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During the last few years, much scientific effort has been devoted to the control of ionic transport pro-

perties of solid state nanochannels and the rational integration of chemical systems to induce changes in

the ionic transport by interaction with selected target molecules for (bio)sensing purposes. In this work,

we present the construction and functional evaluation of a highly sensitive dopamine-responsive iontro-

nic device by functionalization of bullet-shaped track-etched single nanochannels in PET membranes

with poly(3-aminobenzylamine) (PABA). The variety of basic groups in this amino-appended polyaniline

derivative allows programming of the ion selectivity of the channel by setting the pH conditions. On the

other hand, the amino-pendant groups of PABA become suitable binding sites for the selective chemical

reaction with dopamine, leading to a change in the nanochannel surface charge. Thus, the exposure of

the PABA-modified nanochannel to dopamine solutions selectively produces changes in the iontronic

response. By rationally selecting the conditions for both the dopamine binding step and the iontronic

reading, we obtained a correlation between the rectification efficiency and dopamine concentration

down to the nanomolar range, which was also successfully interpreted in terms of a simple binding

model.

Introduction

Biological ion channels exhibit a sophisticated control of ion
transport in response to different environmental changes that
allows the accomplishment of a broad variety of physiological
functions.1–5 The ability of living systems to respond to stimuli
and process information has encouraged scientists to develop
integrated nanosystems displaying similar functions and
capabilities.6–8 In particular, abiotic nanopores and nanochan-
nels have enabled the control and manipulation of the flux of
ions in robust and chemically stable systems, leading to the

formation of nanopore-platforms with applications in fields
such as filtration, nanoelectronics and sensing.9–11

Nevertheless, beyond the great advances, the exploration of
new alternatives to create functional nanodevices remains a
goal of paramount relevance.

In the last few years, the design and construction of solid-
state nanochannels (SSNs) based on polymer materials have
been possible by the use of ion-track etching technology.12,13

This method offers the possibility to tailor the channel geome-
try and provides an affordable way to obtain ion current rectify-
ing devices (i.e. with diode-like behavior).14 The phenomenon
of ionic current rectification (ICR) stems from the rupture of
electrical potential symmetry inside the SSN and as a conse-
quence of the interaction between charged surface groups and
ions. ICR is closely related to the ionic selectivity of the system
which has major implications for filtration, blue energy har-
vesting and sensing systems.15–18 Thus, the modulation of
surface group charges and therefore, the selectivity is an
important challenge and is considered as a primary goal in the
development of nanofluidic devices. In order to attain an accu-
rate control over the surface charges of nanochannels, their
surface modification by various techniques has received
increasing attention from the scientific community.6,19,20
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Regarding functionalization methods of SSNs, several
approaches have been reported.21,22 Among the different strat-
egies, electrostatic self-assembly of polymers has emerged as
a simple and versatile method.23–25 The appropriate selection
of polymers has enabled the design of devices responsive to
different stimuli such as pH changes, target molecules, temp-
erature changes, etc.26–28 Electroactive polymers (EPs) have
also attracted special attention due to their exceptional fea-
tures such as ease of synthesis, low cost, and chemical
stability.29,30 Recently, the combination of SSNs and EPs has
been exploited for the fabrication of voltage-gated nanofluidic
devices. Their remarkable features have promoted the use
of these EPs to provide SSNs with a wide variety of
functionalities.11,26,31–36 For example, pH and sugar-gated
single nanochannels were fabricated by the functionalization
of Au-coated polycarbonate membranes with poly(3-amino-
phenylboronic acid).37 Taking advantage of the well-known
interactions between borate and sugars and using an
aminophenylboronic-derived EP as a modification agent, the
authors fabricated a novel device with ionic transport modu-
lated by pH and responsive to fructose, which acts as a chemi-
cal effector. In this case the sensing detection mechanism is
not based on the electrochemical properties of the polymer,
but on the nature of the pendant functional group. Within
this line, the rational design of platforms with ionic transport
controlled by biorelevant chemical effectors becomes crucial
for the generation of nanofluidic systems for biosensing and
in vivo applications.

Polyaniline (PANI) is another well-studied polymer within
the EP family.38–42 Within PANI derivatives, poly(3-aminoben-
zylamine) (PABA) is endowed with pendant amino groups
that confer additional charges. This not only improves the
electroactivity of the polymer at neutral pH compared to
PANI, but also yields multifunctional materials by exploiting
their functionalization with relevant molecules and bio-
recognition elements enabled by the reactive primary amino
groups.43–48 Furthermore, PABA has a pH-dependent charge
state which makes it an attractive candidate for the develop-
ment of functional systems based on SSNs. Also, as a polyca-
tion, PABA enables both the preparation of stable aqueous
dispersions by chemical synthesis and the integration of this
material with negative counterparts for the construction of
more complex electroactive layer by layer (LbL) assemblies,49

which supports the idea of using aqueous PABA dispersions
for the electrostatic self-assembly on negatively charged
surfaces.

On the other hand, benzylamines are known to specifically
react with catecholamines in basic aqueous solutions resulting
in covalent crosslinking. This is the foundation for the devel-
opment of catecholamine-sensing platforms based on poly-
benzylamines.50–53 In particular, dopamine is a catecholamine
that plays a key role in neurotransmission and has important
functions in the human body (e.g. human metabolism
and cardiovascular, central nervous, renal and hormonal
systems).54 Dopamine is critical for signal transmissions to the
brain, and an inadequate level of this neurotransmitter has

been linked to many neurological disorders, such as
Parkinson’s disease, drug addiction and attention deficit
hyperactivity disorder (ADHD).55–57 Hence, the development of
abiotic dopamine-responsive nanochannel-based devices is of
interest from both a basic and an applied perspective.

In this work, we report a new and versatile approach to
confer multifunctional properties to SSNs by immobilizing
PABA on the surface of a bullet-shaped single nanochannel in
a PET membrane via electrostatic self-assembly. We demon-
strate that PABA-functionalized SSNs act as pH-responsive
ionic diodes with good current rectification properties and
cyclability. Moreover, we developed a sensing device from the
changes in the iontronic response of PABA-functionalized SSN
caused by the presence of dopamine. In contrast to the
majority of dopamine sensors, the present mechanism is not
based on the dopamine electrochemical reaction but on a
specific reaction between dopamine and the pendant amine
groups of PABA. By rationally selecting the reaction and
readout conditions, we were able to fabricate a novel SSN
device whose ionic current is sensitive to dopamine concen-
trations down to the nanomolar range.

Results and discussion

PABA was obtained by a simple chemical batch synthesis in
aqueous solution from 3-aminobenzylamine (ABA) and
ammonium persulfate as the oxidizing agent, following the
protocol reported by Marmisollé et al. (Fig. 1a).49 In contrast to
electrodeposition,58 the synthesis technique applied in this
work does not require pre-metallization of the SSN, and is
easily extendable to large-scale production. The effectiveness
of the synthesis was confirmed by 1H-NMR and ATR-FTIR spec-
troscopy (Fig. S1 and S2,† respectively).

Bullet-shaped single nanochannels in PET foils were fabri-
cated by the ion-track-etching technique (Fig. S3†).13 Etching
at basic pH values leads to the hydrolysis of the polymer yield-
ing carboxylic groups at the channel surface, which are nega-
tively charged at pH > 4.59 These negatively charged groups
provide a fertile surface where PABA, a polycation that strongly
interacts with negatively charged species, can be immobi-
lized.23 This approach was applied to modify PET membranes
by immersion in a PABA aqueous solution at pH = 6. Changes
in the wettability of the membranes caused by the electrostatic
assembly of PABA were studied by contact angle measurements
(Fig. 1b). The contact angle values determined with a 0.1 M
KCl solution at pH 3 were ∼59° and ∼43° before and after
the functionalization with PABA, respectively, revealing a
clear increase in the hydrophilicity associated with PABA
functionalization.

Depending on the sign and magnitude of the surface
charges, asymmetric nanochannels rectify ionic currents
passing through them.60 Also, the rectification behavior is
highly dependent on factors such as the surface charge, the
nanometric size of the nanochannel, the ionic strength, and
the presence of specific ionic moieties, among others.19,28,61,62
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Although the mechanism underlying the rectification of
ionic currents is a complex phenomenon, it is possible that
charged nanochannels of reduced size are in principle highly
selective for ionic species of opposite sign.63 As shown by Pérez-
Mitta et al., the transport number of cations in a bullet-shaped
PET SSN (negatively charged after the etching procedure) is
close to 0.95 at negative voltages (low conductance states) but
close to 0.5 at positive voltages (high conductance states).16 This
means that the occurrence of rectification is associated with a
loss of selectivity of the PET SSN at positive potentials, which
means that both anions and cations can contribute to the trans-
port of currents.16 In order to study the iontronic behavior of
the nanochannel, current–voltage (I–V) curves were recorded
before and after the electrostatic self-assembly of PABA using a
four-electrode arrangement. Fig. 1c shows the I–V curves for the
PET SSN without any further modification (upper figure) and

after PABA adsorption (PET/PABA SSN) (lower panel). At pH 6,
PET SSN exhibits a negatively charged surface provided by the
carboxylate groups of PET, and the rectification takes place in a
cation-selective mode. In contrast, carboxylates are protonated
at pH 3 yielding a neutral nanochannel surface and the device
shows ohmic behavior.

After the self-assembly of PABA, PET/PABA SSN exhibits the
same rectification mode as PET SSN at pH 6, but a lower
current at 1 V and a lower efficiency of rectification. This
phenomenon arises as the charges provided by the carboxylate
groups of PET are partially compensated by the amino groups
of PABA that now decorate the SSN surface. At pH 3, a rectifica-
tion inversion is clearly seen in the device since amino groups
of PABA are mostly charged whereas carboxylates are mostly
uncharged, and the ionic transport turns to the anion-selective
rectifying regime.

Fig. 1 (a) Reaction scheme: PABA synthesis from the ABA monomer in the presence of ammonium persulfate (APS). (b) Contact angle images
before and after the electrostatic self-assembly of PABA (KCl 0.1 M, pH 6). (c) I–V responses of the bare PET SSN (upper figure, KCl 0.1 M, pH 6 and
3) and the PET/PABA SSN (lower figure, KCl 0.1 M, pH 6 and pH 3).
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pH responsiveness: selecting charge carriers by pH

In order to study in detail the pH dependence of the PET/PABA
SSN, I–V curves at different pH values were measured (experi-
mental set-up is illustrated in the ESI†). Fig. 2a shows the
recorded current across the PET/PABA SSN as a function of the
transmembrane voltage (Vt). The shape of the I–V curves
change with pH following a continuous trend. At pH 2.4, the
major part of PABA ionizable groups are protonated, the SSN
net charge is positive and, consequently, the ion transport
occurs in an anion-selective regime. From the current values at
Vt = ±1 V, it is possible to calculate the efficiency of rectifica-
tion ( frec). The analysis in terms of this parameter is useful
since it is closely related to the surface charge.23 Positive recti-
fication values (10 < frec < 1) are obtained at pH < 3.8 (Fig. 2b).
At around pH 4, an isoelectric region can be defined as frec ∼
1. At pH > 4, an inversion in the rectification direction is
observed, i.e. the sign of frec changes. Thus, at pH > 4, the
SSNs are negatively charged and they operate in a cation-selec-
tive regime. In order to guide the reader, a scheme of the mul-
tiple acid–base equilibria inside the PET/PABA SSN is pre-
sented in Fig. 2c.

As extensively studied, changes in pH and ionic strength
can disassemble multi-layered coatings since these changes in

the environmental conditions disrupt or weaken the polyvalent
physical interactions (e.g., through electrostatic interactions or
by hydrogen bonding) between polyelectrolytes.64 Therefore, it
is crucial to evaluate the robustness of the nanodevice as a pH
rectifying nanosensor by testing the reversibility of the iontro-
nic response of a PET/PABA SSN at acidic and basic pH. A
reversibility test of the rectification factor frec presented in
Fig. 3 shows that PET/PABA SSN has good reversible pH
cyclability between pH 2.5 and 10. The marked difference
between the frec values at acidic and basic pH demonstrates
that the device has a good sensitivity to pH changes. In
addition, the results reveal highly reproducible and reversible
changes in terms of transmembrane ion currents (Fig. 4).
Both, the cation and the anion-driven transport are character-
ized by a significant difference between the high and low con-
ductance states. This suggests that by applying different com-
binations of pH and transmembrane voltages, a complete
regulation of the transmembrane ionic transport can be
achieved. Thus, at a fixed voltage there is a pH-induced on–off
switching similar to the gating of biological pH-responsive
channels.

The robustness of the pH-gated iontronic response can be
understood by the nature of the molecular systems integrated

Fig. 2 (a) I–V curves of PET/PABA SSN (KCl 0.1 M) recorded at different pH values from 2.4 to 10.2. (b) Rectification factor versus pH: the isoelectric
region near pH 4 is shown. (c) Acid–base equilibrium that takes place in PET/PABA SSN walls: schematic representation of the ionizable groups
(–COOH from PET and –NH2 from PABA) under acidic and basic pH conditions; the transport changes from anion-selective regime at acidic pH to
cation-selective regime at basic pH.
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into the nanochannels. As demonstrated by Monte Carlo simu-
lations for SSNs functionalized by electrostatic self-assembly of
polyallylamine (PET/PAH SSN), polyamine is fully charged at
low pH, while the carboxylate groups are mostly not.23 On the
other hand, at high pH, carboxylate groups are fully charged
while PAH is mostly not. However, even at extreme pH values
such as 2 or 10, there are carboxylate and amine groups that
remain charged, preventing the polyamine from leaving the

channel. As PABA is an amine-appended polyaniline, the same
arguments may hold for the PET/PABA SSN. Moreover, the aro-
matic polymer backbone allows for another type of inter-
actions that could even improve the stability of the adsorbed
PABA chains on the PET membrane in comparison with PAH.

Sub-nanomolar dopamine responsiveness

Previous works have described the selective reaction between
catecholamines and benzylamines as an interesting approach
for the development of new sensing platforms.50–53 Fig. 5a
shows a general scheme of the reaction where the amine group
of benzylamine is covalently bonded to the carbonyl group of a
chemically oxidized dopamine. To ensure the formation of oxi-
dized catecholamines, several strategies have been proposed,
such as the use of oxidizing agents or adjusting the reaction
mixture at pH = 9 to trigger the catechol self-oxidization.26,50,65

Taking this background into account, we developed a two-
step strategy for producing a dopamine-responsive iontronic
device: the first step for the dopamine-dependent chemical
functionalization and the second step for measuring the ion-
tronic read-out (Fig. 5a and b). Thus, the PET/PABA SSN mem-
brane was first soaked in diluted solutions of dopamine at pH
= 9 for 30 minutes. Then, the iontronic readout was performed
by acquiring I–V curves in a dopamine-free solution of 0.1 M
KCl at pH = 3. The reaction between dopamine and the ben-
zylamine groups of PABA at pH 9 is evidenced by the changes
in the iontronic response at pH 3 (Fig. 5c). As previously men-
tioned, at pH 3 most of the amino groups are positively
charged and, consequently, the I–V curve of the untreated PET/
PABA membrane displays a high conductance branch at Vt =
−1 V (anion-driven rectification). However, soaking in dopa-

Fig. 3 Reversibility test of rectification factor under cyclic pH changes
between 2.5 and 10. All measurements were carried out in 0.1 M KCl,
and the pH value was adjusted to 2.5 and 10 with dilute HCl and KOH,
respectively. Error bars were calculated by 3 independent
measurements.

Fig. 4 Reversibility test of the transmembrane ion current (at Vt = +1 V and −1 V) under cyclic pH changes. All measurements were carried out in
0.1 M KCl, and the pH was adjusted to 2.5 and 10 with dilute HCl and KOH, respectively. Selecting specific combinations of pH and voltage allows
the control of the transmembrane anion and cation current.

Paper Nanoscale

18394 | Nanoscale, 2020, 12, 18390–18399 This journal is © The Royal Society of Chemistry 2020



mine solutions, even in the nanomolar range, results in both a
decline of the current at Vt = −1 V (high conductance branch)
as well as an increase in the current at Vt = 1 V (low conduc-
tance branch).

These dopamine-induced changes in the iontronic response
are analyzed in terms of frec as a function of the DA concen-
tration (Fig. 5d). Initially, frec exhibits a maximum value due to
the presence of charged amino groups, but it decreases upon
exposure to dopamine. This behavior is caused by the reaction
between dopamine and the primary amine groups of PABA
which leads to the formation of new imine-groups with a lower

protonation tendency (Fig. 5a)26 that, in turn, decreases the
surface charge density and produces a concomitant loss of frec.
Such a decrease of PABA electrostatic charge due to the reac-
tion with catecholamines has been previously evidenced by
XPS and UV/Vis measurements.52 Finally, frec reaches a con-
stant value (∼5) for dopamine concentrations [DA] > 15 nM
that could indicate a saturation range. This limit of the frec
value was maintained even at [DA] = 1 μM (not shown). As pre-
sented in Fig. S5,† no appreciable changes in the iontronic
response are detected after incubation of a PABA-free mem-
brane (PET) in 1 μM DA at pH 9. This fact allows discarding

Fig. 5 (a) Scheme of the reaction between DA and PET/PABA SSN. (b) Scheme depicting the chemical species and steps under each pH condition
for interpreting the DA-responsiveness in terms of a simple binding model (c) I–V curves of PET/PABA SSN after the exposure to different DA con-
centrations. (d) Changes in frec for different DA concentrations. Dashed line corresponds to the fit with the binding model to the experimental data.
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both the occurrence of the self-polymerization of DA to polydo-
pamine on the surface (as it is well-reported for much higher
DA concentrations66,67) and any chemical modification due to
the interaction of DA or oxidized DA with the PET membrane.
All these results indicate that there exists a specific interaction
between DA and PABA.

As recently shown, the iontronic behavior for the inter-
action between surface amine groups of PET/PAH SSN and
different anions can also be explained by a binding
formalism.28,68 In this case, the binding anions were present
when recording I–V curves and chemical equilibrium consider-
ations were assumed. Here, however, the strategy for sensing
dopamine by the iontronic response is more complex as the
whole sensing process consists of the first chemical binding
step occurring at pH 9 in the presence of DA, and the second
physical readout step at which the dopamine-functionalization
is determined from changes in the iontronic response at pH 3
(Fig. 5b). The extent to which dopamine binds to amine
groups in PABA at pH 9 is characterized by a binding constant,
KDA. Dopamine-bound amine sites have a different pKa value,
which results in a lower protonation degree at pH 3, and thus
lower frec values. The rectification factor as a function of the
DA concentration is given by (see the ESI† for a detailed
derivation):

frec
f 0rec

¼ 1þ βKDA½DA�
1þ KDA½DA� ð1Þ

where f0rec is the initial value before exposure to DA and β is a
constant that accounts for the ratio of the protonation degree
between DA-bound and free amine sites.

The frec values shown in Fig. 5d were satisfactorily fitted to
eqn (1) and support the proposed binding model. By non-
linear fitting, the DA binding constant was determined to be

0.70 ± 0.2 nM−1 (β = 0.14 ± 0.07). This value of the affinity con-
stant reveals the sensitivity of the present strategy for sensing
DA in the sub-nanomolar range which is comparable with
those obtained by other techniques.69–71

In order to discard some other possible interaction mecha-
nisms for the changes in the iontronic signal, the selectivity of
the response towards DA was evaluated in comparison with
other two relevant metabolites: urea and ascorbic acid (AA).
Urea belongs to the family of the strong H-bond forming
species even at pH 3, which makes it a good candidate to inter-
act with PABA causing the polymer detachment or decreasing
its protonation degree. On the other hand, AA has a redox
potential close to that of DA and is usually tested as an inter-
fering species in sensor platforms based on the electro-
chemical detection of DA. If changes in the iontronic response
after DA incubation were caused by any redox interaction
between DA and the electroactive PABA, similar changes would
be expected for AA. Fig. 6 shows the changes in the conduc-
tance and rectification factors of PET/PABA SSN after soaking
in 10 μM urea and AA solutions comparatively with the
changes caused by subsequent incubation in 10 nM and 1 μM
DA solutions. To account for membrane-to-membrane varia-
bility, the relative conductance (G) at Vt = −1 V and relative frec
values are presented. In both cases, the relative values provide
the ratio of the response parameter after and before the
exposure to the analyte solution. Data in Fig. 6 evidence that
both, conductance and frec, do not significantly change after
addition of 10 μM AA or urea, while the subsequent exposure
of the PET/PABA SSN membrane to 10 nM DA produced a
decrease of 50% and 60% in the conductance and rectification
factor, respectively. Moreover, these changes were magnified
by increasing DA concentration to 1 μM. These results provide
strong evidence of the selectivity of the iontronic response
towards DA and allow discarding any redox interaction or

Fig. 6 Selectivity test for PET/PABA SSN membrane without and with exposure to different analytes (a) relative conductance (−1 V) and (b)
relative frec.
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analyte-induced polymer detachment. Then, Fig. 6 supports
the interaction mechanism proposed in Fig. 5 involving a
specific covalent interaction between DA and immobilized
benzylamine groups in PET/PABA SSN.

Conclusions

In summary, we have rationally designed and constructed a
dopamine-responsive pH-gated nanofluidic diode device by
functionalizing a bullet-shaped track-etched PET single nano-
channel with an amine-appended polyaniline derivative as a
supramolecular building block. In this nanodevice, carboxylate
groups on the inner surface of the PET SSN provided a fertile
surface where the polycationic PABA could be electrostatically
immobilized. Pendant primary amino groups of PABA play a
key role not only in the pH responsiveness but also in the DA-
effected iontronic behavior of the PET/PABA SSN. The ionic
transport properties of the nanochannel are tuned by pH in a
remarkably reversible way allowing the selection of the main
charge carrier type by pH changes: under acidic conditions,
transport occurs in an anion-driven regime whereas at basic
pH, the transport is cation-driven. By selecting appropriate
chemical functionalization protocols and subsequent readout
steps as a sensing strategy, changes in the iontronic response
of the PABA-functionalized nanofluidic diode were detected
for biologically relevant concentrations (sub-nanomolar range)
of dopamine. In addition, the iontronic SSN response was
selective to DA compared with other analytes such as ascorbic
acid and urea, which may affect the response by redox or
hydrogen-bonding interactions with PABA. The role of DA as a
chemical effector was then rationalized by the specific chemi-
cal interaction between auto-oxidized DA and benzylamine
groups from immobilized PABA and explained by a simple
binding model. The present simple approach for the
functionalization of SSN by ionic self-assembly of PABA opens
the door to the exploration and development of further chemi-
cal and biochemical sensing platforms by exploiting some
advantageous properties of this building block, such as the
non-denaturing environment for the electrostatic attachment
of enzymes,45 the chemical richness of the pendant amine
groups for performing covalent44 and non-convalent46,72,73

integration of other components for further functionalization
and its reversible electroactivity and electrocatalytic properties
in neutral solutions.49,58

Experimental section
Chemicals

KCl, HCl, KOH, NaOH and L-ascorbic acid (AA) were purchased
from Anedra. Ammonium persulfate (APS), dopamine (DA)
and 3-aminobenzylamine (ABA) were obtained from Sigma-
Aldrich. Urea was purchased from Biopack. All chemicals were
used as received. All solutions were prepared in MilliQ-water
(18.2 MΩ cm).

Nanochannel synthesis

Bullet-shaped nanochannels were prepared by the ion-track-
etching method.13 PET foils (12 μm, Hostaphan RN 12,
Hoechst) were irradiated with a single swift heavy ion
(∼2.2 GeV Au) at the linear accelerator UNILAC at GSI
Helmholtzzentrum für Schwerionenforschung (Darmstadt,
Germany). The irradiated foils were exposed to an asymmetric
surfactant-assisted etching for 6 minutes at 60 °C.14 One side
of the membrane was etched in pure 6 M NaOH (base side),
whereas the other side was exposed to 6 M NaOH with the
addition of 0.05% Dowfax 2a1 (tip side). Finally, the mem-
branes were kept in MilliQ-water overnight. Under these con-
ditions, the channels with a base diameter of ∼900 nm and a
tip diameter of ∼20 nm were formed (Fig. S3†).

PABA synthesis

PABA was synthesized by chemical oxidation of ABA with
APS.49 With this aim, an aqueous solution of 50 mM ABA and
50 mM APS was prepared and magnetically stirred for 1 hour.
In order to purify PABA, 10% KOH was added to the reaction
mixture. Then, the solution was centrifuged (7000 rpm,
10 minutes) and the precipitate was re-dispersed in 0.1 M HCl
solution. Further details about PABA synthesis and characteriz-
ation are available in ref. 49.

Channel modification

Modification of PET channel with PABAwas carried out by electro-
static self-assembly. With this aim, the membrane was immersed
in the PABA solution (5 mg ml−1) at pH = 6 for 4 hours.

Instrumentation

I–V curves were recorded using a potentiostat Gamry Reference
600 with a four-electrode cell. The arrangement consisted of a
working electrode (Pt wire), two reference electrodes (Ag/AgCl/
3 M KCl) and a counter-electrode (Pt wire) and allowed us to
relate the changes in the iontronic output to changes on the
channel surface. The transmembrane voltage was swept
between 1 V and −1 V with a step of 10 mV and a scan rate of
100 mV s−1. In all cases, 0.1 M KCl was used as the supporting
electrolyte and the pH value was adjusted by adding HCl and
NaOH dilute solutions.

Contact angle measurements were carried out using a
Ramé-Hart goniometer (Model 290) by dispensing 2 μl droplets
of 0.1 M KCl pH = 3.5 on PET and PET/PABA surfaces. The
reported values correspond to the average of three indepen-
dent measurements.

Rectification factor ( frec)

In order to quantify the rectification efficiency, we calculated
frec as follows:

frec ¼ +
Ið�1V or 1 VÞ
Ið1V or � 1VÞ : ð2Þ

This parameter is useful to correlate the response exhibited
in the I–V curves with changes in the surface charge density.23
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