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Abstract

We present a methodology that enhances the analytical performance of organic electrochemical
transistors (OECTs) by continuously cycling the devices through gate-potential sweeps during
sensing experiments. This continuous cycling method (CCM) enables real-time acquisition of full
transfer curves, allowing simultaneous monitoring of multiple characteristic parameters. We show
that the simultaneous temporal evolution of several OECT response parameters (VrH, VGgmax, and
gmax) provides highly sensitive descriptors for detecting pH changes and macromolecule adsorption
on OECTs based on PANI and PEDOT channels. Moreover, the method allows reconstruction of Ips—
time profiles at any selected gate potential, enabling the identification of optimal V¢ values for
maximizing sensitivity. This represents a substantial improvement over traditional measurements at
fixed VG, which may suffer from reduced sensitivity and parasitic reactions associated with gate
polarization. Moreover, the expanded set of parameters obtained with the CCM provides deeper
insight into the physicochemical processes occurring at both gate and channel electrodes. We
demonstrate its applicability to monitoring polyelectrolyte and enzyme adsorption as well as
detecting urea and glucose through enzyme-mediated reactions. Owing to its versatility and the
richness of the information it provides, the CCM constitutes a significant advance for the
development and optimization of OECT-based sensing platforms.

Keywords: organic electrochemical transistors (OECTs); gate-potential cycling; multiparametric
analysis; bioelectronic sensors; PEDOT

1. Introduction

Among the wide range of analytical techniques currently available for the detection and
quantification of substances in different types of samples, electrochemical sensors offer several
advantages [1,2]. These include rapid, real-time responses, straightforward miniaturization, simple
digitalization, ease of fabrication and scalability, and low cost, among others [3-7]. However, in many
cases, the signals obtained from traditional electrochemical transduction methods (potentiometry,
amperometric measurements, potential scanning techniques, etc.) are not sufficiently sensitive. As a
result, strategies that amplify the signals are required in order to develop sensors capable of detecting
analytes at low concentrations or in complex samples that must be diluted to minimize interfering
species or appreciable matrix effects [8,9]. One of the most extensively developed approaches in
recent years to increase the sensitivity of electrochemical sensors is based on field-effect transistors.

Basically, these transistors consist of a channel made of a conducting or semiconducting material
connected to two terminals (source, S, and drain, D), together with a third electrode (gate, G) that is
used to generate an electric field over the conducting channel (or to modulate its intensity) [8,10]. In
this way, changes in the conductivity of the channel in the presence of the target analytes constitute
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the fundamental response underlying the transduction phenomenon. This response is typically more
sensitive than in other technologies due to the possibility of modulation through the gate [9,11,12].

The specific mechanisms of signal transduction can vary widely and depend on the design and
type of FET [13]. In particular, a widely used class for analytical purposes in solution is the electrolyte-
gated (EG) FETs [14], in which both the gate and the channel are immersed in the same electrolyte —
namely, the solution of interest [15]. Even within this class of EG-FETs, there are variants depending
on the nature of the conducting channel. Thus, the channel may be graphene or reduced graphene
oxide (g-FETs) [16,17], a monolayer or thin layer of organic molecules (o-FETs) [18,19], or a film of an
electroactive polymer (organic electrochemical transistors, OECTs) [20-27]. In this latter case, changes
in the gate potential lead to modifications in the redox state of the films, thereby altering their
conductivity [8,28-32]. These redox changes are also accompanied by variations in the concentration
of ions within the film [33]. For this reason, such materials are referred to as mixed ionic—electronic
conductors [33-35]. Moreover, when the gate potential is dynamically modulated at a given scan rate,
the transistor response depends on the coupling between the motion of charge carriers (holes and
electrons) within the polymer and the movement of ions between the polymer film and the solution
[8,28,36].

In the case of OECTs, a wide range of physicochemical phenomena can be exploited for sensing
purposes [10,37,38]. On one hand, a substantial subset of studies relies on changes in the effective
gate potential in the presence of a target analyte [39]. The analyte may directly modify the potential
of the gate electrode if it is a redox-active species, such as H,O, [40,41]; alternatively, it may induce a
local pH change that produces an electrostatic effect on the gate potential, or even the specific binding
of an ionic, molecular, or macromolecular species may alter the surface electric potential or the
capacitance of the gate—solution interface [20,42—44]. On the other hand, transduction phenomena
may also arise from the responsiveness of the channel to the analyte [45]. For instance, the presence
of certain ions or molecules [46], or the interaction with macromolecules[47], can modify the redox
state of the film, its charge state, or the impedance of the channel-solution interface, thereby
producing changes that can be read through the OECT response [48,49].

All these phenomena can ultimately be detected as variations in the conductivity of the film
under gate modulation [50,51]. Typically, such variations manifest as modifications of the transfer
curves, i.e., the curves in which the drain—source current (Ios) is recorded at a constant drain—source
potential (Vos) as a function of the gate potential (V) [52,53]. These Ips—Vc curves are generally
sigmoidal and can be characterized by several parameters, such as the maximum current (in the ON
state), the maximum transconductance, gmaxy, and the threshold potential (Vrn). Of particular
importance is the rate of change of conductivity with the gate potential, which is often quantified by
the transconductance (gm), whose maximum value occurs at the inflection point of the Ins—V¢ curve
(g,

Regardless of the specific transduction mechanism operating in a given sensor, the analytical
response of the transistor is typically defined in terms of the changes observed as a function of the
analyte concentration [50,52,54-57]. However, this response may be defined in multiple ways. One
of the most common approaches is to monitor Ibs at a constant gate potential —often chosen near the
maximum-transconductance point [58,59]. In this case, the current is recorded as a function of time
or analyte concentration [40,43,60-62]. Nonetheless, because changes generally occur across the entire
Ips—Vc curve, they can also be monitored through variations in several characteristic parameters
[63,64].

In this context, we present a method based on the continuous acquisition of Ins—Vc curves, which
allows the temporal evolution of all characteristic parameters to be extracted and even enables the
reconstruction of chronoamperometric curves (Ios vs. t) at any selected gate potential. This makes it
possible to perform a simultaneous analysis of all parameters related to sensing events, whether they
arise from ion intercalation, the interaction of macromolecules or proteins with the conducting
channel, or the functional response of biosensors based on enzymatic activity in the presence of a
target analyte.
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As we demonstrate here, this method allows post hoc selection of the parameters that best
capture each process, enabling increased sensitivity through higher-amplitude responses or
complementary analyses based on the simultaneous evolution of parameters that reflect different
physicochemical aspects of the system.

2. Materials and Methods
2.1. Reagents

Polyallylamine hydrochloride (PAH, Mw = 58kDa), 3,4 ethylenedioxythiophene (EDOT), aniline
(ANI), poly (sodium 4-styrene sulfonate) (PSS) (Mw 70 kDa) and urea (99%) were acquired from
Sigma Aldrich. Pyridine (99%) was obtained from Biopack. Iron (III) p-toluenesulfonate (38-42% in
n-butanol) was purchased from Heraeus. Glucose oxidase (GOx, from aspergillus Niger) and Urease
(from Canavalia ensiformis, Jack Bean, 200 KU) were obtained from Calzyme. Potassium chloride
(KCI), n-butanol (99.4%), glucose, potassium hydroxide (KOH), sulfuric acid (H250s) and
hydrochloric acid (HCI) were purchased from Anedra.

2.2. OECTs Preparation

The polymeric films were prepared on interdigitated electrodes (IDEs) (Micrux ED-IDE1-Au,
10/10 pum electrode/gap). PEDOT-PAH films were synthesized by chemical polymerization as
described in previous reports [65-67]. In summary, 5 uL of EDOT was mixed with 381 uL of an
oxidant solution (220 uL of butanol, 16.5 uL of pyridine and 715 pL of Fe (III) p-toluenesulfonate),
1862 uL of butanol and 80 pL of a PAH solution (200 pL of ultrapure H20, containing 75 mg for
polyelectrolytes analysis and 40 mg for the remaining measurements) [68]. The mixture was
deposited onto IDEs using a spin coater (1 min of spin time, 1000 rpm of rotation rate and 500 rpm s
1 of acceleration) and the polymerization was carried out at 70 °C. Finally, the OECTs were washed
with distilled water and dried with air.

PANI-based OECTs were prepared by electrochemical synthesis directly on the interdigitated
electrodes. To this end, a 0.5 M aniline (previously distilled) in H2SO4 1 M solution was introduced
into a conventional three-electrode cell, using the IDE as working electrode, a Pt wire as counter
electrode and a commercial Ag/AgCl electrode as reference. Aniline polymerization was achieved by
cycling the potential between -0.200 mV and 750 mV at 50 mV s1. The film was grown until it was
thick enough to connect the drain and source terminals of the interdigitated electrodes (around 15
cycles were required).

2.3. Adsorption on Polymeric Films

The studied macromolecules, PSS and enzymes (urease and GOx), were electrostatically
adsorbed on the polymeric film under flow conditions. First, the electrolyte (KCl) was injected,
followed by the macromolecule of interest and finally the transistor was rinsed with KCI solution.
All the solutions were injected with a flow rate of 30 uL min™ for approximately 30 min for enzymes
and 40 min for PSS.

2.4. SPR

Surface plasmon resonance (SPR) was performed using a SPR Navi 210 A (BioNavis Ltd,
Tampere, Finland) and SPR gold (Au) substrates. PEDOT-PAH polymeric film was synthesized on
SPR substrates by following the protocol used to modify the IDEs. The recording of angular scans
with a laser of 785 nm was performed during the injection at a flow rate of 15 uL min-! of the following
solutions: 0.1 M KCl, then, 0.1 mg mL-* PSS in 0.1 M KCI and the substrate rinsing with KCI. For
enzyme adsorption, solutions of 10 mM KCl, next 1 mg mL- of enzyme in 10 mM KCl and finally 10
mM KCI were injected.
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2.5. Electrochemical Measurements

The electrochemical measurements were performed with a TEQ bipotentiostat. Static and flow
experiments were performed in a Micrux Technologies cell. The static assays were performed with
an Ag/AgCl in KCI 3M reference electrode as external gate while the flow experiments were carried
out with an Ag/AgCl wire.

For transfer curves, the drain-source current (Ins) was registered while the gate potential (Vc)
was cyclically swept between the oxidized and the reduced state at a scan rate of 10 mV s, under a
constant drain-source potential (Vps) of -50 mV.

2.6. Data Curation

In order to simplify and systematize the determination of the OECT characteristic parameters,
Python programming was employed to perform data analysis. In particular, numpy, scipy and
pandas libraries were used to process and organize data.

3. Results and Discussion

3.1. OECT Characteristic Parameters Determination

The determination of the OECTs characteristic parameters will be illustrated from the transfer
curves obtained with a PANI channel that was cycled continuously sweeping the gate potential (Vc)
atalow scanrate (v=10mV s?) in IM HCL. A constant potential difference (Vps=-50 mV) was applied
between drain and source terminals while the Ips was recorded (Figure 1A). With this procedure, we
obtained the transfer curves during the reduction process of the polymer (from now on called “off”
curves) and the oxidation process (“on” curves). In Figure 1, the Ips vs. VG curves (Figure 1B) and the
first derivative of the transfer curve that represent the transconductance (g = dIps/dVc) of the channel
with the applied gate potential (Figure 1C) are shown. Then, three different parameters were
determined, which will be employed in the next sections to monitor sensing processes. The first one,
the threshold voltage (VH), that represents the minimum potential required to oxidize the polymer
(and to inject charge carriers), was obtained directly from the transfer curve by fitting the linear region
and extrapolating this line to the potential value at which Ips = 0 mA. The maximum
transconductance, gmax, and the gate potential at which g = gmax (Vcgmax) were determined from the
first derivative as shown in Figure 1B. The latter represents the potential at which the current has the
maximum response to the change in the applied gate potential and, therefore, corresponds to the V¢
value at which the OECT signal in terms of Ips has the greatest sensitivity to changes in the effective
gate voltage.
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Figure 1. (A) Scheme of the cell and the interdigitated electrodes employed for the measurements shown in this
work. (B) Transfer curve of a PANI-based OECT and representation of the determination of the threshold
voltage, Vru. (C) Derivative of transfer curve and representation of the determination of the maximum

transconductance value, gmax, and the maximum transconductance potential, VG gmax.
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3.2. Limitations of Traditional OECT Measurements and Introduction to Continuous Cycling Methodology
(CCM)

When using OECT-based technology for the development of biosensing devices, determining
and controlling the characteristic parameters g, Vruand Vcgma, is critical. In particular, the focus is
on obtaining transistors with high values of g (high sensitivity to V¢ modulation) [50,54] with low
values of VGgmaxand Vru to avoid polymer degradation or parasitic electrochemical reactions [55,56].
To this end, much attention has been paid to the design of channel and gate materials with optimized
properties that also allow the incorporation of biomolecules in non-denaturing environments
[10,69,70]. Then, the challenge relies on transducing the biochemical events occurring at the channel
or gate surface of the OECT into reproducible electrical signals. In many cases, the detection
mechanism is based on changes in the interfacial potential due to the adsorption of macromolecules
through biorecognition events [71] or due to changes in the external solution properties such as pH,
ionic strength or counterions flux, generated by biochemical reactions [66,72]. In all cases, these
changes in the physicochemical properties of the gate or channel electrodes lead to changes in the
OECT characteristic parameters that can be used as electric signals to monitor sensing events [28,72].

However, the evolution in time of these parameters during the detection measurement is not
commonly used to follow the process in real time. In fact, in many works, the measurement of the
transfer curves and the determination of the V1, VGgmax or ¢ parameters are evaluated before the
sensing event occurs and in some cases after analyte addition, but the real-time monitoring of these
parameters during the interaction of the analyte with the OECT is not usually performed. Instead,
the detection signal is obtained by measuring the variation of Ibs at a constant V¢ [29,36,40,73,74].
Although this methodology has been successfully employed for the detection of several analytes, it
misses out relevant information and may have some limitations and issues associated. In this section,
we will illustrate some of these issues and explore the potential of the continuous cycling
methodology proposed here to overcome them by using the response of OECTs based in two of the
most widely employed conducting polymers in the construction electrochemical devices: poly(3,4-
ethylenedioxythiophene) (PEDOT) [75] and polyaniline (PANI) [76-80].

In the first place, choosing a constant Ve to perform current monitoring is not trivial. On one
hand, the applied V¢ must lie within a potential range with high transconductance. However,
determining the optimal value of V¢ to perform the measurement is not easy since, for transistors
based in organic channel materials, the relationship between the output current of the device with
the applied potential depends on several factors. For instance, the electrochemical response of
polymers may have associated hysteresis (Figure 2A) [81]. That is, even sweeping at low sweep rates,
the off and on curves have different responses. For this reason, when applying a constant gate
potential, the obtained Ips will depend on the previous state of the polymer. To illustrate this, Figure
S1A shows the response of a PEDOT-PAH transistor at different sweep rates (v), where the shift of
the curves towards more positive gate potentials as v increases can be observed, which is
characteristic of mixed conduction polymer systems. For v values lower than 20 mV s (Figure S1B),
the “off” curve (corresponding to the reduction process) shows the same profile, independently of the
scan rate, showing that below 20 mV s the change in the applied potential is slow enough to allow
the polymer to reach the equilibrium state and there are no associated diffusion phenomena that
deform the electrochemical response. However, the “on” curve shifts with the scan rate to lower gate
values due to other phenomena that may be associated with restructuring of the polymer chains,
generating a hysteresis in the current response, even at very low values of v. As a consequence, the
current signal at a given gate potential depends on the initial state of the polymer. Figure 2B shows
the Ips response of a PEDOT-PAH transistor measured at the same V¢ value (Ve =225 mV), obtained
from different initial states of the polymer: off-limit (fully reduced), on-limit (fully oxidized), and
open circuit potential (OCP). It can be observed that the changes in the output current depend on the
initial state of the polymer, even when they were measured at the same constant gate potential.

This effect is even more notorious for PANI-based OECTs, for which the hysteresis in the
response yields a difference of 150 mV between the “on” and “off” curves even at very low scan rates

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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as 2 mV s (Figure 2C). In this case, the initial state of the polymer has a very important role in the
current response of the transistor. In Figure 2D, the Ips measured at a constant V¢ is shown, where
the difference in the output current depending on the initial state of the polymer can be seen. In this
experiment, initial gate potentials of 100 mV or -450 mV were applied during 3 min, to fully reduce
or oxidize the polymer respectively. Next, a V¢ =-250 mV was set and an output current of -0.57 mA
was obtained for the experiment where the initial potential was -100 mV and a current of -0.90 mA
when the initial potential was -450 mV. This means that, if the polymer was initially oxidized,
applying a constant value of -250 mV yields the polymer in a completely “on” state with low
transconductance. Therefore, a sensing event occurring in the gate electrode that generates a shift in
the transfer current will not have a significant effect on the output current. On the contrary, if the
polymer was initially reduced, applying a Ve of -250 mV will lead the polymer in a state of high
transconductance, yielding to a great sensitivity towards analyte detection. A similar effect, but in
the opposite direction occurs at Ve=-150 mV. When the polymer was initially oxidized, applying a V¢
of -150 mV generates a state of high transconductance in the polymer (Ins= 0.3 mA), while if the
polymer was initially reduced, the current is practically null, and therefore, a sensing event will not
be detected. Then, to choose the proper potential to monitor a sensing event, a very thorough study
of the polymer behavior and a precise control of its redox state before initiating the measurement is
required, and even then, any change in the external media or modification of the polymer surface
may change the result.

To show how this may affect a sensing experiment, we monitored the change in the signal of a
PANI-based OECT upon the addition of NaOH. The change in the external pH generates changes in
the current response of the OECT, since the electrochemical response of PANI strongly depends on
the pH. This is the case of many organic composites employed as channel materials in the
construction of OECTs, and is often harnessed to monitor sensing events involving enzymatic
reactions that generate acidic or basic products. In Figure 2E, the Ips vs. V¢ profiles of a PANI-based
OECT are shown before (blue) and after (purple) the addition of NaOH. A shift of the transfer curves
to higher V¢ and a decrease in the maximum current, Ipsmax can be observed. Next, we choose a V¢
potential in the high transconductance region to perform the monitoring of the change in the solution
pH using the traditional chronoamperometry methodology, and evaluate the influence of the initial
state of the polymer in the resulting signal. To this end, initial potentials of 100 mV or -450 mV were
applied during 3 min, and then changed to -250 mV while the Ips was recorded. Next, NaOH solution
was injected to change the solution pH (25 pl of a 20 % p/V NaOH were added to a total cell volume
of 600 uL of 1 M HCl solution). In Figure 2F, it can be observed a marked increase in the current when
the NaOH solution is added, as a consequence of the shift of the transfer curve to higher Vg values,
for the case that the previous state of the polymer was fully reduced. However, for the experiment
performed with the polymer initially oxidized, there is no appreciable change in the current with the
addition of NaOH. The same experiment was performed at -150 mV, where the opposite behavior
was found: when the initial state of the polymer was fully oxidized, a marked change in the current
was observed upon NaOH solution addition. On the contrary, if the initial state was fully reduced, a
very small current was observed, and no changes were appreciated due to pH change (Figure 52).
These results show the complexity of selecting a V¢ value to perform a detection measurement and
the different variables that may affect the result.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. (A) Transfer curve of a PEDOT-PAH -based OECT in 0.1 M KCl at 10 mV s and (B) Ibs time evolution
at V=225 mV obtained from three different initial states. (C) PANI-based OECT transfer curves at different scan
rates and (D) Ips response at two fixed V¢ values: -250 mV (solid lines) and -150 mV (dash lines). (E) Transfer
curves of a PANI film in HCI 1M before (blue) and after (purple) the addition of NaOH. (F) Time Ips response of
a PANI OECT upon NaOH addition at Vc=-250 mV. (G) Reconstructed Ibs vs. time response obtained with CMM
for different Ve values using the transfer curves shown in (E) and (H) Ips changes as a function of Vc. (I) Time

evolution of Vru and gmax parameters obtained from the transfer curves shown in (E).

In this context, the CCM proposed here allows overcoming this issue as well as obtaining more
information about the processes occurring on the OECT. In this method, the entire transfer curves are
continuously recorded during the sensing experiment, and therefore the changes in Ibs are registered
at all the V¢ values within the potential range of the transfer curve. Then, the Ibs as a function of time
profiles can be reconstructed at each Vg, allowing to choose the value that yields the greatest
amplitude of the current change. In Figure S3, the reconstructed values of Ios at different V¢ values
obtained from only one experiment employing CCM in the same conditions of those employed in the
traditional chronoamperometry measurements are shown, for the “on” curves (Figure S3A) and the
“off” curves (Figure S3B). In Figure 2G,H, the changes in the current, Albs, obtained by subtracting a
linear baseline to the Ips vs. time curves are shown for the “on” curves (the analogous results for the
“off” curves are shown in Figure 54 and the details of the procedure for subtracting the baseline are
given in section S4). It can be observed that the amplitude of the current change upon the addition of
NaOH depends on the V¢ analyzed. Then the potential value that has the greatest sensitivity can be
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selected. In addition, the evolution in time of the other parameters can be obtained from the shifts in
the transfer curves and their derivatives (transconductance curves shown in Figure S5). In Figure 2I
and Figure 56, the changes in V1H, gmax and Ipsmaxare shown, demonstrating that these parameters can
also be employed in the monitoring of a sensing event. Moreover, the reconstruction of the Ibs vs.
time profiles from the “off” (Figure S4), shows that the change in the current has different behaviors
depending on the potential region analyzed. For the potential range Vc>-150 mV, there is an increase
in the current (in absolute value) with the addition of NaOH, while for V¢ values below -200 mV,
there is a decrease in the signal. This can be explained by taking into account two features of the
electrochemical response of the polymer. On one hand, there is a well-known change of PANI redox
potential with pH increase [82], that leads to a shift in the transfer curves to higher gate potential
values. On the other hand, as the pH increases, there is a decrease in PANI conductivity and therefore
in the transconductance and maximum current values. Because of these coupled phenomena there is
an intersection of the transfer curves that yields different behaviors of the current depending on the
potential region analyzed. These results emphasize the relevance of having available the entire
transfer curves and monitoring the evolution of the different parameters to understand the
phenomena causing the signal in the transistor.

Another problem that arises from measuring at a constant V¢ value is that the polarization of
the channel and the gate electrode could lead to parasitic reactions, generating a component
associated to these processes in the OECT signal. Due to this fact, the time required to achieve the
stabilization of the device response as well as the presence of a drift in the transistor signal will
depend on the Ve employed. To exemplify this, Figure S7A shows the evolution of the signal of a
PEDOT-PAH transistor during the first 20 min after applying a constant Vc. This response was
measured for four different Ve values in the potential region of high transconductance, and were
expressed as Ips - Ips,=20min for the sake of comparison. It can be observed that the time to reach a stable
signal and the drift in the signal depend on the applied potential. In this regard, sweeping the gate
potential between the on and off states avoids polarization preventing parasitic reactions that add non
desirable components to the device signal. Then, the time required to stabilize the output signal does
not have an important variation with the Ve chosen to monitor the evolution of the current. In Figure
S7A, the reconstructed Ibs at a function of time curves obtained with the CCM are shown at different
Ve values and compared with the traditional Ips measurements at constant Vc. It can be appreciated
that, with this methodology, the time to reach stabilization as well as the drift in the signal is
independent of the chosen potential.

Moreover, the analysis of other parameters, such as the threshold voltage, can contribute to
elucidate the origin of the drift in a measurement and in some cases, to mitigate its effect. For instance,
drifts often originate in the degradation processes of the polymer or their detachment from the
substrate. In this case, the OECT current progressively decreases and separating this contribution
from the change in the current due to an actual sensing event can be a challenge. However, it is
interesting to note that the threshold voltage does not necessarily change due to this effect. In Figure
S7B, it is shown the evolution of the transfer curves of a PEDOT-PAH transistor that suffers
degradation. A decrease in the maximum current of the OECT and a drift in the Ips at Vo = VGgmax as
a function of time can be appreciated (Figure S7C). However, in Figure S7D, it is shown that the Vu
remains constant in time. In the following sections, we show how this strategy can be harnessed to
detect the presence of an analyte through the monitoring of Vs, in conditions in which the current
does not show a clear response.

All these results together, demonstrate the relevance of determining the different OECT
parameters and the potential of monitoring them to improve the performance of OECTs in biosensing
measurements. We believe that having all this data available from each experiment is a key factor
towards reproducibility and a better understanding of the physicochemical processes that take place
during detection events. In the following sections, we will show examples of the application of CCM
for the detection of different analytes, going from the monitoring of the adsorption of polyelectrolytes
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and enzymes into polymeric substrates, to the biosensing of glucose and urea through biocatalytic
reactions.

3.3. CCM Applied to Polyelectrolyte Adsorption Monitoring with OECTs

In this section, we show the monitoring of the adsorption of a polyelectrolyte (poly-
styrenesulfonate, PSS) on the PEDOT-PAH channel surface through the analysis of the different
parameters mentioned above. The adsorption of this macromolecule onto the PEDOT-PAH surface
has been previously studied and it is driven by the electrostatic interaction between the negatively
charged PSS and the positive charge of the channel surface endowed by the amino groups of the
polyallylamine.

To this end, the OECT Ibs response was recorded while the gate potential was swept between -
200 mV and 600 mV in KCl1 0.1 M at 20 mV s under flow conditions. Then, a 1 mg mL-* PSSin 0.1 M
KCl solution was injected for 40 min and then rinsed with KCl. In Figure 3A, the change in the transfer
response is shown for the “off” curves (the on curves were separated and shown in the SI for the sake
of clarity, Figure S8). A shift of the curves to higher gate values can be observed. This effect can be
also appreciated in Figure 3B, which shows the transconductance vs. V¢ for the transfer curves of
Figure 3A. Then, the Viawas calculated from each curve, and plotted vs. time, as can be seen in Figure
3C. A rapid increase in VrH as the charged macromolecule is deposited can be observed. The increase
in the gate potential required to oxidize the polymer when PSS is adsorbed, is related with the
incorporation of a negative dopant in the PEDOT-PAH matrix, that stabilizes the positive carriers of
the polymer. This effect can also be monitored by following the increase in VGgmax as it is shown in
Figure S9A. In addition, Figure 3D shows the gmax values as a function of time, at which a decrease of
this parameter as PSS is deposited on the surface can be appreciated. Next, we continued with the
reconstruction of the Ipsvs. time profiles usually used to monitor these processes at different constant
Ve values. Figure 510 shows the Ips time evolution at different potentials where it can be observed
that the output signal of the device depends on the selected Vg, as expected. However, some
interesting information arises from the comparison of the changes in the current at the different Ve.
Figure 3E,F, show the changes in the current at each value V¢ obtained by subtracting a lineal baseline
corresponding to the current before the injection (see Figure S11 for more details), Alps, which is the
typically used analytical parameter with OECTs (these results were obtained using the “off” curves,
the ones obtained with the “on” curves are shown in Figure S12A). The maximum amplitude of the
change in the signal is observed at the potential corresponding to the maximum transconductance of
the polymer (380 mV). However, it is interesting to note that a different result is obtained when
analyzing the relative changes in the current or normalized current response, %Albs, which is the
ratio between the current change upon analyte addition and the initial current value before the
injection (%AIps=100Albs/Ipse). This parameter is often employed to compare the performance of
different transistors [74] and does not necessarily have the greatest amplitude in the Vg gmax. In fact,
for the case of PSS adsorption on the PEDTO-PAH-based OECT, the magnitude of the relative current
changes increases with Vg, reaching values of 66% for a Vo= 660 mV, compared with a 24% change at
Vi gmax (Figure S12B). These differences will depend on each specific system and are not easy to
predict, therefore having all data available allows selecting the optimal potential to perform the
analysis and obtain the signal of greatest amplitude and then having a fair comparison between
different devices.

In addition, we compared the OECT response obtained with the CCM with SPR results, to
evaluate the influence of the methodology in the kinetic profile of the reconstructed curves. To this
end, a PEDOT-PAH modified Au-SPR substrate was employed to follow the change in the
sensorgram during the injection of 0.1 mg mL-1 PSS in 0.1 M KCl solution (same conditions of those
employed for the OECT measurements). In Figure 513, the comparison between the results obtained
with the two techniques are shown. In Figure S13A, the SPR response is compared with the change
in Vi upon PSS adsorption, calculated as AVte=Vrtu-Vtio, where Vo is the threshold potential
before PSS injection, and Figure S13B, shows the comparison with the Ibs profile at Ve=380 mV,
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corresponding to the maximum transconductance potential. In both cases, a remarkable match of the
kinetic profiles of the reconstructed responses with the SPR profile can be observed. This shows that
CCM allows precise time monitoring of the processes.
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Figure 3. (A) Shift of the PEDOT-PAH transfer curves during PSS adsorption. (B) g vs. VG curves obtained by
deriving transfer curves in (A). (C) Viaand (D) gmax time evolution obtained from the curves in (A) and (B),
respectively. (E) Albs time evolution during PSS deposition at different V¢ values, and (F) representation of the
current changes as a function of Vc. All shown data was obtained from the “off” curves, see SI for the analysis of
the “on” curves (Figure S12).

3.4. CCM Applied to Enzyme Adsorption Monitoring with OECTs

The anchoring of urease and glucose oxidase on PEDOT-PAH OECTs have been previously
reported [66,67,71]. These enzymes are negatively charged in aqueous media at pH 7.4. Then, due to
electrostatic interactions, they are adsorbed on the protonated polymeric surface. In previous works,
we have shown the capability of OECTs to monitor protein deposition on PEDOT-PAH films through
the changes in the current signal of the device. Here, we report the monitoring of the adsorption of
urease and glucose oxidase on the OECT channel by following the time evolution of V1, Vg gmax and
gmax, showing the advantages of this analysis methodology.

The integration of enzymes onto PEDOT-PAH films was performed similarly to polyelectrolyte
adsorption. Briefly, under flow conditions, a solution of 10 mM KCl was injected, and the Ips was
recorded while the potential was swept between 0 and 800 mV at 10 mV s. Then, 1 mg mL"! urease
in 10 mM KCl was injected for 32 min followed by rinsing with 10 mM KCI. Figure 4 shows the time
evolution of gmax, V1 and Vggmax. These parameters were obtained from both transfer curves, “on”
and “off”. The transfer curves recorded before and after enzyme deposition (Figure S14A) show a
clear shift toward lower gate potentials. This variation is also reflected in the time evolution of gmax,
V11 and Vegmax as it can be appreciated in Figure 4A—C. In previous works, such behavior has been
attributed to changes in the impedance at the polymer/electrolyte interface due to enzyme attachment
on the channel surface [67]. Overall, it is interesting to note that all studied parameters are suitable
for monitoring the enzyme integration process.

A similar analysis was performed using Glucose Oxidase (GOx) instead of urease (Figure S15).
In this case, the enzyme injection was for 29 min, and the behavior of the parameters was opposite to
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urease incorporation. In particular, the increment in the conductivity of the channel due to the
anchoring of the GOx was attributed to stabilization of the positive charge carriers of the polymer by
the negative charges of the enzyme, similarly to the behaviour observed for PSS adsorption [71],
corroborating the capability of this strategy for monitoring enzyme integration (See Figure S15).
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Figure 4. Time evolution of the (A) gmax, (B) Vru and (C) Vggmax during urease adsorption. Vos =-50 mV, pH 7 4.

Likewise, a similar approach of that shown above for PSS was applied here to compare the OECT
response with the SPR signal during urease deposition. In this case, a PEDOT-PAH modified Au-SPR
substrate was employed to follow the change in the sensorgram during the injection of 1 mg mL" of
the enzyme in 10 mM KClI solution. Figure S14B-D shows the SPR response compared with the
change in Vi, VGgmax and gmax, upon urease adsorption. In all cases, the reconstructed kinetic profiles
exhibited a notable correspondence with the SPR sensorgram. These results verify the capability of
the CCM to monitor the adsorption process in time with high precision.

3.5. CCM Applied to the Biosensing of Catalytic Reaction with OECTs

Urease catalyzes the hydrolysis of urea into ammonia and carbon dioxide, yielding an increase
in the local pH. The catalytic response of enzyme adsorbed PEDOT-PAH OECTs is shown in this
section. For urea detection, the urease modified OECT mentioned above was exposed to increasing
concentrations of urea, from 100 pM to 5 mM in 10 mM KCl, pH 7.4, injected under flow conditions.
Transfer curves were recorded between 0 and 850 mV at 10 mV s and as shown in Figure S16, they
exhibit a shift toward higher gate potentials. As a result, there is an increase in VH, VG gmax and gmax
parameters as a function of time (Figure 5A—C). In previous works, it was stated that the shift toward
higher gate potentials upon pH increase arises from the deprotonation of PAH amino groups, leading
to stabilization of the PEDOT channel positive charge carriers [67].

Figure 5D presents the Vi and Vcgmax as functions of urea concentration. The plot shows an
increase of these parameters throughout the entire concentration range studied and a good match of
the profiles, suggesting that both parameters can be equally employed for urea detection. A similar
behavior was observed with %Albs and %Agmax parameters (Figure 5E), that represent the relative
change of Ips and gmax, respectively (%Agmax was computed as %Agmax = 100(gmax - gmax0)/gmaxo and
%Alps was evaluated at a constant V corresponding to the Vg gmax).

In addition, we reconstructed the Ibs vs. time profiles under different constant Ve values (Figure
S17A). As observed for PSS, time evolution of Ibs at different potentials shows that the device output
signal depends on the selected Vc. From the analysis of the Alps obtained at the different Vg, it can be
seen that the maximum signal amplitude is also reached at the gate potential corresponding to the
maximum transconductance of the polymer (306 mV) (Figure 5F). On the other hand, the relative
changes in the normalized current response, %Albs, increases with Ve (Figure S17B), similar to that
observed for the monitoring of macromolecule adsorption. These results reinforce the importance of
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considering the complete set of experimental data in order to identify the gate potential that
maximizes the signal amplitude and ensure a consistent and reliable comparison between devices.
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Figure 5. Time evolution of the (A) V1, (A) VGgmax and (C) gmax along the injection of increasing concentrations
of urea. (D) Vi and Vggmax as a function of concentration. (E) Percentual change of Ips and gmax as function of
concentration. (E) Percentual change of Ibs as function of concentration evaluated at constant and variable Ve.
Vbs =-50 mV, pH 7.4. (F).

Furthermore, we have also evaluated the enzymatic detection of glucose through the different
parameters with a PEDOT-PAH OECT modified with GOx, showing that the CMM can be
successfully employed for the monitoring of this analyte (Figure S518). However, some worth
mentioning results emerged from an experiment performed with a modified electrode channel that
suffered degradation, losing polymeric material during the sensing measurement and therefore
decreasing the current signal. When this kind of issue appears in a sensing measurement, the Ibs shift
cannot be clearly associated either to the degradation or to the molecular reaction that occurs in the
polymeric surface. For the case of glucose sensing, its decomposition into gluconic acid and hydrogen
peroxide in the presence of GOx results in a decrease of current, behavior attributed to the medium
acidification. Therefore, in this case, both the sensing event and the degradation process yield a
decrease in the current and separating one contribution from the other is not possible using only the
current signal. In this context, a possible solution is to use parameters that do not strongly depend on
the polymer mass to follow the enzymatic reaction. Figure 6 shows the behavior of a PEDOT-PAH
OECT that is degrading while the glucose detection is being monitored (glucose was injected from
0.5 to 10 mM in 10 mM KCl at pH 7.4). The evolution of the transfer curves (Figure 6A) shows the
decrease of Ipsmax while the glucose concentration increases, which involves an obstacle to monitor
the glucose detection by the recording of Ibs at a constant V¢ (Figure 6B). In fact, for values higher to
5 mM, it is not possible to correlate current with concentration and it seems that the enzyme
saturation was reached. Otherwise, if we use V1 to follow the glucose detection (Figure 6C) it is
possible to sense concentrations beyond 5 mM. This issue can be corroborated in the comparison
between the relative change of current and the change of V11 as function of concentration shown in
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Figure 6D. While the %Albs appears to reach a plateau at 5 mM of glucose, the AV1H is continuously

increasing until 10 mM glucose.
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Figure 6. (A) Ips vs. Vc “on” curves for glucose sensing with a GOx-adsorbed PEDOT/PAH OECT in 10 mM KClJ,
pH 7.4 (B) Time evolution of the Ips and (C) V. (D) Percentual change of Ips and change of V1 as function of

glucose concentration.

3.6. Sensing Rapid Processes with CCM

In previous sections it was shown the capability of CCM for monitoring the time adsorption of
macromolecules on the OECT channel surface and the good correlation between the kinetic profile
obtained by this technique and those obtained by the reference SPR technique. However, when
studying the evolution of processes over time, the frequency of data determination is a critical
parameter. In this regard, because of the time that takes cycling the polymer between the “on” and
“off” states, the amount of points obtained in the reconstructed curves may be less than desired. In
this context, reducing the potential window in which the polymer is cycle can be an easy way to
overcome this potential issue. In this section, we prove this concept by reducing the potential range
during the detection of glucose. To this end, a GOx-adsorbed PEDOT-PAH OECT was used to
monitor a solution of 5 mM glucose in 10 mM KCl. First, the complete transfer curves (Figure 7A)
were recorded while the solutions were injected (10 mM KCl followed by 5 mM Glucose in 10 mM
KCl). The potential was swept from -200 (“on” state) to 850 mV (“off” state). Next, using the same
OECT, the experiment was repeated by setting the V¢ limits shown in the orange box, from 350 to
550 mV, at the same conditions as previously used (Figure 7B). The polymer state is not the same
when the scan limits change. This issue can be attributed to the doped degree that is reached when it
is completely oxidized and then reduced. Since the polymer does not work under the same initial
and final conditions, a different time evolution of Ibs is expected (Figure S19). Although there is
noticeable variation in Ips, the reduction of the window of Vc does not modify the relative change of
Ibs, (see Figure 7C). In both cases, the complete and the short scan, a shift around 27% of relative Ibs
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was reached. A noteworthy point is that the short-cycle scan allows tracking the kinetic profile of the
biosensing process with significantly more precision than the complete-cycle scan.
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Figure 7. Ips-Vc curves for 5 mM glucose sensing with a GOx-adsorbed PEDOT/PAH OECT in 10 mM KCl, pH
7.4 in (A) complete and (B) short-cycle scan. And (C) %Albs time evolution during glucose sensing with different
Ve windows, curves reconstructed at Ve =435 mV.

4. Conclusions

A novel methodology for measuring with OECTs and to analyze the obtained data designed to
improve sensors’ performance was presented. This methodology is based on the continuous cycling
of the transistor channel by scanning the gate potential during the sensing experiments enabling the
monitoring of the processes occurring at the OECT electrodes through multiple parameters
simultaneously. It was proved that the time monitoring of VrH, VGgmax and gmax parameters can be
employed to sense changes in pH solution as well as the adsorption of macromolecules on the channel
surface with transistors based on PANI and PEDOT. In addition, the reconstruction of the Ibs profiles
as a function of time at constant Vg, can be performed at multiple Vc values allowing to select the
optimum gate potential to analyze the experiment. This represents a major improvement compared
with traditional measurements of Ibs at constant Vg, since it allows choosing the analysis conditions
that yields the greatest sensitivity in the signal response as well as avoiding the issue of gate
polarization that leads to parasitic reactions. In addition, the extra information provided by the
determination of multiple parameters leads to a better understanding of the physicochemical
processes occurring at the gate and channel electrodes. In this work, the CCM was successfully
applied for the time monitoring of polyelectrolyte and enzyme adsorption and for the detection of
urea and glucose through enzymatic reactions. However, we believe it could be easily extended to
other systems of interest, making this methodology a significant contribution for the development of
devices based on OECTs technology.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/doi/s1, Figure S1: Transfer curves at different scan rates in a PEDOT-PAH OECT,
Figure S2: NaOH sensing with a PANI OECT, Figure S3: Reconstructed time evolution of Ips curves in a PANI
OECT at different Vg, Figure S4: Albs as a function of time for the “off” curves in Figure 2C, Figure S5:
Transconductance of the PANI OECT obtained from deriving curves in Figure 2C, Figure S6: V1, gmax and Ipsmax
values upon NaOH obtained using CCM from the data in Figure 2E, Figure S7: Current profile a PEDOT-PAH
transistor in KCI during the first 20 min of the stabilization. Figure S8: “On” transfer curves and g vs. Vcprofiles
for a PEDOT-PAH-based OECT during PSS deposition, Figure S9: Time evolution of V1H, VG gmax and gmax during
PSS adsorption, Figure S10: Reconstructed Ips vs time profiles using CCM at different potentials, Figure S11:
Example of baseline subtraction, Figure S12: Alps and %Albs at different Vg, Figure S13: Comparison of the
performance of SPR and OECT techniques for the monitoring of PSS deposition, Figure S14: Transfer curves and

comparison of the performance of SPR and OECT techniques for the monitoring of urease adsorption, Figure
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S15: Time evolution of the VrH, VGgmax and gmax during GOx adsorption, Figure 516: Transfer curves for urea
sensing, Figure S17: Time evolution of the Ips and %Albs for urea sensing, Figure S18: Time evolution of the Vs,
VGgmax and gmax during glucose sensing, Figure 519: Ips time evolution during glucose sensing with different Vc

windows.
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