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Advances in nanofluidic field-effect transistors:
external voltage-controlled solid-state
nanochannels for stimulus-responsive ion
transport and beyond

G. Laucirica, {7 1*° Y. Toum-Terrones, 1% V. M. Cayon,“ M. E. Toimil-Molares,
O. Azzaroni ' ? and W. A. Marmisollé () *@

lon channels, intricate protein structures facilitating precise ion passage across cell membranes, are
pivotal for vital cellular functions. Inspired by the remarkable capabilities of biological ion channels, the
scientific community has ventured into replicating these principles in fully abiotic solid-state
nanochannels (SSNs). Since the gating mechanisms of SSNs rely on variations in the physicochemical
properties of the channel surface, the modification of their internal architecture and chemistry
constitutes a powerful strategy to control the transport properties and, consequently, render specific
functionalities. In this framework, both the design of the nanofluidic platform and the subsequent
selection and attachment of different building blocks gain special attention. Similar to biological ion
channels, functional SSNs offer the potential to finely modulate ion transport in response to various
stimuli, leading to innovations in a variety of fields. This comprehensive review delves into the intricate
world of ion transport across stimuli-responsive SSNs, focusing on the development of external voltage-
controlled nanofluidic devices. This kind of field-effect nanofluidic technology has attracted special
interest due to the possibility of real-time reconfiguration of the ion transport with a non-invasive
strategy. These properties have found interesting applications in drug delivery, biosensing, and
nanoelectronics. This document will address the fundamental principles of ion transport through SSNs
and the construction, modification, and applications of external voltage-controlled SSNs. It will also
address future challenges and prospects, offering a comprehensive perspective on this evolving field.

remarkable capabilities of biological ion channels, scientists
have embarked on a quest to replicate their principles and

Ion channels, intricate protein structures that facilitate precise
ion passage across cell membranes, are indispensable for
maintaining essential cellular functions.™ While there is a
broad nature of ion channels, some of them present interesting
ion transport properties, including selectivity, sensitivity to
environmental changes, and rapid response. These nanostruc-
tures are responsible for critical processes such as nerve signal
transmission and cellular homeostasis. Inspired by the
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functionalities in fully abiotic nanochannels, so-called solid-
state nanochannels (SSNs).>”

The transport properties of SSNs can be easily tested by
placing the membrane with nanochannels between two elec-
trolyte solution reservoirs, with electrodes connected to a
potentiostat for precise control of the transmembrane voltage.
Upon the application of a transmembrane voltage, ions are
forced to flux through the nanochannels giving rise to an ion
current. This kind of signal, where ions are the signal carriers,
is typically called “iontronic output” in analogy to electronic
signals where electrons or holes serve as signal carriers.”®
Beyond the matter transport across SSNs, the generation of
iontronic signals is the cornerstone for the applications of
this kind of device in several fields such as sensing and
nanoelectronics.

The concept of ion transport control, fundamental to var-
ious biological processes and central to numerous technologi-
cal applications, has been a subject of profound scientific
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interest for decades. Biological ion channels possess the
remarkable ability to modulate ion transport in response to
various stimuli, a feature that opens the floodgates to numer-
ous possibilities for creating versatile platforms applied across
various fields. This capability inspired the scientific community
to develop SSN devices that can tune and control the movement
of ions by different stimuli, harnessing the potential of respon-
sive ion transport in diverse applications ranging from
chemical fluidic actuation®* to biosensing,>™® and from
nanoelectronics to energy conversion systems.'”>> Up to now,
it is well-known that ion transport through SSNs (and
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consequently, iontronic output) is mainly determined by the
channel geometry and the physicochemical properties of the
channel surface.”*** For instance, if the channel aperture is in
the nanometric range, the ion enrichment generated by the
surface charges determines an ion transport governed by the
surface charge density. Similarly, the wettability properties of
the surface as well as the variations in the inner free volume of
the channel can also act as efficient gating mechanisms.>*>®
Notably, the symmetry of the channel plays also a central
role in the iontronic signals. Symmetrical channels display an
ohmic behavior, as the current maintains a linear relationship
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with the transmembrane voltage.>>* Conversely, asymmetric
channels evidence an ion current rectification (ICR) behavior
due to the disruption of the electrical potential symmetry. The
ICR transport regime is characterized by an enhancement of
the ion current (fluxes) at a given transmembrane voltage
polarity.””° One of the simplest ways to control the symmetry
of the channel is by designing channels with different geome-
tries. However, depending on the nanofabrication method (and
the material), the creation of geometrically asymmetric chan-
nels can be not trivial. For those cases, a feasible way to impart
asymmetry is through the asymmetric modification of the
channel surface chemistry. Additionally, the integration of
different building blocks onto the channel surface with the
ability to trigger any structural or charge change upon the
presence of any environmental changes provides a reliable
method to generate stimuli-responsive nanodevices.

Considering all of this context, it becomes evident that the
control of the internal architecture and chemistry of the SSNs is
the primary approach to manipulate ion transport at the
nanoscale and, thus, create functional SSNs. In particular, the
present review is focused on the development of SSNs with ion
transport modulated by external voltages, so-called nanofluidic
field-effect transistors (nFETSs), or ionic FETs.*"**> Within these
systems, the membranes with nanochannels serve as the foun-
dation upon which nFETs are built, providing a rational path-
way for the precise manipulation of ion transport via the
application of external voltages to the channel walls/membrane
surface. Therefore, nFETs offer the ability to modulate ion
currents and matter transport in response to a non-invasive
stimulus, opening the door to a myriad of applications.

As the exploration of nFETs advances, it is essential to
emphasize the construction and modification of SSNs. Various
materials have been employed to construct nanofluidic devices,
including silicon dioxide, alumina, and polymers, with each
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material offering distinct advantages and challenges.>>>%37>
While material selection for nanofluidic devices lays the foun-
dation, it is the modification of the nanofluidic surface that
brings nFETs to life. The crucial aspect of nFET creation
revolves around the integration of materials with suitable
electrical conductivity and responsiveness onto the channel
walls or entrances. This integration breathes electrical respon-
siveness into the nanofluidic surface, enabling the application
of the external voltage and localized variations in physicochem-
ical properties.

In this comprehensive review, we will delve into the intricate
world of ion transport across SSNs, with a particular focus on
recent developments of nFETs. We will present shortly the
fundamental principles that govern ion transport in SSNs and
the construction and modification of these nanofluidic devices,
and focus then on the development of SSNs nFETs. This review
concentrates on SSNs (i.e. channel length significantly greater
than tip diameter), and provides in addition a concise discus-
sion of nFET based on solid-state nanopores (i.e. pore length
comparable to tip diameters), which are technologically rele-
vant for sensing purposes. We will discuss some of their wide-
ranging applications and, finally, we will identify and address
the challenges and prospects that lie ahead, aiming to provide a
comprehensive perspective on this fascinating and rapidly
evolving field.

lon transport in solid-state
nanochannels

The ion flux through SSNs is determined by the physicochem-
ical properties of the channel surface, in particular, the orches-
tration of surface charge, wettability, and volume effects. While
the basics of ion transport have been reported and reviewed
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elsewhere,"®*>*® here we discuss the effects governing the
gating mechanism and their subsequent transduction into
readable signals.

Surface charge effects

Most of the systems that will be analyzed in this review involve
the use of nanochannels with charged surfaces. The charge
usually is provided by the presence of organic molecules with
ionizable groups or the polarization of a metal surface. For
instance, after nanofabrication, nanofluidic devices based on
track-etched or aluminum oxide membranes exhibit acid-base
surface groups capable to acquire a net charge at certain pH
conditions. In other cases, molecular systems with ionizable
groups, including polyelectrolytes, organosilanes, polymer
brushes, biomolecules, etc., can be incorporated onto the
channel walls (or membrane surface) by employing different
chemical or physical routes. Beyond the specific origin of the
surface charges, this scenario requires an understanding of the
interactions between charged surfaces and an electrolytic
solution.

The immersion of a charged surface in an electrolyte
solution triggers an ion redistribution in the proximity of the
surface. In honor of the first models proposed to explain and
characterize this phenomenon, the surrounding solution area
is called the electrical double layer (EDL). Considering only
electrostatic interactions, such ion redistribution is highly
dependent on the distribution of the electrostatic potential
Y(7) in the space (for simplicity, the analysis will be restricted
to only one coordinate, r position):

T 1)

Ci = C(),,' exp<

where C; and C,; are the concentrations of i-compound at
position r and in the bulk, respectively, kg is the Boltzmann
constant, T temperature, e is the electron charge, and z; the ion
valence.

At this point, it is necessary to introduce the Poisson-
Boltzmann equation (for a complete derivation of this equation
and their implications in ion transport through SSNs, we
strongly recommend ref. 36 and 37):

—(:'Z C[Z[

VZ'//(;’) = SIT = % X z]: C(),i eXp (%) Zj (2)

where ¢ and ¢, are the relative permittivities of the medium
(usually water) and the vacuum, respectively. This equation
describes the behavior of the electrostatic potential of the
surface due to the presence of ions in solution.

Poisson-Boltzmann equation is a partial second order
expression that can be analytically solved only for some geo-
metries. For instance, assuming low-charged planar surfaces
(Debye-Hiickel approximation), it gives rise to the following
expression:

W(r) = o exp(—x7) (3)
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where 1, is the electrostatic potential at the surface (r = 0)
and k is the Debye-Hiickel parameter, a magnitude that
depends on the variables related to the temperature and

electrolyte solution:
1 | 2Coe?
(=—= 4
r /ID SSOkBT ( )

k can be also rewritten as the inverse of the Debye length (/p).
The parameter Ap is usually employed as the characteristic
dimension of the EDL. Considering eqn (4), in aqueous solu-
tions, Ap takes values of a few nanometers depending on the
electrolyte concentration and temperature. For instance, /p
diminishes as the electrolyte concentration increases, e.g., for
a 1:1 salt at 25 °C, 4p ranges from ~9.6 nm to ~0.3 nm if the
electrolyte concentration in an aqueous solution is varied from
107> M to 1 M. From a phenomenological perspective, as the
bulk concentration increases, there are more ions available
at the proximity of the surface to screen the surface charges.
This heightened screening, in turn, contributes to a more
pronounced and rapid decay of s as the distance from the
electrode increases.

Usually, it is easier to have an estimation of the surface
charge density (¢) than y,. Considering the electroneutrality
principle and the Debye-Hiickel approximation, it is possible to
find an approximated expression for ¢:

o= Yot 5)

D

Considering all this theoretical framework, it is possible to
conclude that EDL, i.e. the portion of solution in the proximi-
ties (in the range of Ap) to the surface, is characterized by an
increase of the counterion (ions with a charge sign opposite to
the surface charge) concentration and a depletion of the coion
(ions with the same charge sign as the surface charge) concen-
tration. Also, the degrees of ion enrichment and depletion are
accentuated as ¢ increases. While these equations were derived
in conditions that, in principle, are not compatible with the
case of study of this review (channels with nanocurvature,
not flat surface), the trends and qualitative behaviors observed
in Debye-Hiickel are still representatives in more complex
systems. %38

In the case of charged nanochannels, it is assumed that if
the aperture radius is in the order of /p, the counterion
enrichment due to the surface electrostatic potential promotes
ion concentration polarization in the inner volume of the
nanostructure. Thus, working with low/moderated electrolyte
concentrations where the surface charges are not effectively
screened enables the development of selective ion transport
characteristics. On the contrary, in micrometric channels, the
contribution of the EDL to the total volume of the channel is
negligible and, in principle, it limits the possibility of obtaining
ion selective behaviors. However, as will be seen below, this
simplification can fail for the case of highly charged micro-
channels (see Dukhin length analysis).

This journal is © the Owner Societies 2024
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Pioneer works by Renaud, Schoch, and coworkers demon-
strated that the surface charge in silica nanoslits determines
the ion transport through the nanostructure and, consequently,
the iontronic output.?****® They demonstrated that the total
conductance (G) in terms of the KCl concentration can be
modeled as a superimposition of two different contributions:
the bulk conductance given by the salt concentration and
nanochannel dimensions (first term), and the ion excess con-
ductance given by the effective ¢ (second term):

G = 1000(u; + u,)CONAe% + 2u+0% (6)
where u, and u_ are the mobilities of the cation and anion,
respectively, w and # are the width and height of the nanoslits,
respectively, N, is the Avogadro number, and L the length.
Therefore, they showed that, at low KCI concentrations between
107° M and 107> M (Jp in the order of slit size), G remains
almost constant, which is attributed to a surface charge-
governed transport that generates an excess of mobile counter-
ions inside of the nanoslit; i.e. second term > first term. At
high KCl concentrations (>10"> M), the first term is larger
than the second term (1p « slit size) and G follows a linear
trend with the salt concentration, which indicates a bulk
control of the iontronic response. Considering this, they
demonstrated that, under appropriate conditions of ionic
strength, the conductance of the nanostructure can be regu-
lated by changing the surface charge density of the nanoslit. As
will be addressed thorough this review, this conclusion is
central for the actuation of a wide variety of nFET devices.

The ion transport characteristics of charged channels also
depend on the nanofluidic device symmetry.>'®** Symmetrical
cylindrical channels usually exhibit a conductance value depen-
dent on the surface charge but independent of the transmem-
brane voltage. Thus, the current-voltage curves (I-V) follow a
linear trend whose slope (i.e. the conductance) is determined by
the effective surface charge density, as schematized in Fig. 1(a).
On the contrary, in asymmetric channels, the conductance
depends on both the surface charge density and the transmem-
brane voltage. The I-V curves are characterized by a rectifying

View Article Online
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(ICR) behavior where the conductance at a given transmem-
brane voltage polarity is enhanced with respect to the opposite
polarity (Fig. 1(b)).

Various theories attempt to elucidate the occurrence of ICR
in the I-V curves of asymmetric channels. Among these the-
ories, the most widely utilized is based on the accumulation-
depletion of ions. This theory finds support in quantitative
descriptions  obtained  through  Poisson-Nernst-Planck
(PNP) simulations conducted on geometrically asymmetric
channels.*"*> Fig. 2(a) presents the ion profiles inside a
negatively charged conical nanochannel determined by PNP
simulations. Within this theoretical framework, counterions
are enriched in the tip region due to electrostatic interaction
with the surface charges when they are driven from tip to base
by applying a certain transmembrane voltage polarity. Simulta-
neously, coions are also enriched but in a lower degree to
maintain the electroneutrality. This ion accumulation, in turn,
generates enhancement in the current at a given transmem-
brane voltage polarity. For the case revisited in Fig. 2(a), such
enhancement in the current is given at positive transmembrane
voltages. It is worth mentioning that, as both kind of ions are
enriched at this voltage polarity, the current presents a low
selectivity, i.e. while the ratio of current (I) transported by
cations (|I/I]) results higher to that transported by anions,
both magnitudes are in the same order (Fig. 2(b)).

On the contrary, if transmembrane voltage polarity is now
inverted, coions are forced to migrate from tip to base but their
repulsive electrostatic interactions with the charged surface
groups create a barrier to entry into the channel, leading to
an ion depletion. Consequently, a low conductance state is
established. For the case revisited in Fig. 2(a), such low con-
ductance state is given at negative transmembrane voltages
and, as shown Fig. 2(b), presents a high degree of ion selectiv-
ity. These trends have been schematized in Fig. 2(c) for the case
of a negatively charged conical nanochannel. However, by using
the same line of thinking, an analogous scheme can be
obtained for positively charged conical channels.

Considering the origin of ICR, the efficiency of the rectifica-
tion (i.e. the ratio between the currents at both transmembrane

lon transport
through
SSNs
(a) (b)
Symmetric | Surface charge 1 Asymmetric |
channels g | channels
" e —————
Qe o
- -l |, o0 w?
% — vV

Fig. 1 Scheme illustrating the typical iontronic output (/-V curves) for (a) symmetric and (b) asymmetric channels. The scheme also indicates the

dependence of the response on the surface charge density and polarity.
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Fig. 2 (a) lon concentration profiles at different channel regions (r). r = 0 um and r = 12 um correspond to the narrow (tip) and wide (base) apertures of

the negatively charged conical nanochannel. (b) Ratio of the total current transported by cations at different transmembrane voltages. (c) Scheme that
summarizes the cation and anion fluxes upon the different polarities of transmembrane voltage and the consequent current—voltage curve. Adapted with

permissions from ref. 42, with permission from AIP Publishing, 2006.

voltage polarities) typically increases as the surface charge
density increases (Fig. 1(b)).*> However, as the ICR is closely
related to the selectivity of the system, its efficiency is also very
sensitive to other parameters such as the channel diameters
and salt concentration. This fact makes difficult to find a
general equation for the efficiency of the rectification in terms
of the experimental variables and structural parameters of the
channel. Although that, the trend between the rectification
efficiency and the surface charge is widely employed for sensing
purposes.**

Remarkably, ICR means a vectorial transport where the
direction of the favored current depends on the surface charge
polarity.*>™*’ In other words, the transmembrane voltage polar-
ity associated with higher conductance values is dictated by the
type of net surface charge (Fig. 1(b)). As was exemplified in
Fig. 2, if the ICR is dictated by a negatively charged surface, the
behavior is referred to as cation-driven or cation-selective
rectification due to the main contribution of cations to the
current, and the high conductance branch is placed at positive
transmembrane voltages (if working electrode is faced to the tip
channel) (Fig. 1(b), red curve). However, if all the experimental
conditions are maintained but, the polarity of the channel

Phys. Chem. Chem. Phys.

surface charge is inverted, the I-V curve exhibits the high
conductance branch at negative transmembrane voltage and
ICR is referred to as anion-driven or anion-selective rectifica-
tion (Fig. 1(b), green curve).

Usually, it is assumed that a tip diameter in the nanometric
range and moderated electrolyte concentration are required to
obtain a /p/channel radius ratio suitable to evidence the ICR
phenomenon. However, different reports have shown the pos-
sibility of fabricating highly-charged channels with micro-
metric apertures that still display ICR.***° To explain that, it
is necessary to introduce the Dukhin length (Ip,):

lo|
o= 7
b BC() ( )

This parameter represents the ratio between the surface and
bulk conductivities and, in contrast to lp, its magnitude is
sensitively affected by ¢. A dimensionless Dukhin number (Du)
can be introduced:

_ 2[Du

Du 7 (8)

where d is the channel diameter. A comprehensive analysis
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from Bocquet’s group based in theoretical calculations showed
that when I, takes values in the order or higher than the
channel radius (i.e. Du > 1), the nanofluidic device can exhibit
significant selectivity and rectification efficiencies. Therefore,
this magnitude involves a more representative parameter of
selectivity (and rectification) instead of the ratio Ap/channel
radius (further details are available in ref. 50) and explain the
possibility to obtain ICR even in microchannels.

Volume exclusion

Frequently, the changes in the solution properties or the
application of a certain stimulus can generate a rearrangement
of the molecular systems grafted on the channel walls which
gives rise to variations in the inner free volume and effective
channel size.>>*'™>* In particular, the volume of the channel
influences the number of ions to be transported and, therefore,
a change in this parameter will trigger variations in the ion
transport and the iontronic output (Fig. 3(a)). Consequently, a
diminution in the inner free volume generates an increment in
the membrane resistance.”?

The great sensitivity of the iontronic signal to the changes in
the channel-free volume has been also employed as a strategy
for the development of nanofluidic biosensors.>*° In these
cases, the recognition element is generally grafted onto the
channel surface in such a way that the subsequent exposition to
a bulky analyte (e.g., proteins or viruses) produces appreciable
changes in the inner volume and, consequently, in the iontro-
nic signal.

It is worth mentioning that, for charged channels, a diminu-
tion in the channel volume might also generate an accentua-
tion in the surface electrostatic potential inside of the channel

Volume
exclusion

(a)
High free
volume
v
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transport |
through
SSNs
Stimulus % © 5L 00,
Hydrophilic
Hydrophobic

 wotaviy N
(b)

Fig. 3 Scheme illustrating the implications of the variations in the (a) free
volume and (b) surface wettability of the channel over the /-V curves.

This journal is © the Owner Societies 2024

View Article Online

Review

due to the decrease in the effective channel size. Under this
scenario, the accentuation of the influence of the charged
surface groups can give rise to a more selective transport and,
even, changes in the transport regimes.>” This can be employed
as a top-down approach to design permselective nanofluidic
devices from micrometric channels. For instance, Pérez-Mitta
et al. demonstrated that the immobilization of polydopamine
onto the channel surface turns the transport from a non-
selective ohmic behavior to a rectifying behavior due to the
appreciable reduction of the channel tip size from the micro-
metric to the nanometric range.”®

On the other hand, in certain devices where the channel
dimensions are in the order of the hydrated ion radii, the steric
effects take even more relevance. That is the case of the
incipient field focused on the development of nanofluidic
membranes modified with metal-organic frameworks. The
integration of these materials, typically characterized by their
microporosity (pore size <2 nm), triggers notable variations in
the ion transport properties across the membrane.’**' For
instance, several authors have shown the impossibility of
certain ions being transported through the membrane due to
the access impediment to the narrow ion paths provided by the
MOF structure.®” Furthermore, the combination of this strong
reduction of the ion path size and surface charge might give
rise to different iontronic output regimes such as ion saturation
current.””

Wettability

Biological ion channels can regulate the ion flux by employing
hydrophobic gating.®>** Similarly, ion transport in solid-state
nanochannels can also be regulated by changes in the wett-
ability properties of the surface. In these cases, the hydropho-
bic properties of the surface can act as an efficient permeation
barrier due to the unfavorable interactions between the water
and the surface that depletes water molecules (‘‘dewetted”) in a
given channel region (Fig. 3(b)). Under this condition, ion
conduction is restricted due to the high energetic barrier.

It has been demonstrated that hydrophobicity changes
promoted by the application of a certain stimulus can be
employed as a very efficient ON/OFF switch.®® For instance,
Vlassiouk et al. introduced the creation of a light-controlled
valve based on the modification of an alumina nanofluidic
membrane with a photochromic spiropyran molecule.®® Upon
UV irradiation, the spyrocycle is transformed into its isomer.
This change in the molecular system grafted on the channel
walls triggers profound changes in the wettability properties of
the membrane. Specifically, the surface switches from a non-
wetted state (hydrophobic) to a fully wetted (hydrophilic) state
which leads to an abrupt increment of two orders of magnitude
in the ion conductance. More recently, Xie et al. showed a
similar light-activated channel by modifying a polyimide nano-
channel with an azobenzene derivate.®” Interestingly, these
authors demonstrated that the hydrophobic barrier can be
broken by irradiating with appropriate light and increasing
the transmembrane voltage magnitude. Similar behaviors have
been reported in other systems.®® 7>
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Nanofluidic field-effect transistors
(nFETs) — definition and experimental
setup

As was mentioned, the fundamental strategy to create stimulus-
responsive systems is based on the immobilization of different
responsive molecular systems onto the channel walls. In the
case revisited here, we are interested in the application of a
certain external voltage to promote changes in the physico-
chemical features of the channel walls and, concomitantly, in
the ion transport and the iontronic output.

In analogy to electrolyte-gated field-effect transistors (FETS)
where the application of a gate voltage modulates the electronic
current between the drain and source electrodes (under a
certain constant value of the voltage between drain and source),
the main idea in nFET devices is that the external voltage
modulates the ion current through the membrane (under a
certain constant value of transmembrane voltage) (Fig. 4). From
this analogy, voltage-gated nanofluidic devices are referred here
to as nFETs whereas the external voltage is the so-called gate
voltage (V). Noteworthy, signal carriers in nFETs are the ions
which is an important difference compared to electrolyte-gated
FETs where the signal is given by electrons and holes. For this
reason, nFET devices are also referred to as ionic FETSs in the
bibliography.

In addition to the differences in the signal carriers, it is
worth mentioning that the mechanisms that govern the
response in each case are strongly different. As will be seen,
in the case of nFETs, the signal modulation is given by the
changes in the physicochemical properties of the channel
(and membrane) surface promoted by the V, action. On the
other hand, in the case of electrolyte-gated FETSs, a semicon-
ducting material is connected between the source and drain
electrodes and, connected to the gate electrode by an electrolyte

Field-Effect Transistor
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Nanofluidic field-effect transistor (nFET)
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Fig. 4 Scheme illustrating the analogy between electrolyte-gated field-
effect transistors and nanofluidic field-effect transistors (external voltage-
controlled SSNs).
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solution.”” The V, application produces a drift of anions or
cations towards the semiconductor channel that, in turn,
enhance or deplete its charge carrier concentration. The V-
controlled variations in the charge carrier concentration of the
semiconducting material results in a modulation of its
conductance.

As expected, the observation of field effects on the nano-
fluidic transport requires the control of two different voltages,
the transmembrane voltage (V;) that forces the ion flow through
the membrane and the external voltage (V,) that acts as the
stimulus. Experimentally, the membrane is placed between two
reservoirs filled with electrolyte solutions, and a two or four-
electrode arrangement is connected to a potentiostat to control
V. and, simultaneously, record the ion current (iontronic
output). Moreover, nFETs also require the application of V,
(against a reference electrode) directly on the membrane sur-
face. For this, it is necessary to deposit any conducting material
(for example, a gold layer) onto the membrane surface. Such
external voltages can be applied simultaneously or separately to
the transmembrane voltage. In the first case, it is possible
kinetics studies of the iontronic response towards the changes
in V; but, as a drawback, a bipotentiostatic mode is usually
needed. In the second case, the membrane is exposed to a given
V, before the iontronic measurement.

Beyond the kinetic information, the main advantage of the
bipotentiostat mode stems from the possibility of simulta-
neously obtaining two different signals. The electrochemical
and iontronic currents that arise from the application of V; and
Vi, respectively. The former is mainly given by the electroche-
mical reactions or surface charge reorganization onto the
membrane surface, while the latter is given by the ion transport
across the channel and, consequently, it presents a main
contribution to the surface effects of the channel walls. This
fact not only allows a cross-verification of the actuation mecha-
nism but also enables the creation of dual-signal devices
for different purposes such as biosensing or fundamental
studies.”"”> Noteworthy, dual-signal offers more reliable sen-
sing by minimizing the probability of false positives and, at the
same time, makes possible a higher understanding of the
sensing mechanism and its relation with the channel
parameters.”®7®

Fabrication and fundamental principles
of nFETs

For most SSN nanofluidic devices the membranes employed
have been polymeric track-etched membranes (polycarbonate
-PC- and polyethylene terephthalate -PET-), aluminum oxide,
and silicon-based channels. A short paragraph will be dedi-
cated to briefly summarize the key aspects of each kind of SSN.
Details on the different nanofabrication methods can be found
in previous review articles and books.®*%2%:3¢

Silicon-based nanochannels and nanoslits can be created by
different nanofabrication protocols.*”**® One common
method is the sacrificial layer method which includes optical
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lithography and chemical treatments and results in silica
nanoslits connected with two microchannels (the fluidic
reservoirs).””®""%2 Other nanofabrication methods have also
employed sol-gel chemistry or e-beam lithography and etching
treatments.*>** Multichannel aluminum and other metal oxide
membranes with highly ordered symmetrical channels are
typically obtained with different sizes and lengths by employing
a two-step electrochemical anodization protocol.?*>%*"%” Etched
ion-track membranes have been synthesized in different mate-
rials including PC, PET, or polyimide by employing swift heavy
ion irradiation and subsequent chemical etching.?**®%° By ion-
track nanotechnology, remarkably, it is possible to indepen-
dently control most of the relevant channel parameters such as
density (channel number per area unit), geometry, and size.

One of the key aspects during the creation of the nFETSs is
the functionalization protocol that confers electrical respon-
siveness to the nanochannel surface. The nFET fabrication
usually requires the integration of materials with appropriate
electrical conductivity to the channel walls (or entrance) such as
metals, metal oxides, or electroactive organic molecules. This
fact has been mostly achieved by sputtering and electroless
protocols. In the former, an inorganic layer (typically, gold,
platinum, or indium tin oxide -ITO-) with a given thickness is
deposited on the membrane surface. In these cases, the gating
is mainly given by the outer membrane surface.”* In the latter,
the metal layer (typically Au) coats both the channel walls and
the membrane surface. However, the integration of a homo-
geneous layer with small grain sizes and controlled thickness is
not a trivial issue.’® More details on the different nanofabrica-
tion methods can be found in ref. 18, 25 and 36.

To create nFETs, different building blocks and modification
methods have been reported. Depending on the nature of the
building blocks employed during the post-functionalization of
the nanofluidic device surface, nFETs can be divided into three
groups:

1. Inorganic nFETSs: nanofluidic devices (inorganic or poly-
meric) post-functionalized with metals and inorganic oxides.

2. Inorganic/organic nFETs: nanofluidic devices (inorganic
or polymeric) post-functionalized with both an inorganic coat-
ing (e.g. metals) and organic molecules (e.g. electroactive
polymers).

3. Organic nFETs: nanofluidic devices (inorganic or poly-
meric) post-functionalized with only organic molecules (e.g.
electroactive polymers).

In the following, some common aspects related to the
creation and gating mechanisms of the different subclasses
will be addressed.

Inorganic nFETs

In this category, the SSNs are directly modified with inorganic
layers, typically gold or metal oxides, and different gate voltages
are applied to the inorganic layer to control the surface charge
excess which, in turn, modulates the ion current.®’ In the
absence of applied V;, ion transport is controlled by the native
surface charge of the channel. However, the application of a
specific V, value can either increment (when V, polarity aligns
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with the native charge), neutralize, or even reverse (when V,
polarity opposes the native charge) the polarity of the native
surface charge.”> The magnitude of the change is directly
related to the magnitude of V,. Pioneering works focused on
the creation of external voltage-controlled actuators in different
nanofluidic devices, including track-etched membranes,””
silica-based channels,®” and Si;N, nanopores,®* employed this
approach.

Important advances in this kind of device were obtained by
Charles Martin and coworkers in the late ‘90s.”>% In their
studies, they demonstrated the possibility of creating nFETs by
modifying multichannel track-etched PC membranes with
cylindrical channels with a gold layer via electroless. In the
presence of Cl7, ion transport of metalized membranes was
mainly governed by the surface charge provided by anion
adsorption onto the gold layer. However, experiments con-
ducted in KF salts or after the integration of a thiol onto the
gold surface, where anion adsorption is prevented, displayed
excellent ion transport modulation by V,. Under those condi-
tions, the authors demonstrated the possibility of varying the
ion selectivity (given by the transference numbers) from almost
ideal anion-selective to cation-selective by varying V, from 0.4 V
to —0.4 V. Remarkably, they also showed that selectivity can be
enhanced by decreasing the effective channel size.

Further advances in inorganic nFETs based on track-etched
membranes were demonstrated by Siwy’s group. For instance,
in 2009, Siwy and coworkers reported the creation of an nFET
based on a track-etched PET membrane bearing a single
conical channel with an insulated gold thin film as the gate
electrode (Fig. 5(a)).”* For this purpose, after the nanofabrica-
tion protocol, the track-etched membrane was modified on the
tip side with a gold layer (~50 nm) and, subsequently, with a
silicon dioxide layer (~50 nm) to isolate the gold. Before both
gold and silicon dioxide deposition, a thin titanium oxide film
(<15 nm) was integrated onto the membrane surface to
improve the metal adhesion. In all the cases, oxide and metals
were integrated by employing an electron beam evaporator. In
the absence of V, applied, the system exhibited a typical cation-
driven rectification due to the presence of negatively charged
groups on the silica surface. Counterintuitively, the application
of V; < 0 V produced the diminution of the rectification
properties although an increment in the number of negatively
charged sites was expected (Fig. 5(b)). The reason behind this
behavior was attributed to an ion concentration polarization in
the tip region promoting an ion depletion that caused an ion
current saturation regime. The ion current saturation was more
abrupt as V, (and, therefore, surface charge) became more
negative. On the contrary, the application of V; > 0 V
(and, <2 V) did not produce notable changes in the ion current
due to the difficulty of overcoming the negative native charge of
the silica layer.

Inorganic nFETSs have been extensively studied by employing
titanium and silicon-based nanofluidic channels.>"7%8%8%95-98
For instance, pioneering works were reported by Karnik et al.
employing arrays of silicon-based nanochannels.””®® In those
works, they demonstrated the ability of nFETs to control not
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only the ionic conductance but also the transport of fluorescent
dyes, DNA chains, and labeled proteins by changing the V,
polarity and magnitude.

Nam et al. reported an nanopore array FET based on a TiN
membrane sandwiched with Si;N, dielectric films (Fig. 5(c)).**
Such a nanofluidic device was firstly constructed by employing
e-beam lithography and reactive ion etching and, then, mod-
ified with a TiO, via atomic layer deposition to control the final
diameter in the sub-10 nm range. Employing the TiN film as a
gate electrode, they showed the possibility of modulating the
ion transport at low electrolyte concentrations (<10 M) by
modulating V,. As shown in Fig. 5(d), the nFET displayed an
increment of the ion current when V, became more negative.
Conversely, in the positive range of V,, the ion current
remained constant regardless of the magnitude of V,
(Fig. 5(e)). This trend, similar to the above-mentioned by Siwy
and coworkers, was referred to as ‘“‘unipolar behavior”.

Due to the high charge density of silica, this kind of device
usually presents a unipolar behavior (the system typically acts
only as cation selective) because the high native surface charge
cannot be overcome by the application of Vg.83 To have com-
plete control of the transport with the electrostatic field, a very
low native or null surface charge is essential which can be easily
achieved by employing post-functionalization methods.’® For
instance, Lee et al. demonstrated that this fact can be overcome
by adding a layer of low surface charge such as Al,O; and

Phys. Chem. Chem. Phys.
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replacing the planar gate electrode (i.e. only in a given channel
wall) with a gate electrode in the entire channel surface in such
a way that changes in the V; can be enough to exceed the native
charge of the channel walls.”® Notably, the sensitivity towards
V, increased, and the electrochemical nanoactuator displayed
an ambipolar behavior with an extended operative range of
electrolyte concentrations (<1 M KCl).

The first advances in this topic were obtained with inorganic
nFETs. Remarkably, in the case of silicon-dioxide-based nano-
fluidic devices, it is possible to introduce different variations to
the gate electrode position and geometry which provide differ-
ent kinds of iontronic signals (see section “Applications”).5*%°
Beyond the material of the nanofluidic device, the above-
mentioned reports have shown the success of this strategy to
remotely control the ion transport across the SSN in a rapid and
non-invasive way by polarizing the gate electrode with relatively
low voltage magnitudes (|Vy/ < 1 V). One of the disadvantages
of this approach seems to be the necessity to work with
nanochannels with small diameters (<20 nm) which could
be challenging from the nanofabrication perspective. More-
over, most of the results were obtained under low ionic strength
(typically KCI concentrations <1 mM) providing low current
magnitudes. As it was explained, the application of modifica-
tion methods such as atomic layer or electroless depositions as
top-down approaches and the design of all-around gate electro-
des can be interesting strategies to overcome nanofabrication
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challenges and ionic strength limitations, respectively. On the
other hand, the high native charge of materials like silica or
gold (in CI™ bath) can lead to unipolar behavior or, even, to the
impossibility of modulating the ion transport with V. For these
cases, the modification of the surface with neutral or lowly
charged materials (some thiols or Al,0;) can be a good
alternative.

Inorganic/organic nFETs

Inorganic/organic nFETs include the modification of the nano-
fluidic device, typically a track-etched or alumina membrane,
with a metal layer to provide conductive properties to the
surface and, subsequently, the immobilization of an electro-
active polymer layer, as shown in Fig. 6(a). For this purpose,
electropolymerization has been the most employed method due
to its advantages such as easy synthesis, good stability, and
high thickness control. In particular, previous reports have
shown that the increment of the polymer thickness leads
to a diminution of the channel aperture.’® Therefore, the
electropolymerization protocol also provides the possibility to
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modulate the final nanochannel aperture. For its part, spin-
coating represents a good option when the electropolymeriza-
tion requires conditions difficult to make compatible with the
nanofluidic membranes, for example, organic media.'*

In contrast to inorganic nFETSs, the gating mechanism in
inorganic/organic nFETS is based on the redox transformation
of the electroactive polymer and its concomitant variations in
the physicochemical properties of the channel entrance sur-
face. Thus, the application of different V, controls the redox
state of the electroactive polymer (and, therefore, its chemical
structure) in the channel entrance. When the applied V, is
enough to promote the reduction or oxidation of the electro-
active polymer, the variations in the surface charge, volume, or
wettability of the electroactive polymer layer trigger modifica-
tions in the ion transport across the channel which, in turn,
modify the iontronic signal.

In 2015, pioneering works by Azzaroni and coworkers
reported the creation of this new generation of nFET based
on the integration of a gold layer and polyaniline (PANI) onto
the surface of a track-etched PC membrane bearing a single
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conical channel.'® PANI is a conducting polymer with three
different redox states: leucoemeraldine (fully reduced), emer-
aldine (intermedium state), and pernigraniline (fully oxidized).
A peculiarity of PANI is that its redox transformation is coupled
to acid-base equilibria and, particularly, the number of posi-
tively charged sites in the layer increases as PANI is oxidized.
Therefore, the modification of a single conical PC nanochannel
with a gold layer via sputtering and, subsequently with a
PANI film via electropolymerization allowed the electrochemi-
cal control of the surface charge density at the channel
entrance. Thus, the application of V; > 0.2 V caused the PANI
oxidation from lecuoemeraldine to emeraldine which was
transduced in an increment of the rectification properties
(anion-driven rectification) due to the increase of the number
of positively charged sites. In the last years, this concept
was transferred to other electroactive polymers such as poly-
pyrrole (PPy),'®* poly(vinylferrocene) (PVFc),"** and poly-o-
aminophenol (POAP).'*?

For instance, the integration of POAP onto the surface of a
track-etched PET membrane with a single bullet-shaped chan-
nel demonstrated the possibility of modulating the ion trans-
port from a low rectification to a high rectification state in
0.05 M NaClO, at pH 2 (Fig. 6(b)).'®® This fact was enabled by
the increment of the charged state of POAP when the polymer is
reduced upon the application of V, < 0.2 V. Remarkably, this
system displayed a very rapid (<2 seconds) and reversible
(5 cycles) reconfiguration of the ion conductance to the differ-
ent external voltages proving the potential of this technology to
rapidly control the ion transport with a non-invasive stimulus.

The new generation of nFETs based on electroactive poly-
mers presents several advantages. In particular, redox transfor-
mation of electroactive polymers is usually possible at low
voltage magnitudes (|Vg] < 1 V) which offers the possibility
to precisely modulate the ion transport by delivering low energy
stimuli. Furthermore, the properties of electroactive polymers
provide a reversible and rapid fine-tuning of the ion transport
towards the different V. Also, the actuation of these devices has
been demonstrated even in channels with tip diameters around
100 nm and with supporting electrolytes in concentrations
of 0.1 M which results in higher currents and mass transport.
On the other hand, the chemical properties of electroactive
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polymers make it possible to combine external voltage actua-
tion with other functionalities such as pH, light, or chemical
effectors responsiveness.”*'%*'% As a disadvantage, certain
electroactive polymers require specific operative conditions
for being reversible oxidized and reduced such as an acidic
medium.”*

Organic nFETs

One of the main requirements to create an nFET is the
necessity to have a conducting surface to apply the different
external voltages. In general, such condition is fulfilled
by the integration of a metal or metal oxide layer with out-
standing conductive properties, including gold, platinum, or
ITO.”*'>'%* 1n 2018, Perez-Mitta et al. reported for the
first time an all-plastic nFET, i.e. an nFET fabricated without
adding any inorganic conductive layer onto the channel
surface.'”” For this, the authors took advantage of the
excellent conductive properties of the conducting polymer
poly(3,4-ethylenedioxythiophene) (PEDOT) doped with tosylate
(Fig. 7(a)). This fully organic nFET was based on a single bullet-
shaped PET nanochannel modified with a layer of PEDOT of
60 nm of thickness deposited by spin-coating. Considering the
net charge variation during PEDOT:tosylate redox transforma-
tion, the ion transport was modulated between cation-selective
(fully reduced PEDOT, V, = —0.6 V, OFF state at V; = 1 V), non-
selective (intermediate PEDOT state, V, = —0.2 V) and anion-
selective (fully oxidized PEDOT, V, = 0.8 V, ON state at V; =1V)
(Fig. 7(b)). Consequently, the iontronic signal was switched
between a cation-driven rectification, ohmic behavior, and
anion-driven behavior, respectively (Fig. 7(c)).

The main advantage behind this strategy relies on its
simplicity and cost-effectiveness. It allows the creation of a
functional nFET with an external voltage-controlled ion trans-
port in only one single step of postfunctionalization. Similar to
inorganic/organic nFET, the actuation towards the different
Vg is reversible and rapid, also, it can be achieved even in
microchannels (tip diameter >100 nm) at moderated KCl
concentrations (0.1 M). As a disadvantage, omitting the inor-
ganic conductive layer is not feasible for every electroactive
polymer. In this regard, PEDOT:tosylate exhibits exceptional
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conductivity properties that make possible the electrochemical
nanoactuation.

Features and applications
Generation and control of iontronic signals

Most of the proof of concepts behind the actuation of nFETs
has been focused on the control/generation of iontronic signals
and manipulation of matter. For instance, imparting asymme-
try during the nanofabrication or modification enables the
generation of nanofluidic devices with diode-like behavior with
efficiency and magnitude that can be finely tuned by V,. In
these cases, the interplay between the structural or chemistry
symmetry added to the modulation of charged groups given by
the external voltage control has proven the possibility to alter-
nate the signal between different iontronic states including,
ohmic, cation-driven, and anion-driven rectification.

Recently, Fuest et al. demonstrated the possibility of mod-
ulating the current magnitude and direction by the gate
potential.”® They constructed an nFET device based on a
borosilicate nanochannel with a gold gate electrode isolated
from the solution by a polydimethylsiloxane layer (Fig. 8(a)).
Remarkably, the ion current at fixed V; = 3 V could be manipu-
lated between three different states (forward, zero, and reverse
currents) by changing V, from +2 V to —2 V (Fig. 8(b)). The
authors assumed that the V, application alters the electric field
in the proximity of the gate electrode and leads to the three
current-state behavior. Such current modulation was maximum
for 1 mM KCl (Fig. 8(c)).

In contrast to track-etched membranes, the use of silica
channels provides the possibility to configure the position of
the gate electrode which presents a crucial role in the final
response.’®® Regarding this effect, Guan et al. introduced a
voltage-gated silica channel with the ability to reconfigure the
ion transport regime and the diode functions (direction and
rectification efficiency) by adjusting the gate electrode
position and V, magnitude and polarity.*” In this work, the
authors demonstrated that it is possible to confer rectification
properties to an array of symmetrical silica channels by
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asymmetrically positioning the gate electrode near one of the
microfluidic reservoirs. Additionally, rectification direction can
be modulated by varying the V, polarity and, therefore, the type
of excess surface charge. The magnitude of the rectification
factor could be enhanced by increasing the |V,|. Remarkably,
they also showed the possibility of appreciably increasing the
rectification efficiencies by including two gate electrodes to the
nanofluidic device.

On the other hand, nFETs based on electroactive polymers
have attracted special attention. In general, it is assumed that
the selection of the electroactive polymer determines the actua-
tion range because the gating mechanism relies on the physi-
cochemical changes of the polymer during its redox
transformation. For instance, the modification of only one side
of nanofluidic devices with a metal layer and then, an electro-
active polymer such as PVFc or PPy makes it possible to switch
the iontronic output between an ohmic behavior to an anion-
driven rectification upon the polymer oxidation.'®>'°* This is
because in both cases, PVFc and PPy, the polymer oxidation
generates positively charged groups in the chain that modify
the ion transport properties of the channel similarly. The
presence of such charged groups added to the asymmetry
imparted either during the modification or channel nanofab-
rication explains the diode-like behavior when V, magnitude is
enough to promote polymer oxidation.

Beyond the selection of the electroactive polymer nature, the
iontronic signals can be effectively modulated with the geome-
try of the nanofluidic device. For instance, as it was mentioned
above, the ion transport properties of conical channels mod-
ified with a gold layer and a PANI film can be alternated
between rectification states of different efficiencies by control-
ling the V,.'° However, employing the same building blocks,
Hu et al. introduced an nFET with the ability to switch the
iontronic output from an ion current saturation regime to
ohmic behavior by electrochemically changing the redox state
of PANL'® For this, they reported the design of a PNP nano-
fluidic bipolar junction transistor by sandwiching a PANI film
between two multichannel PET membranes bearing conical
nanochannels. Therefore, if the V, applied to the PANI layer
was enough to promote the polymer oxidation (Vy > 0 V), the
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increment in the charged state of PANI generated a peculiar ion
current saturation regime and, consequently, the I-V curve
adopted a sigmoid shape (S-shape). Conversely, the reduction
of the PANTI triggered by V, < —0.5 V led to an ohmic behavior
due to the loss of charged sites in the polymer film.

So far, it has been demonstrated that the design of the nFET,
including gate electrode position, electroactive polymer nature,
and channel geometry, among others, enables the generation of
different kinds of iontronic signals. However, another interest-
ing aspect of inorganic/organic nFETs stems from the ability to
confer other functionalities by exploiting the electrochemical
richness of electroactive polymers which further expands its
application field. For instance, Laucirica et al. demonstrated
the possibility of finely tuning the iontronic signal, i.e. not
only the rectification magnitude but also its direction, by
harnessing the interplay between the redox transformation of
POAP and its interaction with multivalent anions from the
supporting electrolyte.”* The nFET was created by modifying
single-channel track-etched membranes bearing a single bullet-
shaped nanochannel with a gold layer via sputtering and,
subsequently, with a POAP film by electropolymerization
(Fig. 9(a)). The use of KCl as a supporting electrolyte led to
the expected anion-driven rectification due to the presence of
positively charged amino groups of POAP (Fig. 9(b)). Such
anion-driven rectification could be enhanced or turned off by
applying a voltage of —0.2 V (total reduction) or 0.2 V (total
oxidation). However, employing sulfate ions as the supporting
electrolyte gave rise to a cation-driven rectification due to the
local inversion of the charge promoted by the interaction of
divalent anions with the amino groups from POAP (Fig. 9(c)).
Under this condition, the cation-driven rectification could be
enhanced or turned off by applying a V, of 0.2 V (total
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oxidation) or 0.2 V (total reduction). The rectification efficiency
(given by the rectification factor) could be precisely modulated
by reducing and oxidizing the electroactive polymer in the
range of 0.2 V > V, > —0.2 V. Therefore, by exploiting
the combination of supporting electrolyte and gate voltage,
the device could alternate between ohmic, anion-driven, and
cation-driven rectifying regimes.

The interaction between the bath ions and the electroactive
polymer can be also utilized to alter the gating mechanism.
Exploiting this concept, Zhai and coworkers introduced the
creation of an nFET by modifying an aluminum oxide multi-
channel membrane with a gold layer and a PPy film doped with
perfluorooctanesulfonate (PFOS™)."'® Under a reduced state,
PPy does not present charged groups, while its oxidation
generates positively charged groups with a consequent entry
of the bath’s anions to the film.'* For the case of experiments
conducted in a tetraethylammonium-PFOS™ salt, PPy oxidation
(Vg = +1 V) drove the PFOS™ ions into the film. Given the
hydrophobic nature of the anion, the oxidation of PPy resulted
in a superhydrophobic state where the ion transport is highly
unfavoured. Conversely, the PPy reduction (V, = —0.6 V) drove
the anions out of the film resulting in a hydrophilic state that
allowed a high flux of ions through the nanochannels. In
conclusion, the precise and non-invasive electrochemical
handle of the wettability properties allowed alternating
between two current states: OFF (currents around 0.2 nA) at
the superhydrophobic state, and ON (currents around 2 pA) at
the hydrophilic state which represents a gating ratio around
1 x 10"

More recently, the modification of both apertures has been
employed to generate devices with multi-state ion
transport."*""*> Wu et al. introduced a sandwiched nanofluidic
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(a) Scheme illustrating the construction of a POAP-based nFET. /-V curves at different V using (b) 0.1 M KCl and (c) 0.1 M K>SO, as supporting

electrolyte. Adapted from ref. 74 with permission from the Royal Society of Chemistry. (d) Cross-section SEM images of the AAO nanofluidic membrane
modified at both sides with PPy. (e) /-V curves for the different redox states of PPy layers. ON and OFF refer to the oxidation state of the PPy layers. Thus,
ON-ON and OFF-OFF indicate that both PPy layers were oxidized and reduced, respectively. (f) Conductance at +1 V for the different combinations of
redox states of the PPy layers. Inputs A and B refer to the Vj applied to each PPy layer. Reproduced with permissions from ref. 111. Copyright © 2021,

American Chemical Society.
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membrane based on the modification of both sides of a multi-
channel alumina foil with a gold layer and PPy film
(Fig. 9(d)).""" This double V,-gated nanofluidic device allowed
to oxidize or reduce the PPy layers at both membrane sides in
an independent manner and, thus, to finely control the ion
transport and iontronic response. For instance, when one of the
PPy layers was oxidized (ON, V, = +1 V) and the remaining one
was reduced (OFF, V= —1 V), the device displayed ICR behavior
as shown in Fig. 9(e). On the contrary, the I-V curves were linear
for the symmetrical case, i.e. when both PPy layers were
reduced (OFF-OFF) or oxidized (ON-ON). However, the ON-
ON case exhibited maximum ion conductance while the
OFF-OFF case showed a low ion transport magnitude. As a
proof-of-concept, the device was employed to trigger different
digital logical operations (Fig. 9(f)).

Filtration and drug delivery

Remarkably, the gating mechanism employed in these devices
makes them very interesting for filtration and matter manip-
ulation, since variations in the surface charge, inner volume,
and wettability during the metal polarization or polymer redox
transformation change their ion selectivity and transport cap-
ability. This applicability has been evidenced in both, inorganic
nFETs and inorganic/organic nFETs.'"*

For instance, in 2005, Karnik et al. applied the variations in
the surface charge of arrays of silica nanochannels triggered by
Vg to control the transport of DNA through the nanofluidic
device.” Then, they further expanded this concept and
designed a silica-based inorganic nFET with two chromium
gate electrodes.”® In that work, they also modified the
silica channel surface with the hydrophilic molecule 3-
glycidoxypropyl trimethoxysilane to diminish the native surface
charge and, thus, improve the electrostatic V, control. By
fluorescence measurements, they investigated how the V-
induced surface charge affected the transport characteristics
of the positively charged (labeled) avidin proteins. Specifically,
the application of V, = 1 V decreased the protein transport
across the nFET due to the electrostatic repulsion of the
proteins with the charged channel walls while, conversely,
Vg = —1 V strongly incremented the avidin transport across
the nanofluidic device due to the favorable interaction with the
surface.

The pulsatile delivery of proteins has been also demon-
strated in inorganic/organic nFETs. For instance, Jeon et al
introduced the creation of Au-metalized multichannel alumina
membranes modified with PPy doped with the bulky anion
dodecylbenzene sulfonate (DBS) to achieve this goal.** In this
work, the pyrrole monomer was electropolymerized in the
presence of DBS onto the Au-metalized membrane surface
giving rise to a PPy film with DBS anions inside. When PPy is
reduced (V, = —1.1 V), the polymer chains become electrically
neutral. This could generate either the DBS anions expulsion or
cation entrance. Considering their size, DBS™ ions could not
be expelled and, therefore, hydrated positive counterions (Na'-
3H,0) entered the PPy film, causing volume expansion of
the electroactive polymer film. Instead, at the oxidation state
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(Vg = 0.2 V), PPy chains were positively charged, and hydrated
positive counterions (Na"-3H,0) were expelled from the film,
resulting in volume shrinkage. The film volume expansion and
shrinkage during reduction and oxidation, respectively, deter-
mined the effective aperture size and, consequently, the mass
transport fluxes (Fig. 10(a)). Therefore, by exploiting the elec-
trically modulated channel effective size, they demonstrated
the pulsatile delivery of fluorescein isothiocyanate-labeled
bovine serum albumin (Fig. 10(b)).

Similarly, the above-mentioned work from Zhai and cow-
orkers applied PPy-based nFET with an electrically modulated
wettability to control the release of penicillin and rhodamine
B."'? In this study, the external voltage modulated the wett-
ability state of PPy by means of the entrance or exit of PFOS™
which, in turn, promoted dramatic changes in the ion transport
capability. In the superhydrophilic state, PPy film enabled the
transport of the drugs while in the superhydrophobic state,
such transport was prevented, giving a fine regulation of the
drug release.

Dual-signal

Recently, dual-signal measurements have started to attract the
attention of the scientific community in the field of SSNs. This
kind of measurement consists of obtaining two different sig-
nals (simultaneously or not) with the same SSNs providing
additional information for a given phenomenon. Some advan-
tages of this dual-signal approach include cross-verifying the
gating mechanism and extracting complementary information
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77115 111 the case of devices

to enhance process understanding.
applied for sensing purposes, dual-signal measurements could
also offer the possibility to reduce false positives and increase
detection selectivity.>>7%7811%117 Degpite these advantages, the
development of dual-signal devices remains to be explored.
Hao et al. developed a PANI-based nFET and monitored the
changes in the redox switching due to the application of V, via
iontronic and spectroscopic measurements.'®* For this study,
nanofluidic devices based in multichannel conical track-etched
membranes were modified with a transparent ITO layer onto
the tip side via sputtering and, subsequently, with a PANI film
via electropolymerization. The ITO layer provides a good con-
ductivity to establish different V, and, at the same time, its
transparent nature allows the spectroscopic measurement.
PANI presents electrochromic properties, i.e. the redox switch-
ing promotes variations in the electronic structure of the
polymer which, in turn, affects the light absorption properties.
Therefore, the redox switching in PANI not only promotes
variations in the charged state of the polymer but also in the
film color. Taking advantage of this, the authors coupled in situ
iontronic and spectrophotometric measurements. The oxida-
tion of PANI at 1 mM KCl from leucoemeraldine to emeraldine
state (V; = 0.6 V) generated the appearance of rectification
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properties due to the increment in the PANI charged state
and, at the same time, such redox switching increased the
absorbance at 550 nm due to the PANI color change from yellow
to green (Fig. 11(a) and (b)).

The bipotentiostatic arrangement makes possible to couple
electrochemical and iontronic measurements. In the past, this
strategy has been employed to correlate electrochemical infor-
mation from the redox switching of the polymer with the
iontronic information related to the ion transport across the
membrane. For instance, Pérez-Mitta et al. employed chron-
oamperometry routines to determine the doping nature of the
PEDOT:tosylate layer at different V,; and correlated them to the
rectification factors obtained from the iontronic signals.'®”
They found that the rectification factors and, consequently,
the channel selectivities at different V, were strongly related to
the doping state of the PEDOT layer. Employing the same
experimental setup, Laucirica et al. studied the gating perfor-
mance of a POAP-based nFET at different pH values.”* They
found that the loss of sensitivity of the ion transport towards V,
variation at pH values >4 agreed with the decay of the oxida-
tion peak current and its shift towards higher voltage values in
the cyclic and square wave voltammetry (Fig. 11(c)—(f)). These
results suggested that the loss of nFET functionality may be

>
(@3 (b}:' ] ( ]
§ HH i | 02V - M N 1
i == Tu H n |
3% Emeraldine san | *+0BV |
z Tr— S T pr—— Pr— 008 r ’ s
<3 =
r ] ] ] ] =
s i | I - L] - e
£ I:r I ,f J[ il ~® Color Switching ® =9 -
=] » ’ - + - 4
) ! ! 2 i . 1 LS
B 1l 2 ‘I / g1 .+ .
B i / ! ! { ! ° N ° e
/ i" K i ° = - .- .i! .-,
ol r‘/ i/ B By ¥ v . eK* ecr V.
o o PO
4 - ‘\ Positive bias Negative bins Positive blas Negative blas
Sozs
E —_—| | ' i|
inn
“a'n 18 -~ - : t
Zoro ' - = =
i \ < <
Lus b s _lonic Diode . lonicResistor |
0 1 2 3 [
Cyele ‘4
lentronic output Co_mpleme_ntary Electrochemical output
information
(€) 20p pH 1(d) pH (e)zo KCloa M 10 mV 57 (f) oo —1s 0.AmMKel |
i 00 e14 —
1 175
2 ez
< 3. < 245 120 1
Ll ez & » 273 é 0 <
P 3 2. °3 P =
g g ® 38 g = 80}k
& = KEID1 M 5 o0k
Q (5} V=02V Q
o 40}k 1
o ” : 1 40
30 05 00 05 10 A0 05 00 05 10 Dz 00 02 0 0 5757 50 oz od
Transmembrane voltage [ V Transmembrane voltage [ V Bias voltage / V Bias voltage | V
-

Fig. 11

(a) Plots of Vg vs. time, I-V curves, and absorbance at 550 nm vs. time (from top to bottom). (b) Scheme illustrating the correlation between the

redox switching and the variations in the iontronic output and the color of the polymer. Reproduced with permissions from ref. 104. Copyright © 2020,
American Chemical Society. -V curves for a POAP-based nFET at (c) Vg = 0.4 V and (d) Vg = —0.2 V at different pH values (iontronic output). (e) Cyclic and
(f) square wave voltammetry obtained for the POAP-based nFET at different pH conditions (electrochemical output). Reproduced from ref. 74 with
permission from the Royal Society of Chemistry.
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associated with the decrease of redox activity of POAP at pH
values >4.

(Bio)sensing purposes

Beyond the above-mentioned applications related to iontronic
manipulation and nanoelectronics, nFET has shown interest-
ing results for (bio)sensing purposes. In particular, the
modulation of the charged state of the surface with the
gate electrode has been shown to produce appreciable
changes in the translocation speed of biomolecules through
the nanofluidic device which represents an advantage of this
technology.*>""®* " Taking into account the effects in the
biomolecule translocations, most of the examples of nFET-
based sensors were conducted with solid-state nanopores and
used resistive-pulse as the sensing approach; however, this
concept has been also demonstrated in SSNs."** In this sensing
strategy, a fixed transmembrane voltage is typically applied and
the analyte flows through the nanopore. If the analyte size is
comparable to the pore aperture size, it produces considerable
variations in the ion resistance which are evidenced as single-
molecule pulse events in current-time curves. Such pulse
events are characterized by the appearance frequency, dwell
time, and current magnitude, among other parameters. The
use of the nanopore surface as a gate electrode can trigger
sensitive variations in the frequency, amplitude, and duration
of such pulse events.

Korchev and coworkers designed an nFET based on a
double-barrel quartz nanopipette for biosensing purposes
(Fig. 12(a))."*® For this purpose, one of the barrels was filled
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with pyrolytic carbon to act as the gate electrode and, the other
barrel represented the nanopore. Then, the carbon electrode
was coated with PPy by electropolymerization. Remarkably, the
nFET-based sensor enabled the modulation of several para-
meters very relevant for the sensing of a DNA chain, including
dwell times, event frequency, and signal-to-noise ratio by
applying different V, (Fig. 12(b)). For instance, the application
of a V; = 0.4 V triggered an increment of the event frequency,
dwell time, and signal-to-noise ratio (Fig. 12(c)). This was
attributed to the PPy oxidation and the consequent generation
of positively charged groups that could electrostatically interact
with the negatively charged DNA molecules producing the
analyte enrichment in the aperture proximity and, also, the
slowing down of the translocation event. In contrast, event
frequency and dwell time dramatically decreased if V,=—0.4 V.
Additionally, the authors demonstrated that, taking advantage
of the chemistry of electroactive polymers, they could use the
PPy film not only as the gate electrode but also as a functional
layer where a recognition element could be attached. For this
study, they embedded insulin into the PPy film by electropoly-
merizing pyrrole in the presence of insulin and, demonstrated
the ability of the PPy-based nFET to efficiently detect insulin
antibodies. This concept has also proven to be advantageous
for other analytes.'**

Recently, Edel and coworkers further expanded the potenti-
alities of nFET-based sensors. They developed a nFET based on
a double-barrel quartz nanopipette with one of the barrels filled
with pyrolytic carbon and, then, coated with a gold layer.”” This
work not only demonstrates the ability to module the sensing
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(a) Scheme of the nFET-based sensor. The scheme also shows the implication of V and embedding the receptor (insulin) in the current-time

curves for DNA sensing and antibody sensing, respectively. (b) Translocation recordings (current vs. time curves) for 300 pM of a double-strand DNA (3
kbp) in 0.1 M KCl at different Vy (V; fixed at 0.7 V). The scale bar corresponds to 5 seconds. (c) Effect of Vg in the main analytical parameters of DNA
sensing. Adapted with permissions from ref. 123. Copyright © 2017, The Author(s).
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signal by applying different V, to the gold layer but also
introduces the possibility of conducting dual-signal sensing
experiments. The device effectively sensed DNA chains through
both the iontronic output generated during DNA translocation
and the electrochemical signal obtained from the gate elec-
trode. This study highlights the high potential of nFET-based
sensors to enhance nanofluidic technologies’ sensing perfor-
mance while utilizing the advantages of dual-signal sensing.

Challenges and perspectives of the
field

The field of nFETs holds great promise, but it also faces several
challenges and presents intriguing perspectives for future
research and practical applications.

One of the challenges is the creation of nFETs operative in a
wide range of external conditions (pH, electrolyte concen-
tration, etc.) Indeed, several inorganic/organic nFETs based
on electroactive polymers have demonstrated outstanding per-
formance, but only under specific conditions (e.g., acidic pH),
which limits their usability.”*'°*'%® Similarly, the operational
conditions in inorganic nFETs are often limited to low to
moderate electrolyte concentrations. Another challenge is the
demonstration of the long-term stability of the devices. The
nFETs offer remarkable functionality in terms of ion transport
modulation, however, questions persist about how these sys-
tems will perform over extended periods of operation."** Will
the redox transformations that underpin their operation
degrade the polymer film over time? How will the metal coat-
ings on the nanochannel membranes fare under continuous
operation? To fully exploit the potential of nFETs, it will be
important to carry out such assessments to ensure their relia-
bility in practical applications.

In the case of inorganic nFETs, the metal layer, typically
based on gold, provides several opportunities for further
functionalization, either through electrosynthesis or thiol
chemistry, to render responsiveness to, e.g., pH, analyte, or
temperature, thereby further expanding the applicability of
nFET devices. Similarly, the post-functionalization of electro-
active polymers or their combination with other dopant mate-
rials or supporting electrolytes could also open new avenues in
the development of functional organic or inorganic/organic
nFETs.”4¢

The emergence of all-plastic nFETs here referred to as
organic nFETs, presents an exciting prospect for the field.
Unlike traditional nFETs, these devices eliminate the need for
metal deposition on the channel surface. This characteristic
not only simplifies the nanofabrication but also potentially
reduces costs significantly. However, despite their promise,
research into all-plastic nFETs remains relatively scarce. To
unlock their full potential, more studies are required to explore
their fabrication processes, understand their behavior, and
assess their suitability for various applications.

While nFETs have showcased their ability to control
and generate iontronic signals effectively and manipulate

Phys. Chem. Chem. Phys.
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(bio)molecule transport at the nanoscale, their concrete appli-
cations have not been extensively explored. These devices
possess the potential to revolutionize fields such as nanoelec-
tronics, logical devices, and lab-on-a-chip systems. Moreover,
nFETs could open doors to developing dual-signal devices,
allowing for a broader range of functionalities, for example,
for sensing purposes. Consequently, nFETs offer a wide
range of opportunities to bridge the gap between theoretical
potential and practical implementation. Recent investigations
have made remarkable progress in this direction, yielding

promising results and intensifying interest in this class of
devices,104111,123,124

Conclusions

This review highlights the recent developments of nanofluidic
field-effect transistors (nFETs) which regulate the ion and mass
transport by applying an external voltage, which opened up a
wide array of applications in drug delivery, biosensing, and
nanoelectronics. The examples presented in the review illus-
trate the critical role that the internal architecture and chem-
istry of SSNs play, emphasizing the significance of material
selection and surface modification in constructing functional
nanofluidic devices.

The integration of stimulus-responsive properties into abio-
tic SSNs, inspired by the adaptability of biological ion
channels, represents a promising avenue for creating advanced
nanofluidic devices. This review has highlighted the essential
requirement for external stimuli to induce changes in the
physicochemical features of the channel surfaces, encompass-
ing surface charge, wettability, and inner volume alterations.

Drawing an analogy with electrolyte-gated field-effect tran-
sistors (FETs), nanofluidic field-effect transistors (nFETSs) oper-
ate on the principle that external voltage (gate voltage, V,)
modulates ion current through the membrane, similar to how
gate voltage modulates electronic current in FETs. Notably, in
nFETs, ions serve as signal carriers, distinguishing them from
electronic FETs. The necessity to control two distinct voltages,
transmembrane voltage (V) and external voltage (Vy), is crucial
for observing field effects on nanofluidic transport.

The creation and modification of nFETs involve various
materials, with polymeric track-etched membranes, aluminum
oxide, and silicon-based channels being commonly employed.
Key aspects of each SSN type were briefly summarized, empha-
sizing their distinct nanofabrication methods and applications.
The integration of materials with suitable electrical conductiv-
ity onto the channel walls, achieved through sputtering or
electroless protocols, is crucial for conferring electrical respon-
siveness to the nanofluidic surface.

Categorizing nFETs into inorganic, inorganic/organic, and
organic types based on the nature of building blocks used for
post-functionalization, the review touched upon common
aspects related to their creation and gating mechanisms. Each
subclass involves different combinations of inorganic coatings,
organic molecules, and electroactive polymers to achieve
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stimulus responsiveness. This classification provides a frame-
work for understanding the diverse strategies employed in the
development of nFETS.

The dual-signal capability of nFETSs, obtained through the
bipotentiostat mode, allows simultaneous recording of electro-
chemical and iontronic currents. This feature provides cross-
verification of the actuation mechanism and opens avenues for
creating dual-signal devices with applications in biosensing
and fundamental studies. The bipotentiostat mode enhances
sensing reliability by minimizing false positives and contri-
butes to a deeper understanding of sensing mechanisms in
relation to channel parameters.

As the field progresses, addressing challenges related to
material selection, fabrication methods, and integration of
responsive building blocks onto SSNs will be crucial. The
insights provided in this review serve as a foundation for future
research directions, encouraging interdisciplinary collabora-
tion to unlock the full potential of external voltage-controlled
SSNs in diverse technological applications. The evolving land-
scape of ion transport in nanofluidic devices promises exciting
possibilities, and this review aims to contribute to the contin-
ued advancement of this rapidly evolving field.
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