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Thin-film transistors can be used as high-performance bioelectronic

devices to accomplish tasks such as sensing or controlling the release of
biological species as well as transducing the electrical activity of cells
or even organs, such as the brain. Organic, graphene, or zinc oxide are

used as convenient printable semiconducting layers and can lead to
high-performance low-cost bioelectronic sensing devices that are
potentially very useful for point-of-care applications. Among others,
electrolyte-gated transistors are of interest as they can be operated as
capacitance-modulated devices, because of the high capacitance of
their charge double layers. Specifically, it is the capacitance of the
biolayer, being lowest in a series of capacitors, which controls the

Ang
From the Contents
1. Introduction 12563
2. Interface-Confined Biological
Recognition Elements 12565
3. Printable Bioelectronic
Electrolyte-Gated Thin-Film
Transistors 12569

4. Summary and Outlook 12574

output current of the device. Such an occurrence allows for extremely
high sensitivity towards very weak interactions. All the aspects

governing these processes are reviewed here.

1. Introduction

Bioelectronics is a highly interdisciplinary research field
that aims at the development of key technologies to inves-
tigate biological interfaces as well as to face novel challenges
in life sciences.!! Tt currently encompasses the development of
applications in the field of biosensing devices? and in areas
involving the development of novel tools to study neural
interfaces.’! Bioelectronic studies also concern the engineer-
ing of new tissues!’ as well as the realization of more-
controlled and biocompatible drug-delivery systems."

The study of the mechanisms involved in processes such as
those governing the biochemical interactions occurring
between a recognition element (R), integrated into an
electronic device, and its ligand (L) play an important role
in bioelectronics.!”! In this respect, the study of how the
binding of L to R changes as the biological species changes
from being dispersed in a solution to being confined on
a surface is critically important, but very seldom investigated.
The acquired knowledge can also be critically important to
realize ultrasensitive biological and chemical sensors.!

Some of the bioelectronic devices proposed so far are
fabricated by printing compatible techniques and such an
approach has proven valuable to realize tools for applications
such as disposable biosensors’*®! or even resorbable devi-
ces.’l The latter class of bioelectronic systems can be
implanted and, eventually, do not need to be explanted
once they have accomplished their task. As far as the sensors
are concerned, the digital quality of the analytical electronic
response and the ultralow detection limits foreseen will offer
the possibility of performing reliable quantitative assays of
proteins (and biomarkers in general) in biological fluids such
as saliva or tears. Here, the biomarkers are present at the
femtomolar (fm) level or lower. Eventually, a label-free, non-
invasive strip test can be conceived that is based on
bioelectronic sensors printed at low cost. To this end, organic
electronics or, more general, printing biotechnologies could
be the privileged choice to fabricate such devices on plastic”’
or even paper substrates."") Interestingly, even the biological
layer can be deposited by printing.""! It is, therefore, feasible,
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although very challenging, to conceive a whole bioelectronic
device fabricated by printing. This would result in electronic
strips that can be developed, in principle, at costs comparable
to those of already commercially available disposable test
strips, which are capable of delivering semiquantitative
responses at best.

The availability of disposable and low-cost electronic strip
tests that are fabricated by printing and are capable of
delivering a response whose analytical quality is comparable
to that of bench-top facilities for biochemical analysis, holds
the potential to revolutionize the current approach to point-
of-care testing. Indeed, the global market for such biosensors
is estimated to reach over 15 billion dollars by 2020, with
approximately 50 % share of the point-of-care applications."”
This is the rationale behind the choice of centering this
Review on bioelectronic microdevices based on solution-
processed organic semiconductors as well as on printable
metal oxides (e.g. ZnO),”! carbon nanotubes, and graphe-
nes.["”]

Several research groups have contributed to the advance-
ments in the field of printed bioelectronics, proposing novel
structures that integrate a layer of biological recognition or
functional elements that are directly coupled to one of the
electronic interfaces of the thin-film transistor (TFT). The
bioelectronic systems proposed so far include organic,
electronic ion pumps that allow the delivery of ions and
neurotransmitters,'® biomedical implants,'” as well as elec-
tronic membranes that form intimate contacts with biological
tissues to be electronically controlled."® These systems are
based on organic or printable bioelectronic transistor struc-
tures (mostly TFT,” but also field-effect transistors, FETs*)
with diverse device configurations and operating principles.
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These structures include electrochemical transistors,?!! the
electrolyte-gated TFTs [ the organic charge-modulated
FETs,”! as well as structures involving back gates®® or double
gates.!

The devices listed above are usually classified into two
main categories: transistors that involve an ionic conductor
and those that use an insulator as the dielectric medium.
Generally speaking, electrochemical and electrolyte-gated
transistors rely on a liquid electrolyte as the dielectric, while
all the other structures involve a solid insulator. The sensors
that involve a solid dielectric and a back-gate configuration
have TFT structures. Typically, the source (S) and drain (D)
electrodes contact the printable semiconductor (PSC), while
the gate (G) electrode is capacitively coupled to the PSC
electronic channel, through the solid dielectric. The two
bioelectronic back-gate structures integrate the biological
recognition elements either on top of the PSC, as in the
bilayer transistor® sketched in Figure 1a, or underneath it, as
in the functional bio-interlayer (FBI) transistor of Fig-
ure 1b.%") The interaction of the affinity ligand (L) with the
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Figure 1. Overview of different bioelectronic device structures involving
a bottom or a top gate as well as an insulating or an ionic conducting
dielectric.
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integrated recognition elements (Rs) has been demonstrated
to sensitively and selectively impact the characteristics of the
transistors. Indeed, these label-free devices are able to reach
detection limits down to the pm level and the reproducibility
of the devices is characterized by a relative standard deviation
(RSD) of a few percent over several hundred repeated
determinations.”®! The robustness and the potential for real-
life applications of this label-free approach, is also demon-
strated by experiments that show that up to 10* repeated
measurements in sea water can be performed with low
RDS.®! The organic charge-modulated FETs, which share
some similarities with the long-known class of ion-sensitive
FETs (ISFETs)™ have recently resulted in a high-perfor-
mance referenceless transducer of the electrical activity of
electrogenic cells.’'!! Electrochemical transistors have also
attracted particular interest for chemo- and biosensing
applications because of the possibility to implement biocom-
patible and water-stable organic semiconductors such as
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS). The operation mechanism of the electro-
chemical transistors is based on doping the organic semi-
conductor,® and particularly interesting is the recent dem-
onstration that invivo recording of brain signals can be
performed with this class of devices.”!

A number of reviews can already be found on back-gate
bilayer and FBI"?*! sensors as well as on ISFETs# and
electrochemical®! transistor sensors, while relatively less
discussed are the electrolyte-gated TFTs (EG-TFTs) used for
bioelectronic applications.[***3 This Review will be mostly
restricted to this last class; in particular, the device structures
that will be reviewed are those outlined in Figure 1c,d. Here
a top gate is coupled to a PSC through an electrolyte. The
structures integrated in the biological recognition layer are
either deposited on the gate or on the PSC surface. In both
cases, an ionic conductor acts as the dielectric. Besides
illustrating the high performance that can be reached in the
detection of proteins and small and even neutral molecules,
this Review will discuss the high potential of EG-TFTs to
investigate a protein interface, particularly when uncharged
biological species are involved. Before entering into the
details of a bioelectronic EG-TFT structure and function
mechanisms, the properties of surface-confined functional
biological recognition elements are discussed.
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2. Interface-Confined Biological Recognition
Elements

Depending on their nature, biomolecules can perform
different biological activities: antibodies, carrier proteins, and
nucleic acids can act as molecular recognition elements,
molecular motors are able to carry out mechanical work,
while enzymes or ribozymes are involved in catalytic reac-
tions. In such processes, the performance level achieved by
naturally occurring biomolecules is, as yet, largely unmatched
by artificially produced biosystems. In bioelectronic systems
the integrated biomolecules are, therefore, preferably pro-
duced in living cells or extracted from biological fluids. The
biosystems are then deposited on a solid surface, either in
their native form or after ad hoc chemical modification, to
create a biofunctional interface that can mediate the trans-
duction of biochemical information. The confinement of
biological species at surfaces is also important for applications
such as those in biocatalysis,* bioremediation,*” and molec-
ular machines. The cases of enzyme-linked immunosorbent
assay (ELISA)™) or of surface-plasmon resonance (SPR)M!
methods can be taken as examples of gold standards
in bioassays. Indeed, they rely on biomolecules
deposited on solid surfaces such as silica for ELISA
and gold for SPR, and show how surface-segregated
biological species can retain their biofunctional 1
activity and thus allow for high-throughput and
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of the integrity and activity of the biomolecules upon two-
dimensional confinement. Ideally, biomolecules need to be
immobilized onto solid surfaces in a high density and with
a controlled orientation so as to provide good steric acces-
sibility of the active binding sites to the affinity ligands. It is
also important to limit nonspecific adsorption as well as to
increase the stability. A variety of immobilization methods
have been exploited to anchor biomolecules and are mostly
based on physical adsorption, covalent binding, and bioaffin-
ity coupling, with particular attention paid to site-specific
deposition techniques.” The influence of external parame-
ters such as temperature, ionic strength, and pH during the
fabrication and operation of the device should also be
considered, because they directly affect the conformation
and the stability of the attached biorecognition elements. The
most frequently used immobilization procedures for the
integration of biomolecules in TFT devices are depicted in
Figure 2.

Biomolecules can be adsorbed on a solid surface through
hydrophobic, electrostatic, and/or ionic interactions.*! This
makes physical immobilization (Figure 2a) a simple route,
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revealed by means of a micrometer-sized transducer.
For example, the binding of a ligand to a biological 3
recognition element can give rise to effects such as
surface displacements, contact angle changes, or
electrostatic modifications, which can be probed by
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label-free methods such as those based on micro-
cantilevers,*!l goniometers,*? or thin-film transistors.
Importantly, these effects can complement those
occurring in solution, thus allowing a better under-
standing of the whole process. Before introducing the
thermodynamic tools that can allow a more complete
picture to be gained of a biological process as it
occurs in solution and on a surface, the most relevant
immobilization processes of a protein are briefly
reviewed.

Figure 2. Methods for the immobilization of biorecognition elements on solid
surfaces. (a) Physical immobilization techniques. Biomolecules are adsorbed on
a bare surface (al) or, to obtain a higher density, on a surface modified with

a self-assembled monolayer (a2). Layer by layer adsorption (a3) by stepwise
deposition of biological species having opposite charge is another way to control
the immobilization of biomolecules on the surface. (b) Nonselective covalent
immobilization of biomolecules through their functional residues. Biomolecules
can be covalently anchored on a solid surface using: the reaction between
carboxyl groups on the surface and the ammine groups of the lysine residues of

the biomolecules upon activation of the carboxyl functionalities with carbodiimide
hydrochloride (EDC) or N-hydroxysuccinimide (NHS; b1); the reaction between
epoxides on the surface and nucleophilic residues such as amino or thiol groups

2.1. Anchoring Biorecognition Elements to a Surface

of the biomolecules (b2); the reaction between maleimide groups on the surface

and the thiol group of cysteine residues of the biomolecules (b3). (c) Bioaffinity

The integration of biological recognition ele-
ments such as enzymes, antibodies, DNA, or whole
cells on a transducing interface is a key step in the
fabrication of many bioelectronic/biosensing plat-
forms. The major requirement for achieving highly
sensitive and selective transducers is the preservation
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immobilization reactions used for the orientation of biomolecules on a solid
surface. Biotinylated biomolecules can be easily captured by a streptavidin layer
deposited on the solid surface (c1) and vice versa. Surfaces coated with protein A
or protein G can be used to specifically orient antibody molecules through
binding with their fragment region that can be crystallized, Fc (c2). Biomolecules
can be modified with a proper tag that is selectively recognized by specific
molecules on the surface (c3).
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particularly suited to deposit proteins on a variety of surfaces,
including carbon-based materials, noble metals, and metal
oxides. This method has also been exploited for the immobi-
lization of DNA and proteins on the surface of organic
semiconductors such as pentacene, poly(3-hexylthiophene-
2,5-diyl) (P3HT), and PEDOT in TFT structures.*”! The main
advantage of the physical adsorption is that neither additional
coupling reagents nor chemical modification of the biomol-
ecules are needed. However, the resulting biofilms usually
lack homogeneity and are also weakly anchored to the
surface; both these issues have an impact on the long-term
stability of the device.

As an alternative, biomolecules can be stably anchored on
a solid surface by covalent immobilization through the
formation of chemical bonds between complementary func-
tional groups present on the biomolecules and on the solid
surface. Suitable functional groups are carboxyl, amine, and
thiol functionalities (Figure 2b).“! Although suitable func-
tional groups are generally naturally present on the structure
of the biomolecules, chemical linkers need to be introduced
onto the solid support. Polymeric films or self-assembled
monolayers (SAMs) bearing functional groups can be used
for this purpose. Molecules in SAMs can have head groups
such as thiols and disulfides and a variety of tail groups
(-COOH, -NH,, -CH,;) separated by alkyl chains of different
length. The functional head group by itself or with subsequent
chemical modifications enables fine tuning of the surface
properties such as, hydrophilicity, cytophilicity, chemical
resistance, and selective attachment of biomolecules in
a preferential orientation.”! In bioelectronic applications,
carboxyl groups have been confined as anchoring sites on the
surface of P3HT and pentacene semiconductors by depositing
ultrathin hydrophilic polymeric coatings bearing -COOH
functional groups by plasma-enhanced chemical vapor dep-
osition.*¥ The biomolecules can be covalently attached
afterwards through carbodiimide chemistry, where the
amino groups of the biomolecules form amide bonds with
carboxyl groups present on the polymeric surface. Impor-
tantly, a finely tuned plasma process has been shown to have
a negligible impact on the electrical performance of the EG-
TFT.*! Another proposed approach involves the chemical
tailoring of the organic semiconductor by adding carboxyl
moieties to the polymer backbone. A polythiophene-based
semiconductor having carboxyl side chains has been used to
covalently anchor DNA molecules in an EG-TFT structure.
However, the presence of polar groups in the bulk of the
semiconductor may have an impact on the charge delocaliza-
tion in the semiconductor and eventually on the electrical
performance of the transistor. Blend systems have shown
better performances when operated as electrochemical
TFTs.P

Bioaffinity binding approaches (Figure2c) provide
advantages over other immobilization methods since biomol-
ecules are precisely oriented on a surface and can be attached
with high density."? Among them, the (strept)avidin-biotin
system is the most widely exploited to immobilize oriented
biomolecules on a variety of surfaces. Specifically, the strong
noncovalent (strept)avidin-biotin biological interaction (dis-
sociation constant Kp=10""M, fm) is used to bind biotiny-
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lated molecules on (strept)avidin-modified surfaces or vice
versa. For example, supported biotinylated phospholipid
layers, covalently attached to hydrophilic polymeric coatings
deposited on the P3HT PSC surface by a plasma process, have
recently been proposed to anchor biotinylated antibody
through a (strept)avidin bridge in a EG-TFT.¥ Furthermore,
a synthesized polythiophene copolymer with biotinylated side
chains able to capture (strept)avidin molecules has also been
proposed for use in EG-TFTs.’¥ Very recently, genetically
engineered chimeric avidin molecules containing C-terminal
cysteine groups have been immobilized directly on the gold
surface. The formed biolayer offers a higher binding capacity
of the biotinylated molecules compared to wild-type avidin
anchored on the same surface.”

2.2. Binding Isotherms at Surface-Confined Biomolecules

The adsorption of a species A on a solid surface can be
modeled at the lowest level of complexity by the Langmuir
adsorption isotherm.P® This model describes the surface as an
ensemble of fixed and independent adsorption sites that can
be either empty (S) or occupied by the adsorbed molecule
(Ad). Such a system is illustrated in Figure 3 a along with the

(a) o S = free site
o ©

(N N2 RN T

Ad = occupied site

) o —
R-L) = R-L,éomple)k ° Y L = free ligand

R = recognition element

Figure 3. (a) Adsorption process of a molecule to a surface; (b) bind-
ing process in solution.

adsorption equilibrium reaction. The adsorption isotherm
relates the fraction 6 of sites occupied by the adsorbed
molecules, 6 =Ad/(S+ Ad), to the concentration of A at
equilibrium ([A].), where K| is the Langmuir constant, that is,
the equilibrium constant for the adsorption process

[Eq. (1a)].
AL
S AL =

A very similar equation is obtained when considering the
binding of a ligand L to a biological recognition element R
dispersed in solution to form the R-L complexes, as depicted
in Figure 3 b. For the sake of simplicity, here we consider only
one binding site per recognition element [Eq. (1b)].

Angew. Chem. Int. Ed. 2015, 54, 12562 —12576
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In this case, the equation corresponds to a binding isotherm
for independent sites, with 0 being the fraction of occupied
binding sites, that is, 6 =R-L/[R + (R-L)]. [L]. denotes the
equilibrium concentration of the ligand L, while K, is the
dissociation constant, that is, the reciprocal of the equilibrium
constant for the binding process. Despite the formal similar-
ities between Equations (1a) and (1b), K, and K, ' refer to
different physical quantities. The dissociation constant Ky, is
defined as the ratio between the activities of the involved
species in solution, namely R, L, and the complex R-L. At
sufficiently high dilution, K, can be approximated as [R]-
[L]/[R-L] which is equivalent to saying that the standard state
of all the species is chosen in solution according to the Henry
convention. The Langmuir constant involves the activity of
species, such as S and Ad, which are confined to a surface.
Even at very low concentration of A (infinite dilution), K
cannot be approximated using only the solution concentra-
tions, their surface density should at least be used for the
adsorption sites.

The numerical values of Ky, or K; ! can be determined by
measuring 0 (or a property proportional to 6) as a function of
the equilibrium concentration of A or L, [A]. or [L],
respectively, and fitting the data to Equations (1a) and (1b),
respectively. The chosen scale of the concentrations implicitly
sets the units of measure for K, or K, '. In the case where
only the initial concentration, [A], or [L],, is known, the
amount of bound molecule must be taken into account
explicitly. In the case of ligand binding in solution, the
equilibrium ligand concentration is [L],=[L],—6([R-L]+
[R]), which leads to a quadratic solution for 6 in Equa-
tion (1b). In the case of the adsorption process, an analogous
relation must be written that takes into account that it is the
surface density of empty (S) and occupied (Ad) binding sites
that governs the process. An interesting example of this
approach is provided in Ref. [27b].

A real ensemble of biological recognition elements can
generally be described as a homogeneous system because the
differences in the affinity constants among the R molecules
are usually negligible. Thus, Equation (1b) typically gives
a suitable description of the binding process in the case of
single as well as independent binding sites. The adsorption
sites of a real solid surface are, in contrast, generally
characterized by different adsorption energies and, therefore,
different Langmuir constants.

The overall adsorption isotherm for such an inhomoge-
neous system is obtained by integrating Equation (1b) over all
the K, values.”” When multiple binding sites on the same
recognition element occur, another phenomenon connected
with inhomogeneity can emerge. The ligand affinity for
a binding site, characterized by a given K|, value, can depend
on the occupancy of the other binding sites present on the
same biological recognition element. In such a case, the
binding is said to be cooperative. In the case of positive
cooperativity, the presence of occupied binding sites makes
further ligand binding favorable. In the case of negative
cooperativity, the binding to a site reduces the affinity of the
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ligands for the other sites. The case of strong cooperativity is
described by the Hill model for a receptor with m binding
sites.”® If the binding is highly cooperative, R will bind/
release exactly m ligands at a time according to the
dissociation equilibrium [Eq. (2a)]. The fraction of occupied
binding sites can be described by [Eq. (2b)].

K,

R-L,==R +mL (2a)
Lk
= ot (20)

This is the Hill binding isotherm and is widely used to
describe cooperative ligand binding to biological macromo-
lecules. Whereas Equation (2b) returns Equation (1b) when
m =1, when m > 1 it models the case of positive cooperativity
while m <1 indicates a negative cooperativity. Since lateral
interactions can also have a non-negligible impact on the
adsorption on solid surfaces (positive or negative influence of
adsorbed molecules on the adsorption of further molecules) it
is possible to also find cases of cooperative adsorption on
solid surfaces.””!

2.3. Thermodynamic Transformations To Bring Biomolecules
from Solution to Surface

It is not common to find thermodynamic studies that allow
the properties of binding process taking place in solution and
at a surface to be correlated. Such an approach allows the
processes occurring in a bioelectronic device to be modeled
and to gain a more complete view of a given binding process.
The comparison between the binding equilibria involving
species either confined at a solid-liquid interface or occurring
in the bulk of a solution can be performed by considering the
thermodynamic path reported in Figure 4.

o @
surf

Rsurf i I-sol *eg P ’ (R = L)surf *tery

- A G(R) + 12e(R) Ay G(R-L) + T (R-L)

Rsol % Lsol

Figure 4. The thermodynamic path describing binding equilibria involv-
ing species either confined at a solid-liquid interface or in the bulk of
a solution.
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The overall process starts with a ligand L, dissolved in
a solution, that binds to a surface-immobilized recognition
element R (state 1) to form an immobilized complex R-L
(state 4). The corresponding change in free energy AG®,; can
be described in terms of an apparent dissociation constant
Kpgut as AG® ;= RTIn(Kp ). It should be noted that Kp g,
strictly has the meaning of K, ' in Equation (1a). The process
(1—4) can be broken down into three possible steps, each
being characterized by a change in the standard molar Gibbs
energy. The first step (1—2) comprises the release of the
recognition element R bound to the surface into the solution.
The change in free energy associated with this stage
encompasses the work needed to release R, which is opposite
to the surface work A;,,G(R) required to immobilize it. Such
work will depend on the strategy used to immobilize the R
species, which will determine aspects such as the surface
density or orientation of R. Since in the following we will be
interested in recognition species anchored on a metallic gate
(Figure 1c¢) or on the surface of a printable semiconductor
(Figure 1d), the change in the electrochemical potential
Z.(R) of the gate or of the PSC electrons also has to be
considered. This allows the impact of the deposition or
removal of the R layer on the electrostatics of a given surface
to be taken into account. The second step (2—3) is the
binding of L to R in solution, with a free energy change of
AG°,,=RTIn(Kp,,) that is a function of the dissociation
constant in solution. The final step (3—4) is the immobiliza-
tion of the R-L complex to the gate or to the PSC surface with
a change in the free energy, including the surface work spent
on immobilizing the complex A;,,,G(R-L) and the change in
the metal-gate potential or in the PSC electron electro-
chemical potential 77, (R — L).

Following the scheme shown in Figure 4, the standard
molar Gibbs energy for the surface binding of the biological
recognition elements anchored to a surface can be written as

Eq. (3).

AG®  =AG ., + W =AG°

surf sol sol

+AE.+W (3)

Herein, the binding surface work 7. (R) is composed of a non-
electrostatic term W=A;,,G(R-L)—A;,,G(R) and an elec-
trostatic term AEg=p. (R —L) —z . (R). The latter is the
change in the gate potential or in the electrochemical
potential of the PSC electrons 7. as the surface changes
from being coated with the R-L complex to the bare R layer.
This AEg value can be computed as the opposite of the molar
free energy associated with the shift in the transistor threshold
voltage (V1) of the TFT, so that AEp=—nFAVy. It is
important to outline that the latter equation holds true
when no net charges are involved in the R-L interaction and
for a trap-free TFT. Vi (defined in the next paragraph)
accounts for the electrostatic built-in potential at the biolog-
ical interface. AV is taken as the difference between the Vi
values measured at zero ligand concentration (no binding site
occupied) and at saturation (all the binding sites occupied), F
is a molar quantity, so AEy is the electrostatic contribution to
the molar free energy for formation of the R-L complex.

It is also interesting to consider the use of Kelvin probe
force microscopies to measure the electric potential, without
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physical contact, between the tip and the system to be studied
at nanoscale resolution. These measurements exploit long-
range electrostatic interactions between the scanning probe
and the sample.!" and have been successfully used mainly to
study charged species.*><!

The binding energy in solution AG°, =R T1In(Kpy,) is
defined as the difference in the standard free energy between
the complex R-L and the reagent partners R and L. The
AG®,; term is the change in the free energy between states 4
and 1, and is an electrochemical energy as it also includes an
electrostatic component. The overall surface work W asso-
ciated with the R-L binding encompasses the change in the
physicochemical properties of the surface such as the
interfacial tension, described by the W term, and the electro-
chemical potential of the electrons, described by AEL

According to Equation (3), the surface binding energy
(AG®,) can be split into a term that takes into account the
molecular interaction energy (AG®,) and one accounting for
the surface work contribution (W). Importantly, the molec-
ular interaction term is the R-L recognition energy in
solution. The surface work contribution describes the work
carried out to accommodate the ligand into the recognition
element that is bound to a surface. This term includes the
conformational rearrangements as well as the change in the
energy of the gate or of the electrochemical energy of the
PSC, and Equation (3) can be also written as Equation (4).

Kp gurt .

= erT 4
KD.sol ( )

This equation indicates that the affinity observed in
solution will match that found for immobilized receptors only
when the surface work W is zero, that is, when the work
associated with the immobilization of the free recognition
element R and of the R-L complex has the same value. In the
more general case of non-negligible net surface work, this
term will exponentially affect the ligand affinity for the
immobilized biological recognition element.

A pretty spectacular example illustrating the key role that
the surface work can play is given for the case of the
hybridization of single DNA strands anchored to a solid
surface. Many data are available as this is a widely exploited
recognition reaction in many biosensor microarrays, including
ELISA and SPR ones. The equilibrium constants for DNA
hybridization taking place in solution and on a surface (for the
same DNA sequences and under the same experimental
conditions) have been systematically compared, as reported
in Figure 5. The dashed line denotes the prediction for Kp, =
Kp g This condition is clearly never fulfilled; instead, the
data points are widely spread. The surface hybridization
constant changes by five orders of magnitude while the same
quantity spans over thirty orders of magnitude in solution.
The experiment data were gathered by systematically chang-
ing the salinity of the electrolyte solution and the DNA
sequence. Eventually, it is seen that the Kpg,/Kpg, ratio
spans over a huge range of about 27 orders of magnitude.™"
According to Equation (4), the surface work W should
account for such an occurrence. This hypothesis was sub-
sequently tested by actually measuring the mechanical
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Figure 5. Comparison of equilibrium constants for DNA hybridization
processes taking place at a solid surface (Kp,s) and in the bulk of

a solution (Kp ). Figure adapted from Ref. [60] and reproduced with
permission, Copyright 2005, Elsevier Ltd.

contribution to the surface work associated with DNA
hybridization by means of a microcantilever set-up. It was
found that W can indeed range between —90 kJmol™' and
+75 kJmol™". Upon substitution of these values into Equa-
tion (4) (neglecting the electrostatic contribution that cannot
be evaluated by a cantilever), a Kp,/Kp . ratio ranging from
107" to 10"" can be obtained. This ratio spans over 29 orders
of magnitude, and is very close to the data evaluated by
directly comparing the dissociation constants.

3. Printable Bioelectronic Electrolyte-Gated Thin-
Film Transistors

The first demonstration that an electrolyte could be
employed to adjust the surface potential of a semiconductor
can be traced back to the early days of transistors at the Bell
laboratories.” Nowadays, many groups are working on EG-
TFTs in which printable semiconductors are employed as the
active layer.">%! As already introduced, the structure of an
EG-TFT comprises a source and a drain contacts on
a substrate and covered by a semiconductor, generally
deposited by printing-compatible techniques. A droplet of
pure water or of an electrolyte is placed on the surface of the
semiconductor. The PSC surface can be hydrophobized by
suitable treatments if the surface contact angle is too small
and/or the semiconductor is soluble in water, such as ZnO. In
this case a treatment with hexamethyldisilazane has been
proposed.” The electrical contact to the gate is made
through a metal plate (usually gold) placed on top of the
electrolyte. A p-type TFT is operated by applying negative
Vps and V biases to the drain and the gate contacts,
respectively, while the source contact is grounded (Figure 6 a).
After application of Vg, the electrolyte ions redistribute so
that the cations face the negatively biased gate plate, while
the anions align at the semiconductor surface. Pure water can
also act as an ionic conductor as a result of self-ionization.
Charge double layers (CDLs) at the gate/electrolyte and
electrolyte/semiconductor interfaces, termed Ccpr.; and
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Figure 6. (a) Electrolyte-gated TFT along with a series of electrical layer
capacitors that form the conducting dielectric; (b) Bioelectronic EG-
TFT along with the series of capacitors that form the gating system of
the device and the potential drops occurring across the electrolyte.

CeprLo, respectively, in Figure 6a, eventually form, which
hold capacitances as high as 14.6 uFecm 2 in 0.1m saline
solution.'! Capacitance values up to hundreds of pFcm ™ can
be obtained using ionic liquids and polymeric electrolytes as
a result of the much higher ionic concentrations.”! The two
CDL capacitors in series, reported in Figure 6 a, form an EG-
TFT gating system as the capacitance coupling between the
CDLs and the semiconductor generates a two-dimensional
(2D) channel of free charges in the semiconductor.®! These
charges are injected and can drift under the Vg bias.
However, when Vj; is applied, the conditions for the 2D
accumulation of free charge at the semiconductor/electrolyte
interface are set, but the actual source—drain current (/g) in
the semiconductor flow does not start (under a given applied
Vps) until V; equals the threshold voltage Vi of the TFT. In
a trap-free TFT, V; is the bias needed to offset the built-in
potential generated by the mismatch existing between the
gate metal and the semiconductor free electrons .. As Vg
equals Vo, the energy barrier is flattened and, beyond Vi,
further injected charges can drift under the influence of the
applied Vg through the channel with a given field-effect
mobility (upgr), and the transistor output characteristics (Ig
versus Vpg) can be measured. Each applied gate bias
(subtracted from the Vi component) sets the density of
charges that are induced in the transistor 2D channel and,
therefore, also the maximum I,g current intensity.”” As
a result of the very high capacitance of the EG-TFT electro-
lyte, the transistor current-voltage output characteristics,
which show the expected linear (at lower Vi) and saturation
regimes, can be measured by biasing the device below 1 V.

A bioelectronic version of the EG-TFT is shown in
Figure 6b along with the series of capacitors associated with
the gating system as well as the potential drops across the
electrolyte. In this configuration, the capacitance per unit
area of the biological layer (Cgo) attached to the gate
electrode is added. Cy is modeled as a planar capacitor, C =
goe,d !, with g, and &, being the vacuum and the relative
permittivity, respectively, while d is the distance between the
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capacitor plates. Taking ¢, =3, typical for a protein system,”®”!

and d as the height of a monolayer of proteins (ca. 4 nm for
the case of odorant binding proteins discussed later),
a Cyo value of 0.6 pFcm ™2 is estimated.

The I current flowing in the 2D channel in the saturation
regime is given by Equation (5), where C; is the capacitance
per unit area of the EG-TFT gating system, while w and / are
the width and the length of the TFT channel, respectively.”

w
Ips = ZCI/"FET(VG - V’r)z (5)

Equation (5) describes well the experimental -V curves
measured with an EG-TFT. A typical example is shown in
Figure 7.7 Here, the I--V curves of an a-sexithiophene
organic semiconductor, interfaced to an aqueous electrolyte
containing 10 mm K-based phosphate buffer saline (PBS),
adjusted to an ionic strength of 50 mm with KCl, are reported.
Such an EG-TFT device is proposed by the authors as a pH
sensor. Figure 7a clearly shows that EG-TFT [-V curves can
be measured by sweeping Vpg between 0 V and —0.6 V as
a consequence of the high capacitance of the CDLs that result
in a large TFT transconductance. Moreover, the characteristic
curves of the device exhibit the typical behavior of a field-
effect device, with a saturation regime at higher drain-source
voltages, as described by Equation (5). Figure 7b shows how
Ips decreased by less than 10 % during continuous cycling of
Vps for more than 3 h.
This is convincing evi-
dence that EG-TFT
devices can also be
quite stable. It is fore-
seen that even better
stabilities  could  be
obtained if, instead of
a continuous bias,
a pulsed mode of opera-
tion is used.” I

It has also been dem-
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Figure 7. (a) EG-TFT output characteristics of an a-hexylthiophene TFT
gated though an aqueous electrolyte with a phosphate-buffered potas-
sium saline solution. The gate voltage V; was applied between a Ag/
AgCl reference electrode and the source contact of the transistor.

(b) Recording of the drain current during continuous cycling of the
device between the on state (V;=—0.6 V) and the off state

(Vo=0.3 V). Figure adapted from Ref. [70] and reproduced with
permission, Copyright 2011, AIP Publishing LLC.

high as 75 cm*>V~'s™!. Moreover, solution-processed colloidal
ZnO nanorods coupled to laminated cellulose ionogels has
enabled the fabrication of the first electrolyte-gated, flexible
circuits on paper, which operate at a bending radius down to
1.1 mm. A rather stable operation is seen after bending more
than 100 times. Pictures of the device also under bending are
shown in Figure 8b,c, while the /-V transfer characteristics of
the device and performance features are reported in Fig-
ure 8d-f.
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Figure 8. (a) Schematic illustration of an electrolyte-gated TFT with ZnO nanorods and a side gate on multilayer-
coated paper with laminated cellulose ionogel. Inset: SEM image of ZnO nanorods (length 14 nm) on paper.

(b) Optical image of a TFT with ZnO nanorods on multilayer-coated paper with laminated ionogel before bending
and (c) during inward bending with a bending radius of 1.1 mm. (d) Transfer characteristics before and during
inward (radius 1.1 mm) and outward bending (radius 8.9 mm) at V,s=0.2 V. (e,f) Threshold voltages and linear
and saturation electron-field-effect mobilities versus bending radius (e) and versus number of bends (bending
from flat to a bending radius of 1.1 mm; f) for ionogel-gated TFT with ZnO nanorods on a multilayer-coated
paper substrate in a nitrogen atmosphere. Reproduced from Ref. [10] with permission, Copyright 2013, Wiley-
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3.1. The Impact of Biological Recognition on TFT Performance
Features

The response of a bioelectronic TFT can be conveniently
evaluated by measuring the device transfer characteristics,
namely the I versus V; curve at a constant Vg value in the
saturated region. According to Equation (5), v/Ips is linear in
(Vo—Vr), as depicted by the plots in Figure 9 for different
bioelectronic TFT structures.

Ang

Internatic

that drives or modulates the output current of the EG-TFT.
As the dielectric properties of the R layer will change upon
the binding of L, the EG-TFT can be very sensitive to subtle
changes connected with the conformational changes, even
when no net charges are involved. At the same time, the
mobility of the semiconductor will remain constant (partic-
ularly for the case where the biolayer is deposited on the
gate), while Vi can effectively transduce the electrostatic
component of the R-L interaction.

Comparison with a bottom gate FBI transistor and
with an ISFET is interesting. In an FBI transistor
(Figure 9b), the hundreds of nm thick SiO, insulating
dielectric (capacitance in the nFcm ™2 range) typically
present is by far the lowest contribution to the
capacitance series and, therefore, in this case it is the

insulating dielectric capacitance (which will not
change upon binding) that gates the device. Therefore,
as a consequence of the proximity between the
biolayer and the semiconductor 2D channel in FBI
transistors, upgr is affected by the binding process,
while the capacitance stays constant. This configura-

42 84% “
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S D [S [ "rtype channel | D |
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Flexible substrate
Hrer constant C, constant urer @nd C; constant
\/lp_s C; i \/E HKFET, \’ I DS
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Figure 9. Representation of the transfer characteristics of different bioelectronic
TFTs before and after a binding event. (a) In an EG-TFT, the device is modulated

by the capacitance of the biolayer. (b) In the FBI transistor, the gating

capacitance is constant and both uger and the V; change. (c) In an ISFET, only V;

changes.

A linear interpolation allows easy extraction of the TFT
performance features: (C; - uppr) is proportional to the slope
of the /Ing versus V curve, while Vo is the intercept with the
abscissa (V). In general, if the semiconductor transport is
affected by the formation of the R-L complex, uppr will
change; when the complex formation has an impact on the
gating capacitance, C; will be affected. If the impact is to the
free electrons i, of the semiconductor or of the gate metal,
then Vi shifts. These three occurrences can take place
contemporarily, but the cases where these effects can be
decoupled are interesting to study, as shown for the device
structures reported in Figure 9. In the following, we explicitly
refer to the case of a biosensor that probes the binding of
ligand to an immobilized biomolecule, but the same argu-
ments hold for a device probing the nonspecific absorption of
a ligand on a solid (PSC or gate) surface.

For bioelectronic TFTs, C; is the result of at least three
capacitances in series, as shown in Figure 6b, and therefore it
can be written as: 1/C;= (1/Cc¢py.q + 1/Cgio + 1/Ccpy ). If one
of the contributing capacitances is much lower than the
others, C; can be approximated to this value. In this respect,
the case of the EG-TFTs (Figure 9a) is a peculiar one. Indeed,
the highest capacitances of the series are those of the gate/
electrolyte Helmholtz double layers (Ccp; ), which can reach
tens of wFcm™, while the Cpo value can be about 0.5-
0.6 uFem 2 and the electrolyte/PSC double layer capacitance
(Ccpro) a few puFem 21 Therefore, the lowest capacitive
contribution to the TFT gating system comes from the layer of
biological molecules. Eventually, it is the Cgo contribution
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tion is ideal for studying the effect of changes to the
biolayer on the semiconductor transport, while V7, as
a consequence of its nature, will transduce the
electrostatic component of the interaction. In
ISFETs, the low capacitance of the oxide dielectric
(Figure 9c¢) also dominates in the capacitors series. In
this MOSFET, the gate is modified with the biolayer
and, upon interaction with a ligand, neither yggy nor C;
will change, the former as there is no contact between
the biolayer and the semiconductor, the latter because of the
low capacitance of the inert oxide layer. In this case, a shift in
V1 is only measured as an effect of the change to the gate
electrons z,.. This is the reason why ISFETS, as well as charge-
modulated transistors, are generally used only for the
detection of charged species.

The relative variation of the saturated current Ing (A/]) is
a robust parameter that can be taken as the bioelectronic TFT
response because it normalizes the device-to-device variation,
thus contributing to obtaining a highly reproducible response.
AI/l also allows the contributions coming from the different
performance features to be separated when second-order
terms are neglected. Under this assumption, A/l ~[Auggr/
Uper—2V1/(V—Vir)] for the FBI device, while it is Al/l =~ [AC/
C,—2AV1/(Vs—Vy)] for an EG-TFT with C,; being dominated
by the capacitance of the biolayer. The full expression for the
EG-TFT becomes Equation (6).

AVy
(Vo = Vr)

Al _ACow

_,ACow _4Vy
1 COBP

Cor (Vg — V1)

(6)

If V;<V5 and AV <V, Equation (6) becomes: Al/l ~
AC/C;. This shows that an EG-TFT can actually be operated
as a capacity-modulated transistor, which is particularly
suited to the study of interactions occurring between biolog-
ical species that do not bear a net charge. Moreover, the
output current of the EG-TFT can be modulated by the
change in the capacitance of the biolayer and, strikingly, this
would work better when the changes in capacitance are small.
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Therefore, in a TFT modulated by the biolayer capacity, all
the capacitances that are in series with the biolayer one,
become less and less effective as the biolayer capacitance
(and its changes) becomes smaller and smaller. This holds
true, provided parallel parasitic capacitances are kept low.
This can be viewed as a “reverse” concept in the detection of
biological species, and can be ideal for sensing ultralow
concentrations. At the same time, a thermodynamic study will
give access to the changes in free energy, thereby allowing for
a holistic approach to study the binding properties of
interfacial proteins. The case of odorant binding proteins
confined on the gate and which interact with the enantiomers
of carvone odorant molecules is an interesting example that
will be discussed in the following section.

3.2. The Role of the Capacitance in the Mechanisms of
Bioelectronic Electrolyte-Gated Transistors

The overall response in a bioelectronic device reflects the
peculiar energetic aspects associated with a process involving
recognition elements adsorbed on a surface that form
a complex with an affinity ligand. A recent examplel®
involving porcine odorant binding proteins (pOBPs) clarified
the complexity of this interplay. pOBPs are small proteins,
found in the nasal mucus of vertebrates or the sensillum
lymph in the antennae of insects, that have a single binding
site to host nonhydrophilic ligands. Their binding properties
are characterized by a broad selectivity to a range of odorant
ligands with dissociation constants in the pum range. The
pOBP-mutant F88W was shown to be active in a competitive
fluorescent binding assay performed in solution. The assay
gave dissociation constants K~ for the pOBP-carvone
complexes (pOBP-C) of 0.5 um and Kp,~ of 1.2 um, for (S)-
(4)- and (R)-(—)-carvone, respectively, and the detection
limits were also evaluated to be in the sub-pm range. The data
were successfully modeled using Equation (1a), thereby
proving the occurrence of a non-cooperative binding process
for the two carvone enantiomers in solution. The same assay
was performed using an EG-TFT configuration. Although
pOBPs are weakly negatively charged in pure water, (S)-(+)-
and (R)-(—)-carvone enantiomers are odorant molecules that
bear a dipole moment rather than a net charge. This
occurrence does not make them a privileged choice for
detection by a transistor, as charged species lead to a larger
output response. However, as will be shown in the following,
in this case the changes in capacitance will give rise to a large
variation in the signal, which will allow chiral species to be
differentially detected at the pm level.

Figure 10a shows a schematic representation of an EG-
TFT structure with integrated pOBP molecules. The PSC is
a  poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thio-
phene] (PBTTT-C14) p-type layer deposited on a flexible
substrate, while the electrolyte is water. The gold-gate plate
was functionalized with a very compact pPOBP SAM. Specif-
ically, the carboxy groups were grafted onto the electrode
surface by means of a solution of 3-mercaptopropionic acid.
The pOBPs were then covalently attached to the surface
through carbodiimide chemistry. This gate was then placed on
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Figure 10. (a) WG-TFT based on a p-type PBTTT-C14. A biofunctiona-
lized Au plate lies in contact with the water droplet, thereby acting as
a gate. (b) The |-V curves are measured in the common-source mode
with Vs scanned between 0 and —0.5 V. The gate bias V varies in the
same range in steps of —0.1 V. The measurements were performed by
sweeping the drain voltage back and forth to evaluate the occurrence
of any hysteresis. (c) Fractional changes in the capacitance as
extracted from the source—drain current measured upon exposure to
(R)-(—)- and (S)-(+)-carvone as well as 2-phenylethanol ligands in the
1 to 10° pM range. Al/l is the electronic response at a given concen-
tration and the relevant dose—response curve is obtained by plotting
these data points at all investigated concentrations as the average
values over three replicates on different devices, with the relative error
taken as one standard deviation. See Ref. [6] for more details.

the water droplet, which was already in contact with the
PBTTT-C14 surface, and the I~V characteristics shown in
Figure 10b were measured. The voltage was swept between
0 Vand —0.5 Vand a uper value as high as 1 x 107 ecm?V~'s™!
was extracted.

To study the pOBP-carvone binding, the fractional
decrease in the output current of the pOBP EG-TFT upon
carvone binding was evaluated. To this end, the Ig versus Vg
transfer curves have been measured in the absence (base line
curve) and in the presence (signal curve) of the carvone
molecules. Al/l = [(I-1,) I, '] is evaluated by taking / and I, as
the Ipgvalues (at Vg=-0.5V) of the signal and baseline
values, respectively. The binding curves of the (S)-(+)-car-
vone and (R)-(—)-carvone ligands to the pOBP SAM are
reported in Figure 10c as AZ/I versus ligand concentration.
The interaction with 2-phenylethanol was used as a negative
control. The response curves to the carvone enantiomers are

Angew. Chem. Int. Ed. 2015, 54, 12562 —12576


http://www.angewandte.org

Bioanalytics

distinguishable down to concentrations of a few tens of pwm,
thus showing that chiral species can be differentially detected
at extremely low concentrations with an EG-TFT. The fitting
of the (§)-(+)-carvone binding curve (red solid line in
Figure 10b) is performed using the Langmuir isotherm
[Equation (1a)], while that of the (R)-(—)-carvone (magenta
solid curve in Figure 10b) could only be modeled using the
Hill binding model [Equation (1b)], which was also used to
model the data for 2-phenylethanol (blue curve). The fit of
the (S)-(4)-carvone data to a Langmuir isotherm with non-
cooperative binding gives a dissociation constant Ky, =
0.8 nm and limit-of-detection of 50 pm, while the quantifica-
tion limit is 150 pm. The best-fit parameters for (R)-(—)-
carvone are Kpg, =20nM and m=0.5 (m<1), which
suggests that an anti-cooperative binding occurs in this case.
Hill’s Equation also successfully accounts for 2-phenylethanol
binding exhibiting an anti-cooperative behavior (m =0.3).
Thus, it can be deduced that the binding of the (S)-
(4+)-carvone ligand is non-cooperative when the pOBPs are
anchored on a solid surface, as is the case for the binding of
pOBP to both enantiomers of carvone in solution. An anti-
cooperative behavior is seen for (R)-(—)-carvone, which
suggests that the close packing of the proteins into a two-
dimensional array allows lateral interactions to occur between
the proteins, which affects the cooperativity. Such lateral
interactions are absent in solution (as expected) and disap-
pears when the confined pOBPs interact with (S)-(4)-car-
vone. This occurrence can be accounted for by a model of the
pOBP layer that foresees a thin layer, maybe constituted by
a few adsorbed water molecules, with a high dielectric that
couples neighboring protein during the interaction with (R)-
(—)-carvone. Interestingly, the model predicts that such
a channel disappears when the protein interacts with (S)-
(+)-carvone.”! Such marked differences in the interaction
mechanisms are most probably responsible for the extremely
high enantioselectivity factor measured. This is taken as the
ratio between the slopes of the linear branches of the binding
curves, and is larger than 6, which is one of the highest
measured, particularly at such an ultralow ligand concentra-
tion. Therefore, the binding of the two carvone enantiomers
to the pOBP SAM, with markedly different levels of
cooperativity and an exceptionally high enantioselectivity
factor, provides evidence that markedly different interactions
can indeed occur for surface-segregated biological recogni-
tion elements.

Besides evaluating the differences in binding properties,
the pOBP EG-TFT binding study shows that the dissociation
constants measured with the TFT (Kp,) are at least three
orders of magnitude lower than those measured in solution
(Kpyo1), while the scale of affinity is preserved. This is exactly
what Equation (3) predicts and it is very interesting to
compute the W values for both carvone enantiomers using
the values measured for the binding free energies in solution
and on the TFT as well as the shift of the device threshold
voltage. In Ref. [6] it is shown that W has indistinguishable
values for the two enantiomers, while a sizable difference is
seen for the W electrochemical work. This means that the
work to immobilize the complex would be independent from
the chiral interaction, thus proving that it mainly involves the
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inner cavity of the pOBP. The data clearly suggest, therefore,
that the AG°, term accounts for the inner cavity processes,
while the surface electrochemical work is connected to the
transistor transduction. These are quite important conclusions
that can only be derived because of the more complete view
of the formation of the pOBP-carvone complexes acquired
by combining information that is measured in solution with
a bioelectronic TFT.

The ability of an electrolyte-gated transistor to detect
minute changes occurring in a protein layer is also supported
by the work of other research groups. In this respect, the case
of a graphene-based EG-TFT that integrates odorant recep-
tors deposited on the graphene surface is quite interesting.
The device structure is reported in Figure 11a." The EG-

a) |

b
)10
—_
X AB
2 5 0.04 M| ¢y
= HB PB BB 0
- 10uM 10 uM
3 H 0uM 10 um
0
T T T 0.04= v T T T T
0 200 400 600 0 2 4 6 8 10
Time (s) Time (days)

Figure 11. (a) Schematic diagram of an EG-TFT based on plasma-
treated bilayer graphene conjugated with an olfactory receptor.

(b) Selective responses of the graphene EG-TFT upon addition of hexyl
butyrate (HB), propyl butylate (PB), butyl butyrate (BB), which are not
target molecules, and of amyl butylate (AB), the target odorant.

(c) Storage test of the EG-TFT. Figure adapted from Ref. [72] and
reproduced with permission, Copyright 2012, American Chemical
Society.

TFT relies on an electronic graphene layer whose surface is
modified by grafting the human olfactory receptors 2AG1
(hOR2AGT1). The graphene bilayer is subjected to a plasma
treatment in a controlled oxygen or ammonia atmosphere to
induce a stable p-type and n-type transport, respectively. The
1,5-diaminonaphthalene was then stacked on the plasma-
treated graphene and linked to the odorant receptor through
reaction with glutaraldehyde.

The hOR2AGT1 is part of the G-protein-coupled receptor
family and exists in two clearly identifiable conformational
states: in one state, the cysteine residues are neutral, while in
the other they are negatively charged. The specific interaction
with odorants triggers a structural rearrangement of the
odorant receptor, which leads to a marked switching to the
negatively charged state.™™ In Figure 11b the Ips transient
traces of the hOR2AG1 EG-TFT exposed to different
odorants are reported. The blue trace is for the n-type
graphene while the red trace is for the p-type graphene. The
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transistor was exposed to extremely low concentrations
(0.05 fm) of an amyl butyrate (AB) ester odorant, which
produces a perfectly measurable relative variation in the
current of a few percent. The change in the current in opposite
directions for the differently doped graphene surfaces is proof
that the system reacts to the net negative charge that forms on
the odorant receptor as it selectively interacts with the amyl
butyrate odorant. No response can be measured when odors
such as hexyl butyrate (HB) propyl butyrate (PB), and butyl
butyrate (BB) are injected at much higher concentrations
(10 um). In this case, the odorant receptors do not undergo the
conformational change that brings them into the charged
state. The detection limit for the AB ester is reported to be as
low as 0.04 fm with a signal-to-noise ratio of 4.2:1, while the
equilibrium constants are in the 107'*m range. Such an
astonishingly low limit-of-detection further proves the poten-
tial of EG-TFTs can be extremely high and even enhanced
when a net charge is generated upon binding. In this case, the
system, although still being modulated by the changes in the
capacitance of the biolayer, also takes advantage of the large
electrostatic changes, which most probably sum up and result
in a huge relative change in the current. The device was also
shown to be very stable over 10 days, as shown by the data
reported in Figure 11c.

Another example that shows the strength of the capacity-
modulated EG-TFT detection is provided by the comparison
of two different bioelectronic TFTs, both detecting dopamine
(DA). In Figure 12a an EG-TFT whose gold gate contact is
modified by a SAM of cysteamine and 4-formylphenylboronic
acid, is reported.”™ This SAM
enables the selective and cova-

L. Torsi et al.

the oxidation of dopamine and gives rise to an increase in the
faradaic current measured with the TFT.”! A similar process
is seen with the bioelectronic TFT reported in Figure 12c. In
such a structure, the graphene layers act as both the channel
and gate electrode.” The graphene gate also acts as the
working electrode in the electrochemical process that leads to
oxidation of the dopamine and to the transfer of an electron
to the gate. The transient current Ipg in the presence of
different concentrations of dopamine are reported in Fig-
ure 12d. The device shows a stable performance, but a dop-
amine concentration of 1 nMm at best could be detected. A
possible explanation to the apparently systematic lower
detections achieved when an electrochemical reaction is
involved is that, as is typical for a potentiometric electro-
chemical process, the double layer charging capacitive current
competes with the faradic one during the detection. This
capacitive component, being typically as high as 20 uFcm 2,
leads to a background transient current that can affect the
detection limits of electrochemical TFTs. On the other hand,
this is a very high capacitance that does not affect the
resultant capacitance of the gating system of a EG-TFT.

4. Summary and Outlook

Electrolyte-gated thin-film transistors can be used as high-
performance as well as printable bioelectronic devices.
Examples of TFTs that involve organic semiconductors as
well as solution-processed zinc oxide and graphene layers

Dopamine
.. . NH,

lent binding of dopamine, as @) V,~ © o
a consequence of esterification ; P Source. Drain —

. . G ’ z ‘
of 4-formylphenylboronic acid / < 4
with dopamine. Such a chemical [ ekotoipe | '
reaction does not involve S |2 ‘]_;) ol
a charge transfer to the electrode. FEC 3 Ny
Instead, in the dopamine adsorp- [Fl2xbll® SUBsiiElS OD//
tion process, a large surface R o
dipole 'bu11.d5 up as a result of H -
the zwitterionic structure of the
boronic acid and the amine (P) 0257— — ' ' ' ' (d) 400 N Dopamine

. is- 0.20 {| =——1pM DA § e 10nM || 1uM
group The transfer chare.lcterls ——lemDA 360l ol - /y
tics measured after exposing the 045 J|— MDA ] Zpg |
gate to different dopamine con- < 010 ——ImMPA 1l =5k \‘ézzsml/ [eua 9007
centrations clearly show that the — ™ f% ) 300 400 500
device is capable of producing = 0.05- 1 Ea80} 100n
a large variation in current, even 0.00 1 ] 1oy 30M 100M l
when a dopamine concentration 240} | l Vps=0-05V
- Al
as low as 1 pM is detected (Fig- 00 2 01 00 01 02 03 o4 : : ;
ure 12b). This is due to a dielec- V (V) 0 500 1000 1500
g Time (s)

tric and electrostatic change
occurring in the SAM upon dop-
amine binding, although no elec-
trochemical oxidation of dopa-
mine takes place. Interestingly,
nM sensitivity was achieved at
best with an organic electro-
chemical transistor that exploits
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Figure 12. (a) Schematic representation of a device which indicates the gate electrode to be the active
sensing surface along the chemical structure of the recognition element SAM on the gold surface.

(b) Transfer curves for different dopamine concentrations. c¢) Schematic diagram of a graphene channel
and an electrolyte-gated transistor with a graphene gate. The electrochemical reaction of dopamine on
the graphene gate electrode is also described. (d) The channel transient current response of the
transistor to additions of different concentrations of dopamine. Vps=0.05V, V;=0.7 V. (a,b) Adapted
from Ref. [73] and reproduced with permission, Copyright 2013, Elsevier B.V; (c,d) reproduced from
Ref. [75] with permission, Copyright 2013, Wiley-VCH, Weinheim.
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have been discussed. The devices have an integrated biolayer
that is interfaced to either one of the electronic interfaces of
the transistor. The key aspect of their functioning mechanism
is the presence of high-capacitance charge double layers that
allow very subtle changes occurring in the biolayer to be
probed as the surface-confined recognition elements selec-
tively interact with their affinity ligand. Differential detection
of chiral species with large enantiomeric discrimination
factors and accurate estimation of interaction energies as
low as a few kJmol ! have been shown. These devices have
also proven to be unique tools with general applicability that
allow ligand detection in the sub-femtomolar concentration
range. Such a technology holds the potential to revolutionize
the present approach to point-of-care diagnostics. At the
same time, a thermodynamic study involving changes in the
free energy in solution and on the electrode gives access to
a holistic approach to the study of the binding properties of
interfacial proteins.
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