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The review discloses the historical and technological evolution of enzyme-based
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modification toward the implementation of novel FETs configurations such as
extended-gate FET (EG-FETs) or EG organic FETs (EG-OFETs). The working
principle of the EnFETs as postulated by Bergveld in 1970, who defined the
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EnFET as an ion-selective FET (ISFET) modified with enzyme-membrane, is
also discussed considering the analytical equations related to the EnFET out-
put response. For each category, namely EnFETSs, EG-FETs, and EG-OFETSs, we
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1 | INTRODUCTION

Enzyme modified electrodes for the detection of metabo-
lites have been widely investigated over the last six
decades, considering both the amperometric transduction
mechanism based on the detection of O,/H,0, as a first-

LOD, limit of detection; LOx, lactate oxidase; MOSFET,
metal-oxide-semiconductor field-effect transistor; NAD¥, nicotinamide
dinucleotide; NADP*, nicotinamide adenine dinucleotide phosphate;
OECTs, organic electrochemical transistors; ORP, osmium-redox
polymer; OSCs, organic semiconductors; OTFTs, organic thin-film
transistors; PB, Prussian blue; PEDOT:PSS,
poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonate);
PEN, polyethylene naphthalate; PenFET, penicillinase modified FET;
POx, pyranose oxidase; PQQ, pyrroloquinoline quinone; PS,
polystyrene; SAM, self-assembled monolayer; SOI, silicon-on-insulator;
EDC, 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride;
ITO, indium tin oxide

generation electrode, and the potentiometric one based
on the detection of H,O, or H' ions as chemical species
inducing a variation in potential.l'?] Enzyme-based elec-
trochemical biosensors are notoriously classified as (i)
first-generation electrodes, where the enzymatic reaction
is coupled with O, reduction to H,O, enabling substrate
quantification through the correlation with O, concen-
tration monitored with Clark’s electrode or through the
correlation with H,O,, reduced to H,O at the surface of
a solid electrode (e.g., gold, graphite, etc. electrodes);m
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FIGURE 1 (a)Schematic representation of Clark’s electrode to monitor O, variation modified with a glucose oxidase (GOx) membrane

known as the first reported glucose biosensor (inset) picture of Prof. Lealand Clark Jr.; (b) Schematic representation of the first reported

enzyme-based field-effect transistor (EnFET) for glucose detection where D and S are transistor drain and source, respectively. Vg is the

applied gate voltage, and I is the drain-to-source current. The output curve measured as surface pH variation (local pH gradient) vs. glucose
concentration for (a) 100% O, and 0.2 mM phosphate buffer, (b) 25% O, and 0.2 mM phosphate buffer, and (c) 100% O, and 1 mM phosphate
buffer. The inset of Figure a is reproduced from https://en.wikipedia.org/wiki/File:Dr._Leland_C._Clark Jr 2005.jpg under CC-BY-SA
https://creativecommons.org/licenses/by-sa/3.0/legalcode. Figure 1b is adopted['?] with permission of the American Chemical Society (ACS)

(ii) second-generation electrodes, where small electroac-
tive molecules, known as diffusing (e.g., nicotinamide din-
ucleotide (NAD') acting as a primary electron accep-
tor for NAD-dependent dehydrogenases that is catalyti-
cally re-oxidized by a catalyst) or immobilized mediators
(e.g., ruthenium or osmium redox polymers), are shut-
tling electrons between the enzyme active center and
the electrode;[45] (iii) third generation electrodes, where
enzymes are directly and electronically connected to the
electrode (direct electron transfer [DET]).l°%] As a first-
generation electrode, we should certainly highlight the
work reported by Clark and Lyons in 1962, where glu-
cose oxidase (GOx) was immobilized onto a semiperme-
able dialysis membrane deposited on the surface of Clark’s
electrode, monitoring O, consumption through the enzy-
matic oxidation of glucose, as reported in Figure 1a. ]
Alternatively, the potentiometric detection of metabolites
has been reported by using enzyme-modified ion-selective
field-effect transistors (ISFET), where the enzyme is act-
ing as a bioreceptor catalyzing two reactions, one sens-
ing reaction (e.g., glucose oxidation, lactate oxidation, etc.)
and a reaction producing a pH gradient at the interface,
namely a variation of H+ concentration, detected by an
ISFET.!"2] For instance, in 1985, Caras et al. developed a
glucose potentiometric sensor based on a model to con-
sider the effects of buffer, oxygen partial pressure, and
time-response on the output signal.l'?! In this work, Caras
and co-workers co-immobilized GOx from Aspergillus

niger and catalase onto a membrane deposited on the
surface of an ISFET. Indeed, most of the ISFETs have
been developed for the detection of H* as pH sensors.!"*!
Hence, GOx has been used to oxidize $-D-glucose to glu-
conic acid that is undergoing deprotonation generating
freely diffusing H* (detected from the ISFET), while H,0,
is immediately decomposed to O, and H,O by catalase,
as displayed in Figure 1b. However, the aforementioned
platform was inspired by an idea already conceived by
Janata and Moss, in 1976, designing an enzyme-modified
ISFET,'*! and practically realized in 1980 developing a
penicillin-responsive device.!'*! The latter was defined for
the first time as an enzyme-based FET (EnFET).

This paper aims at reviewing the evolution of enzyme-
based transistors both from a historical and technolog-
ical point of view shedding the light on the gate elec-
trode modification and its functionality toward the devel-
opment of novel EnFETs. Herein, we will not exten-
sively revise enzyme-based organic electrochemical tran-
sistors (OECTs) because they have been deeply reviewed
elsewhere.l'®!]  Differently from previously proposed
reviews on EnFETs,[!81°] the focus here will be on the elec-
tron transfer (ET) mechanism correlated with the surface
modification driving the detection of the analytical target.
We will discuss separately EnFETs, extended-gate FETs
(EG-FETs), and EG organic FETs (EG-OFETs) reported in
the literature. In each section, we will highlight the key
advantages/drawbacks of using a certain sensing architec-
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ture focusing our attention on the gate detecting interface,
including new possible effective modification strategies
based on the knowledge of the ET pathway of enzymes.
Indeed, we will consider two classes of enzymes accom-
panying the evolution of EnFETs, namely one directly
producing the pH variation at the interface ion/selective
membrane-insulator, as postulated by Bergveld in 1970, by
means of H' variations or reactions products (e.g., NH; or
CH;COOH produced by several enzymes), and the other
one producing the pH variation through a cascade of ET
reactions using at the end a pH-dependent electron accep-
tor (modification of gate electrode), as recently reported in
many papers operating EnFETs in the extended base con-
figuration, later discussed in the present review.

2 | ENZYME-BASED FETs

EnFETs are defined as bioelectronic devices based on the
coupling of an enzyme layer and an ISFET.I'>?° The
ISFET was developed by Bergveld in 1970 as the first minia-
turized silicon-based chemical sensor.[*!] Figure 2a reports
the scheme of an ISFET that consists of three terminals,
notably source, drain, and gate. The device comprises a
p-doped semiconductor body, source and drain heavily n-
doped, an intermediate region modified with a dielectric
layer (e.g., SiO, obtained through thermal oxidation of sil-
icon), and a gate surface that is covered with an insulator
layer (e.g., silicon nitride Si;N,, tantalum pentoxide Ta,Os,
etc.),[?>?*] being sensitive to hydrolysis reaction (interac-
tions with H* available in the solution). To operate an
ISFET, the gate voltage (V) applied, is kept constant with
respect to a reference electrode (e.g., Ag/AgCl or saturated
calomel electrode).!') At a small positive biasing poten-
tial (Vg applied vs. source electrode that is grounded),
the energy bands are bent downward, thus the major-
ity carriers (holes) are depleted (phenomenon observed
through the recombination with electrons (minority car-
riers)) without observing a net current passing between
source and drain (within the electronic channel). How-
ever, at larger biasing potential the energy bands bend
downward even more so that the intrinsic Fermi level
(E;) crosses over the Fermi level of p-doped semicon-
ductor (Er), which induces excess negative carriers (elec-
trons) at the SiO,-Si interface (minority carriers’ concen-
tration > majority carriers concentration) leading to the
formation of an inversion layer (or n-channel). Hence, the
number of electrons present in the electronic channel can
be controlled by tuning Vg. It is possible to define as the
threshold voltage (Vr), the minimum value of Vgg that
leads to the formation of the inversion layer./+2]

Based on the magnitude of the biasing voltage, the
ISFET can be operated in three different regions: (i) cut-
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FIGURE 2 (a)Schematic representation of an ion-selective
field-effect transistor (ISFET) and (b) Structure and working
principle of a penicillin-sensitive enzyme-based field-effect
transistor (EnFET) considering the enzymatic reaction (inset) and
the site-binding model (inset)

off region, (ii) linear region, and (iii) saturation region. An
ISFET operates in the cut-off region when V; < V1, hence
the net current passing between source and drain is neg-
ligible. While applying a biasing voltage as Vp < < Vg -
Vr, the channel is formed and it electrically connects the
source and drains, and Ipg is linearly dependent on source-
drain voltage (Vpg) defining the ohmic region within the
characteristic curve. The current of ISFET at saturation
region is dictated by Vp > Vg - Vp, where the channel
closed to the drain is pinched-off eventually leading to the
Ips saturation. The Ipg in linear and saturation regions can
be defined by the following equations, respectively:

W,uCl
L

‘ V2
Ign = l(VG — VT) VD - TD] g With\/D<\leat

@
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Iy = WziLc‘ (Ve = Vi)’ = withVp>Vp™t  (2)

where u is the mobility, Vr is the threshold voltage, C; is
the capacitance of the gate insulator, V is the gate voltage,
Vpg is source-drain voltage, V%3t = V5 - Vi, Wis the chan-
nel width and L is the channel length of ISFET.I?7-*] In
both equations, Vr is affected by the potential drops occur-
ring at the additional interfaces:

$si _ Qi+Qy+Q
VT=Eref _¢O+Xsol_%_%_slg
i

+2¢;
3)
where E,.; is the potential of the reference electrode,
Y, is the potential at the electrolyte/oxide interface, y,,;
is the surface dipole potential of the solution, ¢g; is the sil-
icon work function, Q;, Qg e Qp are the charges located
in the insulator, in the surface and interface states, and in
the depletion region, respectively, and ¢ is the potential
difference between the Fermi level of doped and intrinsic
silicon. By considering an ISFET sensitive to H*, ¢, can
be calculated according to the site-binding theory.[*°! This
model assumes that the OH- groups exposed on the sur-
face of the insulating layer are behaving as ionizable groups
undergoing the H* dynamic exchange process (protona-
tion/deprotonation), affecting the pH of the surrounding
electrolyte. Hence, the dependence of i, with respect to
pH can be expressed as follows:
o = 2.303% (ﬁ%l) (pHp, — pH) 4
where pH,,, (point-of-zero charge) is the pH value for
which 1, = 0; k is the Boltzmann constant; T is the abso-
lute temperature; 8 is a parameter which reflects the chem-
ical sensitivity of the gate insulator and is dependent on
the density of surface hydroxyl groups and the surface
reactivity.!26-25311
Afterward, ISFETs have been coupled with enzyme-
modified membranes, as schematically shown in
Figure 2b. EnFETs have been widely reported in the
literature as ISFETs based biosensors where the HY
gradient or pH change occurring nearby gate electrode
is generated by specific enzymes in the presence of
their substrates (pH gradient is proportional to substrate
concentration). These devices have been developed for
the detection of many clinically relevant metabolites like
glucose, urea, creatinine, penicillin, and so forth.[32-3¢]
Danielsson et al. reported in 1979 the development of
an ‘enzyme transistor’ based on a palladium-coated semi-
conductor FET (Pd-MOSFET) for the detection of urea
through its hydrolysis to NH; and CO, catalyzed by urease,
where NHj is then protonated to NH,* leading to an H*
concentration change.l*>! The latter is detected through

the PA-MOSFET exhibiting a non-linear dependence on
NHj; concentration in the range of 1-10 mM.

One year later, Caras and Janata realized an EnFET by
exploiting a pH ISFET (sensitive to H* ions) where a mem-
brane modified with penicillinase (converting penicillin
to penicillinoic acid) was deposited on the gate insulat-
ing layer.>! The EnFET probe consists of the two sep-
arate ISFETs described above, one gate modified with a
cross-linked albumin-penicillinase membrane (penicillin-
sensitive gate), while the other gate has only a cross-linked
albumin membrane and exhibits only pH response (ref-
erence gate), as reported in Figure 3. The device operat-
ing in differential mode exhibited a linear range up to
25 mM in pH 7.2 phosphate buffer (Figure 3). Although
the penicillin EnFET showed analytical performance simi-
lar to the enzyme-modified macroelectrodes, the presented
platform exhibited a longer lifetime, shorter response
time, and smaller size (important during the scaling-up
of the device production). Furthermore, Poghossian et al.
reported a penicillin EnFET by using an H* ions sensi-
tive Ta,Os5 electrode modified with penicillinase, labeled as
PenFET.*”] The biosensor chip consisted of a dual system
ISFET/PenFET in order to perform a differential measure-
ment of voltage over pH variation, reporting a sensitivity of
120 +10 mV/mM in the concentration range of 0.05-1 mM
penicillin G, a low detection limit of 5 M, a small hystere-
sis of less than 4 mV and a long lifetime (>1 year).!**!

After Caras and Janata, Shul’'ga et al. reported on the
development of a GOx modified pH-sensitive EnFET aim-
ing at extending the biosensor dynamic range.!*"! In this
regard, the authors considered the reaction mechanism
of GOX, as follows:[*0-#2] (i) B-D-glucose + flavin adenine
dinucleotide (FAD, oxidised form) — D-glucono-&-lactone
+ FADH, (reduced form); (ii) FADH, (reduced form) + O,
— FAD (oxidised form) + H,0,; (iii) D-glucono-d-lactone
+ H,0 — D-gluconate + H* (gluconic acid pKa ~ 3.8),
which in turn generates only one proton per oxidised glu-
cose molecule, hence limiting the sensitivity of the EnFET
biosensors. Moreover, the hydrolysis rate of D-glucono-6-
lactone depends on the working pH (e.g., at pH 8.0 it has a
half-life of ~10 min, which decreases at lower pH). Thus,
the presence of the slow rate-determining process, namely
D-glucono-6-lactone hydrolysis, affects the response
time of the EnFET imposing several limitations on the
thickness and morphology of a layer of immobilized GOx.
In the air, considering O, as the final electron acceptor,
the modified EnFET exhibited a dynamic linear range up
to 1-1.5 mM probably due to the slow rate of enzymatic
reaction (limited by low O, concentration). To extend
the EnFET dynamic range, the final electron acceptor
(i.e., 0,) has been replaced with Fe(CN),>~ leading to the
generation of three protons per oxidized glucose molecule.
This easily occurs at Fe(CN)¢>~ concentration > > oxygen
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FIGURE 3 Schematic representation of a penicillinase modified enzyme-based field-effect transistor (EnFET) with a dual gate for

differential measurements and the corresponding calibration curve with a dynamic linear range up to 25 mM in phosphate buffer pH 7.2. The

scheme of the dual gate EnFET was adopted!*°! with permission of Springer-Nature

dissolved in the solution, while at a low concentration
of Fe(CN),*>, there is competition between the electron
acceptors leading to an S-shaped calibration curve, where
it is possible to isolate the contribution of several physic-
ochemical processes to the EnFET output, that is, (I)
dissolved O, > Fe(CN)¢>~ concentration, (II) Fe(CN)g3"
concentration > > dissolved O,, (III) decrease of solutions
buffer capacity, and (IV) pH-dependent enzyme kinetics,
as shown in Figure 4.1+’

Another urease-based EnFET was developed by
Pijanowska and Torbicz by immobilizing the enzyme
on a hydrated Si;N, by using glutaraldehyde.!**] The
modified EnFET exhibited a linear range up to 20 mM,
but as in all EnFETs, the output signal does not depend
directly on the concentration of the enzymatic product.
The output signal mainly depends on the concentration
of H* in acid-base equilibrium with both the enzymatic
product (i.e., NH3) and the working buffer (i.e., phos-
phate buffer). However, the analytical performance of
the developed urea-biosensor with direct immobilization
of urease onto the silicon nitride surface is satisfactory
for clinical applications, being in good correlation with
spectrophotometric data recorded for the same samples.

After the initial investigations on the working
principle of EnFETs, many scientists devoted their

attention to the immobilization strategies that could
affect the enzyme loading/electronic communication
and potentially increase the sensitivity of the device.
In this regard, Kharitonov et al. developed an inte-
grated NAD*-dependent EnFET for the detection of
lactate.[*] The surface of a SiO, gate was silanized
with 3-aminopropyltriethoxysilane that was reacted
with pyrroloquinoline quinone (PQQ) through 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride (EDC) coupling.[**l After rinsing, the electrode
surface was modified with amino-NAD™ that was used
to immobilize lactate dehydrogenase (LDH) by affinity
interaction, as shown in Figure 5.

Hence, lactate could be oxidized to pyruvate with the
contemporary reduction of NAD" to NADH, later re-
oxidized by PQQ that was acting as a catalyst at the elec-
trode surface. This reaction resulted in the production of
a local pH gradient at the interface electrolyte/electrode
promptly re-equilibrated by the bulk solution. However,
PQQ plays a key role in the system because its continu-
ous re-oxidation operated through the reduction of O, to
H,0, enabled two processes: (i) the recycling of PQQ gen-
erating a steady-state concentration of PQQ/PQQH, at the
gate. Since all the species involved in the aforementioned
redox processes are pH-dependent, the recycling allows
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adopted'*°! with permission of the American Chemical Society (ACS)

to keep constant the gate potential; and (ii) the presence
of a constant pH gradient within the membrane that is
proportional to the NADH generated through lactate oxi-
dation catalyzed by LDH (injecting different concentra-
tion of lactate). The modified EnFET allowed the detec-
tion of lactate at 0.1 mM as the limit of detection (LOD)!47!
with a short response time (15 s). This work represents
the first example of tailoring the working principle of a
gate electrode through such a complex operation consid-
ering not only the Ht concentration variation created by
the enzyme, that could be easily re-equilibrated by the
bulk solution decreasing the sensitivity but considering the
transport of H* ions till the electrode surface through a
cooperating effect of several catalysts. This certainly con-
tributes to enhancing the sensitivity of the PQQ/NAD™-
LDH modified EnFET. The same authors reiterated the
system with another enzyme, notably nicotinamide ade-
nine dinucleotide phosphate (NADP*)-dependent alcohol
dehydrogenase (ADH) with similar performance. How-
ever, both devices were calibrated with different concentra-
tions of NAD* and NADP™ (keeping constant the enzyme-
substrate concentration for both LDH and ADH).[**] In
this work, the authors aimed at monitoring the hydroly-
sis of NAD* catalyzed by NAD oxidase or cholera toxin
(subunit A). The proposed device could potentially be
exploited to monitor many biological processes that imply
NAD™ hydrolysis. At the same time, the research on
EnFET based devices was addressed toward the detec-
tion of toxic compounds like pesticides that are also act-
ing as inhibitors of many enzymes catalyzing H* depen-

dent reactions.!*’! It should be underlined that in these
devices the analytical parameters like dynamic range and
operational/storage stability are strongly dependent on the
inhibition mechanism notably reversible, irreversible, or
competitive.[*°! Indeed, the detection of organophospho-
rus and carbamate compounds is enabled by their abil-
ity to inhibit cholinesterases (ChEs) through their inter-
action with the serine OH- group in the enzyme active
site.l!] The decrease in ChEs activity after its interaction
with pesticides can be effectively monitored through the
EnFET based biosensors, allowing the toxicity assessment
of organophosphorus and carbamate pesticides.[*?! Con-
sidering several devices reported in the literature, ChEs
based devices exhibited a LOD as low as 30 pM for diiso-
propyl fluorophosphate, 0.5 uM for paraoxon- ethyl 5 uM
for paraoxon-methyl, and 0.2 uM for trichlorfon.[**! Due
to their capability of being easily integrated into biosen-
sor arrays, inhibition-based EnFETs based on different
enzymes jointly with multivariate analysis could poten-
tially be exploited as an environmental toxicity screening
device.

However, it should be considered the fact that an array
of EnFETs implies the needing for several transistors
with different active layers (different enzymes for several
substrates) compiled in one device that would hinder
the possibility of miniaturizing the biosensor array.!%]
Conversely, Van der Spiegel and his co-workers, in 1983,
proposed a multi-species microprobe for potentiometric
detection by using chemically sensitive membranes. In
particular, the authors created an extension of the gate
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FIGURE 5 Stepwise organization of the nicotinamide dinucleotide (NAD™)-monolayer-modified Au-electrode and affinity binding of

an NAD*-dependent enzyme to the electrode. The content is reproduced!**! with permission of Elsevier Ltd

within the transistor that was connected through a coaxial
line to other electrodes (extended gate) modified with
several inorganic layers sensitive to different species
like iridium oxide (IrO,) sensitive to H™, silver chloride
(AgCl) sensitive to Cl- and lanthanum fluoride (LaF;)
sensitive to F~.[5*] This was the first report about a multi-
species potentiometric sensor based on planar silicon
fabrication through effective patterning of the active layer
that allowed to obtain a miniaturized device, named
EG-FET.

3 | ENZYME-BASED EG-FETs

EG-FETs comprise two components, namely a con-
ventional ion-sensitive electrode and a MOSFET, as
schematically reported in Figure 6a,b.[>>%%! In particular,
the ion sensing electrode is connected with the gate of the
MOSFET that is not anymore exposed to the electrolyte
solution as a key step toward device miniaturization. In
addition to miniaturization and the possibility of on-chip
integration in multisensor arrays for parallel sensing,
the main advantage is the easiness of sensing electrode
exchange because the FET is kept outside of the usually
wet analyte environment.["%8] For an EG-FET, V; needs
to consider the interface potentials generated by the
reference electrode and the sensing electrode, which can

be summarized as follows:
Vi (EGFET) = AV,.s + V7 (MOSFET) (5)

where AV, s is the voltage measured at the ion sensing
interface with respect to the reference electrode and
Vr(MOSFET) is the threshold voltage of the MOSFET
connected.

Similar to ISFETs, EG-FETs have been exploited for
chemical ion sensing, with particular emphasis on the
detection of H* ions, hence pH variations.[®°! To this
extent, many nanomaterials, both carbon-based nano-
materials (e.g., multiwalled carbon nanotubes, %]
reduced graphene, etc.) and metal/metal oxide-based
nanoparticles!®°! have been used to develop external
gate electrodes that exhibited a pH sensitivity by means
of potentiometric measurements.[®’-%! In this regard, Yin
et al. reported on the development of an H* ion-sensitive
EG-FET by using an indium tin oxide (ITO) electrode
modified with tin oxide (SnO,) by a sputtering method.[”"!
The device exhibited a shift in the V with respect to pH
change with a sensitivity of approximately 58 mV/pH
(within the H* concentration range 102-107'2 M). How-
ever, the authors succeeded to demonstrate the possibility
of decreasing the voltage drift by modifying ITO electrodes
(110 mV of voltage drift over 18 h) with SnO,, which
showed only 9.1 mV of voltage drift over the same time
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FIGURE 6 (a)Schematic representation of an extended-gate field-effect transistor (EG-FET), (b) Schematic illustration of the RuOx on

PET-based EG-FET sensor and EG-FET measurement unit, and (c) Schematic representation of the a-IGZO based dual-gate (DG) EG-FETs
and description of the DG operation mode. Part (a) reproduced[*®! with permission of the American Institute of Physics (AIP). Parts (b) and

(c) are reproduced*®*1, respectively, with permission of Elsevier Ltd

probably because the additional layer hinders the pos-
sibility of surface passivation leading to higher stability
of the modified electrode. In the same year, Chi et al.
demonstrated as the performance of an EG-FET based on
the same modification is not affected by ambient light.!”]
Besides ITO electrodes modified with SnO,, also titanium
nitride (TiN) has been exploited as H* ion-sensitive layer,
exhibiting a sensitivity of 57 mV/pH.[”?] Furthermore,
Batista and Mulato reported a sol-gel method used to pro-
duce a zinc oxide (ZnO) film that was used in an EG-FET
to detect pH variations. The ZnO film was investigated as
a pH sensor in the range of 2-12, exhibiting a sensitivity of
38 mV/pH.!7*! Such low sensitivity might have arisen from
the contamination by other organic compounds (during
synthetic steps) that limited the number of surface sites
available for H* “binding”.

Recently, Jang and co-workers demonstrated the possi-
bility to increase the sensitivity of pH-sensitive EG-FET
by using silicon-on-insulator (SOI) technology.[sg] Differ-
ently, from a conventional MOSFET, SOI technology con-
sists of a layered system silicon-insulator (metal oxide)-
silicon instead of a conventional p-doped silicon substrate.
Then, the buried oxide layer (insulator) is made of a ternary
oxide, namely amorphous InGaZnO (In,03:Ga,03:Zn0,
the composition ratio of target = 1:1:1 mol%, a-IGZO), was
topped by an additional silicon layer.[”] Next, a Ta, 05 gate
dielectric layer was deposited onto the gold pad contacts
for source and drain, respectively. After that, a 150-nm-
thick aluminum for the front gate electrode and 30-nm-
thick titanium oxide (TiO,) film was deposited as a pH-

sensitive layer on top of the titanium extended gate. The
schematic representation for the dual-gate (DG) operation
of a-IGZO based TiO, EG-FET is reported in Figure 6c.
Unlike the conventional single gate (SG) operation (the
front reference electrode was biased), the bottom gate of
DG was biased with the grounded front reference elec-
trode. The authors succeeded to demonstrate that the a-
IGZO based TiO, EG-FET exhibited sensitivity toward H*
ions detection 0f 129.1 mV/pH which is beyond the “Nernst
limit” (59 mV/pH) due to the capacitive coupling between
the front and bottom gate oxides, also showing remarkable
stability over time.

Besides H* ions sensing, EG-FETs based both on
non-enzymatic and enzymatic reactions generating a pH
change were successfully used to test several metabolites
like urea, glucose, and so forth.[>>7570] For example, Chen
and co-workers developed an EG-FET for the detection
of urea-based on urease deposition onto SnO, modified
ITO electrode as an extended sensing electrode.l””! The
enzyme was immobilized by physical entrapment in a
photo-polymerized membrane of poly(vinyl alcohol),
N-methyl-4(4’-formylstyryl)pyridinium methosulfate
acetal achieving a dynamic range from 0.31 to 120 mg/dl
in 5 mM phosphate buffer solution and a response time
of about 2 min. In a similar approach, several enzymes
based EG-FETs have been proposed for the detection
of glucose by exploiting GOx, whose reaction product
(gluconic acid) is undergoing hydrolysis reaction.!”!
For instance, Wang et al. reported an EG-FET based on
an aluminum-zinc-oxide (AZO) nanostructured sensing

95UB01 7 SUOLULLIOD A1) 3[cfedt [dde au Aq pauenob 8.2 SaoiLe YO ‘SN J0 S3INJ 10} ARIq1T8UIIUQ AB]1M UO (SUO I PLOO-PUR-SLLIBY WD A3 1M A eI jBu 1 [UO//:Sd1Y) SUONIPUOD PUe S L U89S *[£202/90/8T] U0 AfiqiTauliuO A8]IM Il pURIYO0D AQ 9TZ00TZ0Z ©SI/Z00T 0T/I0p/iod A8 | i Akeiq i puljuoadoine-Aus iweyoy/sdiy Wwolj pepeojumoqd ‘s ‘€40z ‘2/658692



Chemistry

Mini Review Et:::ﬁfeml
9of17 Electrochemical Science Advances doi.org/10.1002/elsa.202100216 Societies Publishing
electrode that showed promising sensing characteristics ~Alginate
such as a sensitivity of 60.5 A mM™ cm™ up to 13.9 mM (@) BUgate poys C-‘"‘E“zyme
(upper limit of the dynamic linear range) for a disposable Inlet Outlet
biosensor.!””l The morphology of AZO nanostructures UV glue l, t
is related to aluminum content. Well-matched ratios > PDMS
of aluminum and ZnO showed higher -crystallinity K(.“hh,ﬂ.
and better conductivity, resulting in superior sensing 200 ol

— ass

characteristics.

EG-FETs have been proposed as multipurpose sensing
platforms by simply replacing the sensing electrode.!3°!
However, this is not easy to realize with enzymes. In par-
ticular, Lin et al. integrated an EG-FET into a microfluidic
chip to significantly reduce the volume of samples to be
tested.l””] An Al,0; sensing membrane with a thickness
of 50-80 nm was tested toward pH variations in the range
of 6-8 showing a sensitivity of 37.45 mV/mM. To exploit the
same device for multiple detection processes, the authors
immobilized the enzymes, namely GOx and urease with
magnetic nanoparticles within an alginate Ca®* cross-
linked microcube. After injecting the microcubes in the
microfluidic chip, they were driven through the applica-
tion of an external magnetic field in correspondence of
the gate electrode where both enzymes were producing an
in-situ pH change detected by Al,0; modified electrode.
Alternatively, the same platform was used to detect the
bladder cancer-related protein apolipoprotein Al (APOALI)
by using freely diffusing magnetic nanoparticles instead of
being embedded in the hydrogel. Since APOAL carries a
small charge that cannot be directly detected, thus the cap-
turing antibody was conjugated with magnetic nanopar-
ticles, forming afterwards a sandwich with the detecting
antibody conjugated with a DNA strand used as charges
amplifier as shown in Figure 7a,b.

After sandwich formation with different APOAI con-
centrations (0.33-33 nM as an explored range), an exter-
nal magnetic field was applied to attract the complex
to the gate electrode detecting a variation of charges at
the interface electrode solution inducing a gate voltage
change. As further proof of the APOA1 detection mecha-
nism, the authors explored different base-pair (bp) lengths
showing a sensitivity enhancement (approximately 3-fold)
between 20 and 90 bp lengths. With a similar approach,
Kamahori and co-workers reported the development of an
EG-FET based on enzyme-linked immunosorbent assays
(ELISA) where the detecting antibody is conjugated with
acetylcholinesterase (AChE), that produced a pH varia-
tion nearby the electrode surface.[®!! The proposed ELISA-
based EG-FET sensor was able to detect Interleukin 1 at
concentrations as low as 1 fM.

Similar to ISFETs, also EG-FETs have been used
to develop inhibition-based biosensors. In this regard,
Sasipongpana et al. reported an EG-FET for the detec-
tion of carbaryl pesticide through the inhibition of

- PDMS

> Glass

FIGURE 7
Magnetic enzyme-embedded alginate microcubes were injected into
the flow channel and adsorbed on the extended-gate field-effect

transistor (EG-FET) surface by an external magnetic field. After the

(a) Enzyme immobilization and sensing processes.

solution to be tested was injected for the reaction, the electrical
signal was measured. (b) Process for protein measurement using the
immunomagnetic beads analysis method. After the
immunomagnetic beads were injected into the inflow channel and
adsorbed onto the EG-FET surface by an external magnetic field,
the electrical signal was measured. Parts (a) and (b) are adapted[75 !
with permission of Springer-Nature

AChE, which hydrolyses acetylcholine to acetate and
choline, then the acetate ions are undergoing protona-
tion/deprotonation equilibrium.!®2! The last reaction step
enabled the monitoring of potential changes over pH vari-
ation by using an ITO sensing electrode with a sensitivity
of about 45.27 mV/pH which is close to the commercial
ISFET (about 50 mV/pH). Carbaryl pesticides are reported
to inhibit AChE reaction by carbamylated the enzyme,
namely interacting with a serine residue available in the
esteratic site. The proposed ITO-EG-FET was able to detect
carbaryl in the concentration range of 0.001-1 mM. Many
other examples of EG-FETs based on the enzymatic inhi-
bition by pesticides have been reported in the literature
with similar detection mechanisms and analytical figures
of merit (i.e., sensitivity, LOD dynamic linear range, selec-
tivity, etc.).

As a further step toward sensing integration and process
scaling up, the production of enzyme-based EG-FETs has
been rerouted toward flexible materials in order to be used
as wearable biosensors for metabolites continuous detec-
tion, bearing in mind that the sensing electrode is still elec-
trically wired with the transistor and the transistor is not
exposed to the tested sample.

95UB01 7 SUOLULLIOD A1) 3[cfedt [dde au Aq pauenob 8.2 SaoiLe YO ‘SN J0 S3INJ 10} ARIq1T8UIIUQ AB]1M UO (SUO I PLOO-PUR-SLLIBY WD A3 1M A eI jBu 1 [UO//:Sd1Y) SUONIPUOD PUe S L U89S *[£202/90/8T] U0 AfiqiTauliuO A8]IM Il pURIYO0D AQ 9TZ00TZ0Z ©SI/Z00T 0T/I0p/iod A8 | i Akeiq i puljuoadoine-Aus iweyoy/sdiy Wwolj pepeojumoqd ‘s ‘€40z ‘2/658692



10 of 17 Electrochemical Science Advances

Mini Review
doi.org/10.1002/elsa.202100216

Chemistry

Europe

European Chemical
Societies Publishing

4 | ENZYME BASED EG-OFETs

During the last three decades, the improved physical
understanding of transport and structure-property rela-
tionships about n-conjugated organic semiconductors
(OSCs) has certainly contributed to the exponential devel-
opment of OFETs (also known as OFETs).[#*-%5] Besides
OFETs, OSCs have been reported for several applications
like organic solar cells and light-emitting devices.!*¢! The
field-effect mobility (u), which is the main materials-
related figure of merit of an OFET, has increased from
low values < 102 cm? V! s7! more than 30 years ago
to values > 1-10 cm? V! s7! that are now exceeding
those of benchmark thin-film amorphous silicon devices
(0.5-1 cm? V! §71).[87-89]1 OFETs based biosensors have
been largely reviewed in the last 10 years considering dif-
ferent possible applications for the detection in clinical
analysis (nucleic acids, metabolites, proteins, pathogens,
human cells, and drugs).[%°*!] In parallel with enzyme-
based OFETs, the OFETs based on antigenic interac-
tion or DNA/DNA base pair matching as biorecogni-
tion events have been widely explored for the detec-
tion of many clinically relevant biomarkers.[">%] Indeed,
one of the key achievements in the field is certainly the
possibility to perform label-free detection at the single-
molecule level by using a millimeter size electrolyte
gated OFET, as reported for the first time in 2018.19
The sensing mechanism behind such a high sensitivity
was explained considering that each antibody bears a
dipole moment oriented from Fc to Fab region that is re-
oriented in the presence of an applied electric field by
means of electrostatic interaction. Next, the interaction
antigen/antibody (biorecognition event) triggers a confor-
mational rearrangement in the Fab region that is trans-
ferred to the Fc region creating several defects in the ori-
ented dipoles’ layer.[%! After the first attempt, electrolyte-
gated OFETs have been reported for several appli-
cations based on antigen/antibody interactions.!%*0-%°]
Beyond immunometric or genomic electrolyte gated
OFETs, also OECTs have been operated as potentiomet-
ric sensors exhibiting very high LODs. Indeed, many
OECTs reported in the literature based on immuno-
metric reactions exhibit a LOD in the attomolar range
or lower.[Ql,l()()—lOZ]

Besides immunometric or genomic biosensors based on
electrolyte gated OFETs and OECTs, enzymes have been
merged both with OECTs and OFETs by developing the
extended-gate OFETs (EG-OFETs).l'93194] In particular,
the research on enzyme-based OECTs has been pioneered
by Malliaras as resulting from the literature.'0310>106] On
the other hand, the research on enzyme-modified EG-
OFETs has been pursued mainly by Minami’s research
group to the best of our knowledge.['0+107:108]

In 2004, Malliaras and co-workers demonstrated a sim-
ple transistor based on a commercially available conduct-
ing polymer poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS), capable of sensing
glucose in a neutral pH buffer solution.''”] The mech-
anism involves the sensing of hydrogen peroxide. After-
ward, Malliaras and co-workers reported on the develop-
ment of an enzyme-based OECT biosensor for the detec-
tion of glucose through its oxidation catalyzed by GOx
floating in the electrolyte solution, where O, acts as the
final electron acceptor generating H,O, further decom-
posed at a Pt-gate electrode. The latter was combined
with a PEDOT:PSS OECT showing a logarithmic depen-
dence of the offset voltage on glucose concentration up
to 1 mM.['%%] In another work, the same authors adopted
ADH as a NAD-dependent enzyme to develop a breatha-
lyzer for the detection of blood alcohol content (BAC). In
this fashion, the OECT-breathalyzer easily detects ethanol
in the breath equivalent to BAC from 0.01% to 0.2%.1%]
Other enzyme-based OECTs have been reported by other
research groups.[100-10.111]

For enzyme-based EG-OFETs, Minami and his co-
workers reported on the development of a biosensor for
lactate detection in aqueous media.l"'?!

The OFET was fabricated by depositing the aluminum
gate onto a glass slide, afterward covered by a dielectric
layer of aluminum oxide (Al,O53) and a tetradecylphos-
phonic acid self-assembled monolayer (SAM). Next, the
gold pads as S and D electrodes were evaporated, followed
by the deposition of poly(2,5-bis(3-hexadecylthiophene-2-
yDthieno[3,2-b]thiophene) (PBTTT-C16) as OSC. The alu-
minum gate electrode was connected to the extended
gate, notably, a gold electrode (deposited on polyethylene
naphthalate [PEN] flexible substrate) modified with an
osmium-redox polymer (ORP) able to reduce Os** to Os**
shuttling the electron to the heme site of the horseradish
peroxidase (HRP), which is converting H,0, generated by
the main redox reaction, namely the oxidation of lactate
catalyzed by lactate oxidase (LOx), as shown in Figure 8a.
The device exhibited both high selectivity (other poten-
tial interferents like glucose, urea, and so forth, showed
an output response of 5%-10% of lactate signal) and sen-
sitivity (Figure 8b,c). The interferences from urea and
glucose might be related to the local pH gradient affect-
ing the Vr, hence the output signal. Moreover, CaCl,,
MgCl, and NaCl might cause some voltage drift due to
the ionic strength while p-cresol can potentially compete
with ORP for the electrons shuttling toward HRP. How-
ever, the LOD and the limit of quantification were esti-
mated to be 66 and 220 nM, respectively. Later, this type of
extended gate was employed with another OFET compo-
nent where the authors replaced the OSC previously used
with dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene and
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FIGURE 8 (a)Schematic representation of lactate oxidase modified extended gate-organic field-effect transistor (EG-OFET), (b)

Changes in threshold voltage (V) of the OFET device by adding lactate at various concentrations in a HEPES-buffer solution (100 mM) at pH
7.4 at room temperature. The inset shows the lower end of the titration, (c) Changes in the threshold voltage (V) of the OFET device by the
addition of various analytes (8 uM) in a HEPES buffer solution (100 mM) at pH 7.4 at room temperature. Parts (a—c) were reproduced?! with

permission of Elsevier Ltd

the dielectric layer with a mixed layer of pentadecylfluoro-
octadecylphosphonic acid and Al,05.[">""] However, the
proposed EG-OFET device did not show any substantial
improvement in the analytical figures of merit.

In the same year, Minami et al. proposed a similar con-
figuration for the OFET part except for the dielectric that
this time consisted of Al,O; and tetradecylphosphonic
acid self-aligned monolayer able to decrease the operat-
ing voltage range (<3 V).['] Herein, the EG was modi-
fied with ORP, HRP to reduce hydrogen peroxide to H,O,
and diamine oxidase able to oxidize diamine compounds
(i.e., histamine, putrescine, etc.), also known as biogenic
amines, but not polyamines like cadaverine, spermidine,
and so forth.["'] Biogenic amines are produced by bacte-
ria through the decarboxylation of amino acids or by the
amination of aldehydes and ketones. Indeed, they are used
as a biomarker in food sensing to estimate the freshness of
certain foods like meat, vegetables, and fish.!"'7-118]

In 2016, Minami et al. reported the first selective
nitrate biosensor based on the same OFET configura-
tion. The extended gate electrode was modified with
a SAM of 2-aminoethanethiol, later modified with N-
methyl-N’-(carboxyethyl)-4,4'-bipyridinium reacted with
1-hydroxybenzotriazole and EDC through a covalent bond.
Finally, nitrate reductase from Aspergillus niger was drop-
cast onto the modified electrode and cross-linked with
glutaraldehyde.[""”] In particular, the bipyridinium moi-
eties were exploited as ET mediators able to regenerate
the initial redox state of the enzyme, while dithionite

is acting as an electron relay toward nitrate reduction.
The LOD of nitrate in water was estimated to be 45 ppb,
which is comparable with LOD reported for the conven-
tional detection methods. However, the selectivity was also
tested considering some representative small anions such
as chloride (C1), thiocyanate (SCN™), hydrogen phosphate
(HPO,?"), and bicarbonate (HCO5 ") without any clear out-
put response in the entire concentrations range investi-
gated for nitrate ions.

Almost in parallel with the research work of Minami
et al., Tokito and co-workers turned their interest toward
the integration of EG-OFETs into printed organic cir-
cuits aiming at developing wearable biosensors. 2] In this
regard, conventional OFETs were replaced by organic thin-
film transistors (OTFTs) to realize ultra-thin, lightweight,
and flexible sensing devices with miniaturized elec-
tronic components. The device consisted of three ter-
minals: source, drain and gate in silver, a blend solu-
tion of 2,7-dihexyl-dithieno[2,3-d;2’,3’-d’|benzo[1,2-b;4,5-
b’]dithiophene and polystyrene as OSC and a parylene
dielectric layer, was printed on a PEN substrate, as shown
in Figure 9a.l"”!l The silver sensing surface was modi-
fied with a mixed layer of carbon and Prussian blue (PB),
able to selectively reduce H,0, at a smaller potential com-
pared to other catalysts. To sense lactate, this active layer
was modified with LOx physically entrapped by chitosan
(Figure 9b,c).

The proposed device exhibited a very limited linear
range (0.1-0.5 mM) as well as a sensitivity and LOD
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FIGURE 9 Structure and electrochemical characteristics of the lactate sensor: (a) Photograph of the fabricated lactate sensor electrode.

The sensing area was 15 mm?, (b) schematic diagram of the lactate sensor electrode, and (c) the principle of lactate sensing. Parts (a-c) were

adapted!"'! with permission of Springer-Nature under a Creative Commons Attribution 4.0 International License,

http://creativecommons.org/licenses/by/4.0/

comparable with other enzymatic amperometric biosen-
sors. However, the main advantage of EG-OTFTs is related
to the printability of the entire device without the needing
for a potentiostat controlled measurement. A similar
approach was proposed for the detection of -D-glucose
in externally secreted body fluids such as tears, saliva,
and sweat. Later, the same authors proposed the detection
of 1,5-anhydroglucitol (1,5-AG) and glucose, which are
monosaccharides used as biomarkers of diabetes. An
OFET-based biosensor combined with a PB electrode,
modified with GOx or pyranose oxidase (POx), was
utilized for the detection of the monosaccharides. Both
electrodes could potentially be used simultaneously as an
array because of the low cross-reactivity of the substrates
on the neighboring electrode (i.e., for glucose the POx-PB
modified electrode).!'22]

Besides some physical limitations like the small voltage
shifts (with respect to V) observed during the redox pro-
cesses, the needs of an Ag/AgCl reference electrode to fix
the potential within the electrochemical cell, EG-OFETs
and EG-OTFTs still hold some advantages regarding their
potential integration to develop enzyme-based either wear-
able or array biosensors.['*] (Tables 2-3)

5 | CONCLUSIONS AND FUTURE
PERSPECTIVES

The enzyme-based transistors herein reviewed belonging
different groups, namely EnFETs, enzyme-based EG-FETs,
and enzyme-based EG-OFETs, own a few common fea-
tures: (i) the gate electrode is modified with enzymes or
connected with an extended gate (additional electrode)
modified with enzymes for the analytical detection of the
corresponding substrate (target analyte); (ii) the output sig-
nal, namely the drain-source current (Ipg), is related with
the variation of the V. The latter depends on the concen-
tration of ions such as H* involved in the redox equilib-
rium (EnFETs or enzyme-based EG-FETS) or on the vari-

ation of the equilibrium voltage induced by the ET from
the active center of the enzyme to the electrode (and vice
versa) through several electron relays (organic ET media-
tors); (iii) the lack of the amplification factor on the volt-
age change occurring at the gate terminal (or extended
gate electrode), which improve neither the sensitivity
(LOD still in the uM range) nor the dynamic linear range
(mostly due to Nernstian dependence of voltage on analyte
concentration).!'24125]

From a future perspective, we should acknowledge
the need for bioelectrochemists (experts in microbial
and enzymatic bioconversions) to be involved in such
research topics especially considering the complex archi-
tectures of the extended gate electrodes. This would play
a key role in distinguishing enzyme-modified electrodes
based on the ET pathway, namely first, second and third
generation. So far, the presented extended gates cannot
be exclusively classified in any of the aforementioned
groups. For instance, considering a recent report on LOx
modified EG-OFET, we could consider such electrode
in either of the three groups because LOx, as a flavin
mononucleotide-dependent oxidoreductase, is an oxygen-
sensitive enzyme, thus producing H,O, as a reaction by-
product. At this step, we could consider the electrode
within the first generation group by monitoring O, con-
sumption or H,0, production with a potentiometric mea-
surement with respect to a reference electrode. However,
by adding HRP in the enzyme sequence to reduce H,O, to
H,0, we should observe a DET that triggers the variation
of the equilibrium potential based on the substrate con-
centration (monitored by potentiometric measurements).
This architecture would follow within the third gener-
ation considering the DET process involving HRP. The
DET approach has been adopted by Inal and co-workers
through the immobilization of GOx onto n-type copoly-
mer P-90 deposited both on the gate electrode and in
the channel to develop an enzyme-based OECT for the
detection of glucose in bodily fluids.l'*! Alternatively,
the introduction of an ORP as an electrons relay would
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TABLE 1 Main features of enzyme-based field-effect transistors (EnFETs) encompassing sensing enzyme, molecule inducing pH

variation, dynamic linear range (mM), and limit of detection (mM). Not available data are reported as N/A

Sensing enzyme
Urease
Penicillinase
Penicillinase
Glucose oxidase
Urease

Lactate dehydrogenase

Alcohol dehydrogenase

Acetylcholinesterase

Molecule inducing
pH variation

NH,
Penicillinoic Acid
Penicillinoic Acid
Gluconic Acid
NH;
Pyrroloquinoline
Quinone
Pyrroloquinoline
Quinone

CH,COOH

The main features of EnFETs are summarised in Table 1.

TABLE 2

Dynamic linear range (mM)
<1
0.1-25
0.05-1
<15
<20
N/A

N/A

0.03-500 (x 10(®)iisopropyl
fluorophosphate)
1-50 (x 1073)
(paraoxon ethyl)
5-50 (x 107%)
(paraoxon methyl)
0.2-100 (x107%)
(tricholorfon)

Limit of detection (LOD)
(mM)
N/A
N/A
5x1073
N/A
N/A
0.2

01

0.03 X 10°°
(diisopropyl fluorophosphate)
0.5x10™*
(paraoxon ethyl)
5%107
(paraoxon methyl)
02x10"*

(tricholorfon)

Ref.
[35]
[15]

[38]
[39]

[44]
48]

[48]

[36]

Main features of EG-FETs encompassing bioreceptor, pH-sensitive layer, dynamic linear range (mM), and sensitivity. Not

available data are reported as N/A. Abbreviations: Acetylcholinesterase (AChE), aluminium-zinc-oxide (AZO), aluminium oxide (Al,0;),
apolipoprotein Al (APOAL1), anti-interleukin-1/acetylcholinesterase (Anti-IL1/AChE), glucose oxidase (GOx), indium tin oxide (ITO), tin

oxide (Sn0O,)

Bioreceptor
Urease

GOx

GOx

APOA1
Anti-IL1/AChE
AChE

pH-sensitive
layer
Sn0O,-ITO
AZO
Al 04
Al 04
ITO
ITO

The main features of EG-FETSs are summarised in Table 2.

TABLE 3

Dynamic
linear range
(mM)
N/A
<13.9
N/A
0.33-33 (x107°)
N/A
0.001-1

Sensitivity
N/A
60.5 uA/mM
37.3 mV/mM
N/A
N/A
453 mV/pH

Ref.

[77]
[78]
[75]
[75]
[81]

[82]

Main features of extended gate-organic field-effect transistors (EG-OFETs) encompassing extended gate platform, organic
semiconductor, dynamic linear range (mM) and limit of detection (mM). Not available data are reported as N/A. Abbreviations:

1-hydroxybenzotriazole (HOBt), 2-aminoethanethiol (AE), 2,7-dihexyl-dithieno[2,3-d;2’,3’-d’|benzo[1,2-b;4,5-b’]dithiophene (DTBDT-C6),
diamine oxidase (DAOX), glucose oxidase (GOx), gold electrode (Au), horseradish peroxidase (HRP), lactate oxidase (LOx), nitrate reductase
(NR), osmium redox polymer (ORP), poly{2,5-bis(3-hexadecylthiophene-2-yl)thieno[3,2-b]thiophene} (PBTTT), polystyrene (PS), Prussian
blue (PB), pyranose oxidase (POXx), tetradecylphosphonic acid (C,4-PA)

Extended-gate
platform

LOx/HRP/ORP/Au
DAOx/HRP/ORP/Au
NR/HOBt/AE/Au
LOx/PB/carbon

Organic

semiconductor

PBTTT-C16
PBTTT-C16
PBTTT Cl14-PA
DTBDT-Cé6-PS
DTBDT-Cé6-PS

GOx/PB/carbonPOx/PB/carbon

The main features of EG-OFETSs are summarised in Table 3.

Dynamic linear
range (mM)
<0.74
<0.01
<0.004
0.1-0.5
N/AN/A

Limit of detection
(mM)
0.07
0.0012
0.0004
N/A
N/AN/A

Ref.
[112]

[115]
[119]
[120]

[122]
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include the modified surface within the second-generation
group. This misunderstanding on conceiving the modi-
fied surface based on the ET pathway could be easily
solved considering the literature on enzyme-based elec-
trochemical biosensors toward the development of third-
generation enzyme-based potentiometric biosensors (i.e.,
using PQQ-dependent glucose dehydrogenase, cellobiose
dehydrogenase, fructose dehydrogenase, etc.)l'?”128] or
chimeric redox enzymes (i.e., calmodulin modulated PQQ-
dependent glucose dehydrogenase)!’?>"3%] that could be
later integrated as an extended gate into an organic
field-effect transistor. Although this would contribute to
avoiding ineffective gate terminal modifications, it will
not help to improve the analytical figures of merit (i.e.,
sensitivity, LOD, dynamic linear range, etc.) of such
biosensors.
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