTFETs functionalized
by three different bio-receptors: complete anti-immunoglobulin
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G (anti-IgG) antibodies with size of 10…12 nm [seeFig. 7(c-i)], F(ab•)2
fragments of anti-IgG with a height of approximately 7 nm [seeFig.
7(c-ii)], and only the Fab fragments of anti-IgG with the height of
3…5 nm for IgG detection [seeFig. 7(c-iii)].79 The authors tested the
device for different IgG concentrations, and observed a decrease inthe
absolute value ofIDSafter the injection of the analyte, accordingly with
the IgG being positively charged. The device with complete antibodies
was not able to detect IgG concentration lower than 100 ng/mL, while
the device with F(ab•)2 fragment was able to detect 10 ng/mL, and the
device with immobilized Fab fragments was able to detect IgG concen-
tration as low as 10� 3 ng/mL. The authors concluded that the
enhancement in the immunosensor device response was due to the
use of antibodies with a size that enabled the immunoreaction to take
place within the Debye length.

C. Aptasensors

Aptamers are arti“cial single-stranded oligonucleotides that have
gained interest for bio-sensing vs protein-based recognition elements
due to their high selectivity and tunable stability.165 Compared to

enzymes and antibodies, aptamers are smaller in size,16,79which facili-
tates sensitive bio-molecule detection within thekD in physiological
conditions.56,57,166Signal transduction upon aptamer target recogni-
tion at the surface of the EG-FET channel has been hypothesized to
arise from two main mechanisms.

The “rst mechanism, more common for small-molecule detec-
tion, involves structural rearrangements of the negatively charged
aptamer phosphodiester backbone upon target capture.167…169

Aptamer conformational change drives surface charge rearrangement
at the surface of the semiconducting channel, which enables the detec-
tion of even neutral small-molecule targets such as glucose.16 As
aptamers are highly negatively charged molecules, changes in the
channel current ”ow are measurable even for low analyte
concentrations.26

An example of sensing based on the structural rearrangement
can be found in the work of Zhenget al., who presented ”exible EG-
CNTFETs functionalized with conformationally changing 21-mer
aptamers for potassium ion (Kþ ) detection.26 Aptamers were attached
to the CNTs viap � p interactions of PBASE linker [seeFig. 8(a-i)].
Real-time sensing upon addition ofKþ to the aptamer-modi“ed

FIG. 7.Examples of EG-CNTFET-based immunosensors: (a) Prostate-speci“c antigen (PSA) biosensor, (i) schematic of biosensor on quartz substrate for real-time detection
of PSA, (ii) the EG-CNTFET transfer characteristics for the device with random (blue) and aligned (red) CNT network, (iii) real-time measurement of different PSA concentra-
tions at� 300 mV “xed gate voltage. Reproduced with permission from Palaniappanet al., •Aligned carbon nanotubes on quartz substrate for liquid gated biosensing,Ž
Biosens. Bioelectron.25, 1989…1993 (2010).73 Copyright 2010 Elsevier. (b) Aspergillus biosensor, (i) schematic diagram describing step by step antibody (anti-Aspergillus)
immobilization and antibody-allergen binding, (ii) real-time response to successive additions (indicated by the arrows) of Aspergillus, (iii) corresponding calibration curve: drain
current vs Aspergillus concentrations (from 10� 3 to 104ng/mL). Reproduced with permission from Jinet al., •Real-time selective monitoring of allergenic aspergillus molds
using pentameric antibody-immobilized single-walled carbon nanotube-“eld effect transistors,Ž RSC Adv.5, 15728…15735 (2015).78Copyright 2015 Royal Society of Chemistry.
(c) Immunoglobulin biosensor, schematic of functionalization of the semiconducting CNT channel with three different bio-receptors: (i) whole antibody (height 10…12 nm), (ii)
F(ab•)2 fragments (height 7 nm), and (iii) Fab fragments (height 3…5 nm). Reproduced with permission from Kimet al., •Ultrasensitive carbon nanotube-based biosensors using
antibody-binding fragments,Ž Anal. Biochem.381, 193…198 (2008).79Copyright 2008 Elsevier.
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FIG. 8.Examples of EG-CNTFET-based aptasensors: (a)Kþ biosensor, (i) functionalization of CNT channel withKþ aptamers using PBASE linker molecule, sensing mecha-
nism:Kþ aptamers folding afterKþ addition, (ii) real-time response toward successive additions ofKþ . Reproduced with permission from Zhenget al., •Electrostatic gating in
carbon nanotube aptasensors,Ž Nanoscale8, 13659…13668 (2016).26 Copyright 2016 Royal Society of Chemistry. (b) Immunoglobulin E (IgE) biosensor, (i) detection within
Debye length using aptamers, (ii) real-time response upon successive additions of IgE. Reproduced with permission from Mahehashiet al., •Aptamer-based label-free immuno-
sensors using carbon nanotube “eld-effect transistors,Ž Electroanalysis21, 1285…1290 (2009).56Copyright 2009 IEEE. (c) Interleukin-6 (IL-6) protein biosensor, (i) CNT chan-
nel functionalization with IL-6 peptide aptamers using PBASE linker molecule and (ii) immunoglobulin G (IgG) nonspeci“c aptamer (control device), (iii) real-time response of
EG-CNTFET functionalized with IL-6 aptamer in blood samples. The device showed 8%…13% drop in the absolute value of the current upon addition of 10 pg/mL of IL-6 pro-
tein, (iv) real-time response of device functionalized with IgG aptamer. No signi“cant change in the current was observed. Reproduced with permission from Khosraviet al.,
•Ultrasensitive label-free sensing of IL-6 based on PASE functionalized carbon nanotube micro-arrays with RNA-aptamers as molecular recognition elements,Ž Biosensors7,
17 (2017).88 Copyright 2017 Authors, licensed under a Creative Commons Attribution (CC BY 4.0) license. (d) Cathepsin (CatE) biosensor, (i) transfer characteristics of the
EG-CNTFET functionalized with the peptide aptamers for different CatE concentrations in 10-fold diluted human serum, (ii) CatE concentrations vs the normalization decrease
in •onŽ current. Reproduced with permission from Tunget al., •Peptide aptamer-modi“ed single-walled carbon nanotube-based transistors for high-performance biosensors,Ž
Sci. Rep.7, 1…9 (2017).69Copyright 2017 Authors, licensed under a Creative Commons Attribution (CC BY 4.0) license.
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EG-CNTFET was recorded by applying a “xedVDS of 100 mV and
VGSof 0 V. An increase in the absolute value of theIDSwas observed
upon the addition ofKþ (from 1� 10� 3 to 1 � 103 nM), while devi-
ces without the aptamer functionalization or modi“ed with a nonspe-
ci“c sequence showed no change in the current response [seeFig.
8(a-ii)]. The authors hypothesized that aptamers that folded upon tar-
get recognition increased the negative charge density near the p-type
CNT channel, inducing an increase in the concentration of the holes,
and hence an increase in the drain current.

The second mechanism involves the detection of charged targets
upon aptamer binding. Thrombin, a popular target protein for
aptamer-FET platforms, is positively charged at low pH (lower than
7).170Thus, thrombin binding to aptamers has been proposed to effec-
tively screen the negative charges of the oligonucleotide, while also
bringing new sources of positive charge in close proximity of the CNT
channel.

Alternatively, Pacioset al. reported thrombin detection using
aptamer-based EG-CNTFETs in an environment in which thrombin
was slightly negatively charged (at pH 7.9).70 After the injection of
thrombin, an increase in the absolute value of theIDSwas observed. The
increase in the positive charge carriers in the CNT channel (i.e., in the
IDS) was considered by the authors as a consequence of the more nega-
tively charged species brought closer to thekD. The device was charac-
terized in 0.05� PBS, a diluted environment to detect the charges of the
large thrombin target molecule approaching the EG-CNTFET surface.
Using this approach (albeit, in a non-physiological environment), low
concentrations of thrombin (in the range of 1� 10� 1 to 1nM) were
measured with a calculated LOD of 2� 10� 2 nM.

Despite the increasing employment of aptamers in EG-FET-
based biosensors, and, in general, in electronic biosensors, the sensing
mechanism is still not well understood. Outside of the aforementioned
examples, some authors merely reported the measurable changes in
the electrical properties of the device in the presence of the speci“c
analytes without an explanation of the sensing mechanism.56,69,88

For instance, Maehashiet al. reported an aptamer-based EG-
CNTFET for immunoglobulin E (IgE) detection [seeFig. 8(b-i)].56

The IgE aptamers were covalently attached to the CNT channel using
PBASE as a linker molecule. Real-time sensing of IgE in the range
2:5 � 10� 1 to 1:6 � 102 nM was conducted [seeFig. 8(b-ii)].

Alternatively, Khosraviet al.presented a EG-CNTFET microar-
ray functionalized with aptamers targeting interleukin-6 (IL-6) for
rapid detection of the IL-6 cancer biomarker [seeFig. 8(c-i)].88 To
demonstrate the selectivity of the device, the authors functionalized
the device with nonspeci“c control sequences [seeFig. 8(c-ii)]. The
device functionalized with speci“c IL-6 aptamers showed a linear
response in the range 1� 10� 3 to 1 � 10� 1 ng/mL. Furthermore, the
sensing capability of the devices was demonstrated in blood samples,
where aptamer-functionalized devices showed a 8%…13% drop in the
current upon addition of 10 pg/mL of the IL-6 protein [seeFig. 8(c-
iii) ], while the device functionalized with nonspeci“c IgG displaced a
reduced change in current [seeFig. 8(c-iv)]. The observed response for
the control is likely due to the inevitable nonspeci“c binding in com-
plex media.162

In both of these reports, the authors asserted that the decrease in
absolute value of theIDS was associated with the fact that positively
charged molecules came close to/within thekD, inducing an increase
in the density of the negative charge in the EG-CNTFET channel.

Nevertheless, the authors did not take into account the effect of the
negatively charged aptamers in the conductance changes.

Similarly, the involvement of the recognition element in the
mechanism of signal transduction was omitted in the work of Tung
et al., who presented sensitive EG-CNTFETs for the detection of
Cathepsin E (CatE), a cancer biomarker, using peptide aptamers.69

Peptide aptamers are small (typically 5…20 amino acid residues long)
proteins selected to bind to speci“c sites of target molecules.171 The
authors performed a systematic investigation on the effect of the CNT
bio-functionalization using theIDS-VGScurve. To immobilize the CatE
peptide aptamer, PBASE was used as a linker. The results showed that
the absolute value of theIDSdecreases with the increase in the PBASE
concentration from 3 to 50 mM. The authors considered this behavior
due to the charge transfer induced byp � p interactions between the
PBASE and SWCNTs, leading to the current reduction. Similar behav-
ior was also observed by varying the peptide aptamer concentration
(in the range from 1 to 120l M).

As the peptide aptamer exhibits a positive charge in PBS at pH 4,
its presence in proximity of the CNT channel led to a decrease in the
concentration of the holes and hence decrease in absolute value the
IDS. Addition of CatE (from 0.1 to 1 ng/mL) resulted in a further
decrease in the absolute values of theIDS, which was hypothesized to
be caused by the reduction of holes in the CNT channel as a result of
positively charged CatE binding [seeFig. 8(d-i)]. The sensing capabil-
ity of the device was also demonstrated in human serum for CatE con-
centrations in the range of 10 to 60 ng/mL [seeFig. 8(d-ii), where
DImax is the decrease inION in the saturation regime]. A LOD as low
as 10 ng/mL was achieved, which was three orders of magnitude lower
than what is measured by conventional enzyme-linked immunosor-
bent assays (ELISA).69 However, despite these promising measure-
ments in blood samples, when describing the sensor mechanism, the
authors disregard the possible conformational changes that the
aptamer may undergo and how that phenomenon in combination
with the charged target recognition would affect theIDS.

To this end, it is critical to conduct complementary investigations
into aptamer conformational changes using ”uorescence-based, spec-
troscopic (e.g., circular dichroism, surface-enhanced Raman, imped-
ance), or optical methods.16,172Insight into the sensing mechanisms
will lead to optimization of these platforms for speci“c targets (e.g.,
detection of weakly charged or non-charged species) and sensing envi-
ronments (e.g., high ionic strength physiological environments with
smallkD for detection).

D. Ion-selective membrane sensors

EG-CNTFETs based on ion-selective membranes are widely used
for the measurement of ion concentrations,81,173due to their higher
stability in harsh chemical environments, compared to the previously
mentioned biological recognition elements (enzymes, antibodies, and
aptamers). Indeed, the synthetic membranes can limit the direct con-
tact between the device and the electrolytic solution, allowing the ”ow
of only the target ions due to the presence of the ionophore. In the
presence of an ion-selective membrane, a change of the analyte con-
centration causes a variation of the potential at the membrane inter-
face, which can induce a change in the EG-CNTFET characteristics
(e.g.,VTH or IDS).

77

EG-CNTFET-based biosensors functionalized with ion-selective
membranes are often used to detectKþ , Ca2þ , and Cl� ions. For
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instance, Melzeret al.presented an EG-CNTFET for selective and sen-
sitive detection of all these ions by functionalizing the gate electrode
(Pt wire) with different poly(vinyl chloride) (PVC)-based ion-selective
membranes [seeFig. 9(a-i)].83 For Kþ quanti“cation, the Pt gate was
modi“ed with a PVC-based membrane containingKþ ionophore to
ensure selectivity, and transfer curves for differentKþ ion concentra-
tions were recorded. A shift toward positive voltages of the transfer
curve was noticed with an increase inKþ concentrations. To quantify
the shift, theVTH was extracted from the transfer curve and a linear
response was found in the range of 102 to 108nM of Kþ by plotting
the VTH vs the logarithm of the ion activity. The same concept was
used to detectCa2þ andCl� . In those cases, the Pt gate was functional-
ized with a PVC-based membrane containingCa2þ ionophore and a
PVC-based membrane containingCl� ionophore, respectively. The
biosensors forCa2þ showed a linear response in the range of 103 to
108nM [seeFig. 9(a-ii)], while the biosensor forCl� detection showed
a linear response in the range of 104 to 108nM.

From the same authors, a similar example of ”exible EG-
CNTFETs modi“ed with PVC-based ion-selective membranes was
reported forKþ or Ca2þ detection, but this time the membrane was
directly drop-cast on top of the semiconducting CNT channel.59 The
sensor responses were tested in a physiologically relevant concentra-
tion range in the presence of different interfering ions. The response of
EG-CNTFETs modi“ed withKþ -selective membranes was demon-
strated in the range of 101 to 108nM Kþ solution diluted in 150 mM
Naþ or Ca2þ interfering ion. The sensor showed a linear response
down to 102nM for Naþ and 103nM for Ca2þ , respectively. The
response of the EG-CNTFET modi“ed with theCa2þ -selective mem-
brane was demonstrated in the range of 101 to 108nM Ca2þ solution
diluted in 150 mMNaþ - or Mg2þ -interfering ions. The biosensor
showed a linear response down to 105nM for Naþ and 104nM for
Mg2þ , respectively. These EG-CNTFET-based biosensors represent an
important step in the “elds of biomedical diagnostics or water quality
control. A good proof of this is the fact that this work was further
expanded through the development of an array with a planar gate able
to measure all the reported ions.60The biosensor response of the array
was in good agreement with ion concentrations reported in the label
of the water employed for the tests by the manufacturer.

An interesting example of EG-CNTFET array was presented by
the same group.61 The array consisted of two modi“ed EG-CNTFETs
with one shared planar gate electrode modi“ed by drop-casting
MWCNTs and functionalized with urease enzymes. The channels of
the two EG-CNTFETs were functionalized with aNHþ

4 -selective and
an Hþ -selective membrane, respectively [seeFig. 9(b-i)]. The urea
detection was based on the hydrolyzation reaction catalyzed by urease;
the products of this reaction,NHþ

4 andHþ cations, were then detected
by the ion-selective membranes. The array was tested for urea detec-
tion in the concentration range from 104 to 108nM, in 0.01� PBS [see
Fig. 9(b-ii)] and highly concentrated 2� PBS [seeFig. 9(b-iii)]. The
NHþ

4 -selective EG-CNTFET had a 1� 105 nM LOD, while theHþ -
selective EG-CNTFET showed a linear response in the physiological
pH range 7…9. Employing aHþ -selective EG-CNTFET in the array
would allow simultaneous pH monitoring, hence the possibility to
real-time compensate for any change in the pH value of the
electrolyte.

Most of the proposed ion-selective membranes, comprised the
above cited works, use PVC as supporting material for the membrane

realization, because of its low toxicity and chemical inertness.
However, conducting polymers such as polypyrrole, polyaniline, or
polythiophene are used as well, as they constitute a well-studied class
of materials.174

In this direction, Gouet al.presented an EG-CNTFET for pH
detection based on an ion-selective membrane made of conductive
polymers.77 The authors employed oxidized SWCNTs for the semi-
conducting channel coated with electrodeposited poly(1-aminoanthra-
cene) (PAA) conductive “lm. The device response was tested over a
pH range from 2 to 12. With the increase in the pH, the transfer curve
was shifted to more positive gate voltages [seeFig. 9(c-i)]. The authors
explained this shift due to more negative charge generation on the sur-
face of the SWCNTs due to the deprotonation of carboxylic groups on
the oxidized SWCNTs. Therefore, increasing the negative charge in
proximity of the SWCNT channel caused an accumulation of positive
carriers, hence yielding a shift in the threshold voltage. In this respect,
the charge accumulated on the surface of the semiconducting channel
directly affected the gating effect coming from the appliedVGS. A real-
time pH measurement under constant� 0.2 V gate voltage was dem-
onstrated as well [seeFig. 9(c-ii)]. Furthermore, the authors demon-
strated the implementation of this device into a wirelessly powered
radio frequency identi“cation (RFID) tag prototype. Wireless readings
were performed on a tissue phantom mimicking the properties of
human skin, suggesting the possible use of the device forin vivo
monitoring.

Stelmachet al. proposed an EG-CNTFET-based biosensor for
Kþ detection, functionalizing the planar gold gate electrode with poly-
pyrrole nanoparticles dispersed in PVC-based ion-selective mem-
branes.86 The aim was to improve the EG-CNTFET characteristics, in
order to obtain a more stable signal compared to PVC-bare based ion-
selective membranes. The response of the sensor was tested in different
concentrations ofKþ solution ranging from 104 to 108nM. A linear
response between theIDS at a “xed voltage and the logarithm ofKþ

concentration was found in the range of 105 to 108nM. The author
addressed this behavior due to the ability of the conducting polymer
(in contact with the electrolyte solution) to be reduced or oxidized
under the in”uence of the applied potential (in contrast to ion-
selective membranes, which are usually chemically inert). This effect
results in corresponding positive or negative charge injection into the
CNT channel, leading to changes in the absolute value of theIDS.

VI. CONCLUSIONS„PRESENT ISSUES
AND CHALLENGES

The development of next-generation electronic biosensors with
engineered functionalities and unobtrusive integration into every type
of substrates (from rigid to ”exible and biocompatible) will push
toward the improvement of real-time digital monitoring (the Internet
of Things philosophy) and will have positive economic implications.
In this perspective, CNTFET-based, and, in particular, EG-CNTFET-
based biosensors, enable versatile applications in several “elds. A
reliable integration of such technologies in suitable devices could
signi“cantly improve the monitoring of environmental conditions,
health of humans, animals, and plants.

In this review, we reported in detail the most important achieve-
ments in the development and application of EG-CNTFET-based bio-
sensors. The possibility to functionalize the CNTs following different
strategies and using different surface chemistries enables a high degree
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FIG. 9.Examples of EG-CNTFET-based ion-selective membrane sensors: (a)Ca2þ sensor, (i) device schematic, with emphasis on the functionalization for the gate electrode
(platinum wire): the PVC-based ion-selective membrane allows the passage of the primary ions while blocking the interfering ions, thanks to the presence of the ionophore (ii)
selective response of the EG-CNTFET towardCa2þ . Reproduced with permission from Melzeret al., •Selective ion-sensing with membrane-functionalized electrolyte-gated
carbon nanotube “eld-effect transistors,Ž Analyst139, 4947…4954 (2014).83 Copyright 2014 Royal Society of Chemistry. (b)NHþ

4 and pH biosensor array, (i) schematic of the
array composed of anNHþ

4 selective EG-CNTFET and aHþ selective EG-CNTFET with a common planar gate electrode functionalized with urease enzyme, for urea and pH
detection; (ii) selective response in diluted 0.1 mM (0.01� ) PBS; and (iii) selective response in highly concentrated 20 mM (2� ) PBS. Reproduced with permission from
Melzeret al., •Enzyme assays using sensor arrays based on ion-selective carbon nanotube “eld-effect transistors,Ž Biosens. Bioelectron.84, 7…14 (2016).61 Copyright 2016
Elsevier. (c) pH sensor, (i) transfer characteristics of the EG-CNTFET based on oxidized SWCNTs coated with the ion-selective membrane poly(1-aminoanthracene) (PAA), (ii)
real-time response of the same device to different pH solutions. Reproduced with permission from Gouet al., •Carbon nanotube chemiresistor for wireless pH sensing,Ž Sci.
Rep.4, 4468 (2014).77Copyright 2014 Authors, licensed under a Creative Commons Attribution (CC BY 3.0) license.
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of freedom paving the way to the real-time and low-cost monitoring
of different analytes, such as antigenes, biomarkers, bacteria, and ions,
just to name a few. Moreover, with respect to conventional rigid elec-
tronic sensors, this novel class of FET biosensors allows integration
into objects with different sizes and con“gurations, and, in particular,
on ”exible substrates using also low-cost printing methods.

While most of the EG-CNTFETs reported in this work demon-
strate the high versatility of the technology, there are still several chal-
lenges to be overcome. In particular, major current issues to address
are: (i) the control in the CNTs properties (size, purity, alignment); (ii)
the stability of the biosensors in different environments; (iii) the detec-
tion of analytes in real-life settings, due to limitations coming from the
Debye length; (iv) the optimization of the sensors design to perform
multi-analyte detection in arrays.

As regards the “rst issue, two parameters still represent major chal-
lenges in the use of EG-CNTFETs: (1) the CNT semiconducting vs
metallic purity; (2) the upper and lower limits of the CNTs diameter.
The resulting high tube-to-tube variation effects in fact the device
response, leading to high device-to-device variability.26 At this regard,
Salamatet al.have demonstrated by experimental characterization and
systematic modeling that device-to-device reproducibility is highly
affected by the diameter distributions of CNTs.175They concluded that
unless the diameter distribution of the CNTs is precisely controlled,
large-scale integration of CNTFET, and, in particular, of EG-CNTFET,
would be dif“cult to achieve. In general, it is extremely important and
challenging at the same time to use a high quality initial CNT material
for the semiconducting layer, and at the same time to adopt optimized
strategies for reliable sorting and processing of CNTs to be integrated in
the FETs.26 Novel approaches for sorting of CNTs by electronic type,
diameter, and chirality are based on a combination of density gradient
ultracentrifugation and solvent based separation (such as aqueous two-
phase separation), where differences in hydrophobicity of surfactant-
solubilized CNTs are used to achieve high fraction purity.176,177

Additionally, the control on the alignment of CNTs as channel in FETs
has also the potential to signi“cantly impact on the sensor performan-
ces. As previously mentioned, random network of CNTs can be easily
deposited, while a good control in highly dense aligned CNT arrays is
still extremely challenging. In this context, innovative approaches such
as biofabrication178are now under investigation and could “nd interest-
ing application in EG-CNTFETs biosensors.

A second major challenge concerns the stability and resilience of
EG-CNTFET-based biosensors over long periods and repeated stress
(such as high temperature range, different pH values, potential oxidat-
ing, or reducing agents). Currently reported results are usuallyobtained
in idealized laboratory environments with controlled environmental
stimulus. When bringing these devices from the laboratory to the real-
world environment with a wide-range of ”uctuating parameters such as
temperature, humidity, and gas compositions, these biosensors should
be fully evaluated to establish their stabilities. In the context of EG-
CNTFET-based biosensors, there is minimal literature on the validation
of the biosensors in environments with varying buffer composition,pH,
and, more importantly, physiologically relevant environments.The
sensing capability of EG-FETs is usually demonstrated in PBS (pH
¼ 7.4),13,20,54as this closely mimics physiological solutions.12

The third major challenge in EG-CNTFET-based biosensors is
related to the Debye screening: as already discussed in Sec.II D, for
optimal performance the sensing should happen within thekD.

A largely used approach is to dilute the electrolyte of the real
sample to increase thekD. Nevertheless, in real application scenarios
dilution is not the best option since the biological samples such as
blood, urine, serum, and saliva contain a large amount of salts (hence
a high ionic strength) and a high dilution can lead to loss of activity of
biological components present in the sample.42 More realistic
approaches (especially for “eld applications) consist in the use of bio-
recognition elements that can detect within thekD (e.g., fragments of
antibodies or aptamers),79,88or in the desalting of the real sample.93,179

However, careful optimization must be performed for the desalting
process of the samples, since stable pH and ionic strength are required
to ensure no degradation of the analytes.

A particularly promising approach to overcome the Debye length
limitation is the co-immobilization of poly(ethylene glycol) (PEG)
together with the bio-recognition element, as it enables the analyte
detection at physiological ionic strength without the need for sample
pretreatment (e.g., desalting).14 The decreased effect of Debye screening
from PEG is most probably attributed to the reduction of the electrolyte
relative permittivity, compared to one of the water. Hausteinet al.devel-
oped an analytical model to describe the effect of co-immobilizationof
PEG in reducing the Debye screening effect. The PEG effect was
explained using the Donnan potential picture.180 The combination of
the bio-recognition element, linker molecules, and PEG is hypothesized
to form a surface layer with a nearly constant potential. At this constant
potential, the Debye screening starts further away from the sensor sur-
face, which leads to an increased signal if the analyte binds within the
PEG layer compared to the surface without PEG. This approach has
successfully been used for the detection of several analytes in theirphysi-
ological relevant environments.160,181…183Although the measured signal
increase in the presence of PEG is robust and reproducible (in most of
the cases threefold increase), the working principle is still not fully
understood and further research is needed on this topic.160

Another approach that could be used to overcome the Debye
length limitation, hence making possible detection at physiologically
relevant concentrations, is sensing at high frequencies (e.g.,
2…4 GHz).184 Kulkarni and Zhong have presented a high-frequency
CNTFET-based sensing device able to overcome the ionic screening
effect by operating the sensor in the megahertz frequency range.185At
low frequencies, the ions in the solution follow the electric “eld and
form the EDL. However, at high frequencies, the alternating current
driving force can no longer overcome the solution drag and the ions in
the solution do not have suf“cient time to form a stable EDL. In this
case, the ”uctuating dipoles of the target molecule under alternating
current excitation can in”uence the surface potential of the CNTs,
hence providing a new sensing mechanism. The authors were able to
detect streptavidin binding to biotin at a buffer concentration ashigh
as 100 mM, while operating the device at a frequency beyond 1 MHz.

In general, the demonstration of the sensing properties of EG-
CNTFET-based biosensors in real-life applications is still missingin lit-
erature and really few examples ofin vivo applications are reported.
Another issue is related to the fact that the EG-FET working principle
relies on what happens at all the interfaces of the device with the electro-
lyte, which is at the same time the dielectric and the sensing environ-
ment. Thus, as explained in Sec.II B, it is important to encapsulate the
source and drain contacts from the electrolyte to avoid that the metal-
CNTs contact dictates the performance of the device, instead of the
CNT channel itself. Moreover, when the CNTs are exposed to the
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electrolyte, a stable EDL has to be created to ensure reliable and stable
measurements (stableIDSvs time). However, this process usually takes
time and there is no general agreement in literature about it, since very
few authors clearly mention this aspect. In fact, the CNT matrix does
not allow a fast permeation of the ions and CNTs not covered by the
bio-recognition elements can non-selectively react with the electrolytes
itself. The lack of device stability when in contact with the electrolyte
needs to be surely considered and carefully evaluated.

The last major challenge regards the ability to sense multiple
stimuli in a single device. This is an ultimate goal for bio- and environ-
mental sensors and is of critical importance in the development of
smart and interactive sensors that are wearable, ”exible, and biocom-
patible. Currently, available EG-CNTFET-based biosensors have
mainly focused on single or dual sensory functionalities. In fact, only a
few examples of EG-CNTFET arrays and systems for the simultaneous
detection of different analytes have been presented.61 Simultaneous
detection and high selectivity of multi-complex stimuli remains a chal-
lenge. This limits the applicability of these biosensors in real applica-
tions. Moreover, in the case of multiple analytes, the deduction from
the obtained measurements to the desired physical/chemical quantities
is not always straightforward. Selectivity of the device shouldbe care-
fully evaluated against all the possible parameters, especially incom-
plex detection environments. At this regard, the possibility to
implement multiple chemistries and bio-recognition elements in EG-
CNTFETs could enable new functionalities in this context.

Finally, in terms of the use of nanomaterials in biosensors, the
cost needs to be lowered and their environmental effects should be
carefully evaluated. Several studies have revealed that engineered
nanomaterials, depending on their size, shape, surface area, chemical
composition, and biopersistence, may have possible health impacts on
the environment and humans. In particular, within the development
of EG-CNTFET biosensors, it is important to address the concerns
about the effects of CNTs on human health.186 Various studies
reported the bio-compatibility of CNTs;187,188however, somein vivo
studies suggested the carcinogenicity of CNTs when inhaled.189 This
can be an issue to the handling of the materials during the devices fab-
rication process and its use. Thus, more studies have to be done to
fully con“rm the safety of this material and its application.

In addition to the still open challenges related to the fabrication
and application of EG-CNTFET biosensors, progress has been made
showing reproducible characteristics with biosensor sensitivities in the
pM range, high selectivity, and device ”exibility that could provide new
opportunities for EG-CNTFET-based bioelectronics in the near future.
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