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Supplementary Discussions

Supplementary Discussion 1: Effect of Target-Electrode Interactions on Gate

Electrochemical Properties

To verify how gate electrochemical properties change when a biomarker interacts with the
electrode surface, we monitored the sensing interface using an electrochemical quartz crystal

microbalance (e-QCM-D; Supplementary Fig. 1a)."? The sensing model used in this experiment

is a nanobody functionalized gold electrode for the detection of SARS-CoV-2 spike protein.? This
approach enables real-time monitoring of the resonance-frequency shift of a piezoelectric quartz—

gold electrode on which the nanobody was immobilized to capture the target (Supplementary Fig.

1b). The e-QCM-D provides a benchmark validation of binding because its primary signal arises
from piezoelectric mass loading rather than electrochemical transduction.** For a given excitation,
the oscillation frequency is highly sensitive to changes in electrode mass, which can vary upon
protein adsorption at the surface. The —30 Hz frequency shift observed here confirms protein
binding to the recognition layer.

Protein binding can modify the electrode surface potential and dipole distribution through the
introduction of additional charges, leading to polarization of the interfacial biolayer.®® Changes
in surface potential (or electrochemical potential) can be measured directly using Kelvin probe

11T o inferred

force microscopy (KPFM),”” or open circuit potential (OCP) measurements,
indirectly from electrochemical impedance spectroscopy (EIS)."> Here, we monitored the
electrochemical potential via OCP and measured a —25 mV shift upon target binding

(Supplementary Fig. 1c). The electrode double layer capacitance can also change, for example

decrease due to formation of a more insulating protein layer or increase if binding disrupts packing
within the biolayer and enhances ion accessibility at the interface.'*'* Such changes can be
quantified using EIS or cyclic voltammetry (CV). We report a capacitance decrease of —62 nF

extracted from EIS through Randles circuit fitting (Supplementary Fig. 1d). The charge-transfer

resistance (Rct) may also vary depending on how target binding alters electrode accessibility to a
redox probe in solution,'” as reflected by the increase in semicircle diameter in the Nyquist plot.
We do not investigate the contribution of Rcr to the OECT response here as our work focuses on
non-redox based, non-Faradic sensing that relies on changes in electrochemical potential and

capacitance.®!6-18
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Supplementary Discussion 2: Preparation of Model Gate Electrodes with Different
Electrochemical Potential and Constant Capacitance

The electrochemical potential of Ag/AgCl reference electrodes containing inner solutions with
varying Cl~ concentrations, was measured against a commercial Ag/AgCl reference electrode (3

M NaCl) (Supplementary Fig. 2). The electrochemical potential (E) depends linearly on the log[Cl®

] according to the Nernst equation (Equation S1) and the corresponding electrochemical reaction

(Equation S2):"°

E = E° — RT/nF - log[CI'] Equation S1

AgCli) +e = Ages) + Clg Equation S2

where E° is the standard reduction potential of AgClsy/Ags) redox couple, R is the universal gas
constant, T is temperature in Kelvin, n is the number of electrons involved in the redox reaction,
F is the Faraday constant, and [Cl'] represents the chloride ion concentration used to finely tune
the electrode potential.

The range of [C17] selected for the model electrodes (from 3 M to 50 mM) ensured non-polarizable
behavior. [Cl] below 50 mM led to polarization when the electrode was used as a gate of the
OECT. The non-polarizability requirement is not merely a theoretical condition leveraged in this
work but is a widely adopted strategy in transistor-based biosensing, through the use of large-area
(high capacitance) gates, mainly to maximize biolayer conformational changes upon target binding
and minimize sensing time.®?° The prepared electrodes exhibited a minimal potential drift (-0.13

+0.06 mV/min), comparable to that of a commercial reference electrode (Fig. 2a).?!
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Supplementary Discussion 3: The Electrochemical Potential-Current-Voltage (EP-1V)

Characterization

In this work we used the EP-IV characterization setup (Supplementary Fig. 4a).2%?} This technique
helps understanding the OECT operation by correlating device output signals with electrochemical
potential distributions of OECT components.?* To operate the OECT, we applied Vps (-0.6 V) and
Vs (from -0.7 to +0.2 V) using a source measure unit (SMU) while simultaneously monitoring
the electrochemical potentials of source (Es), drain (Ep), and gate (Eg) with respect to a reference
electrode (RE) using a potentiostat in open-circuit potential (OCP) mode. The transfer curve

recorded during these measurements (Supplementary Fig. 4b) and the potential distributions of

OECT components (Supplementary Fig. 4c) can be used for the experiment interpretation. Eg

remained constant during the entire scan due to the non-polarizable nature of the Ag/AgCl gate
electrode, while the relative electrochemical potentials of the OECT components align with the

applied operating voltages, i.e, Ep-Es=-0.6 V (Vps) and Eg-Es =-0.7 to +0.2 V (Vgs).
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Supplementary Discussion 4: Revisiting the Current Model for OECT based non-Faradaic
Biosensor Operation

The conventional model that describes the non-faradaic biosensing mechanism in OECTs

(Supplementary Fig. 6a) can be described by the following equations: 3326
Ves™ = Vst + Vofrset Equation S3
Boundary conditions:
Ves®™" = Vgsa Equation S4
e Blank -
Vottset = 0V Equation S5
Vgs® = Ves2 = Vis,1 + Vortset Equation S6
e Target —
Vottset = f(A@g, ACg) Equation S7

where Vgs®T is the effective gating voltage required to reach a set Ips value taken as reference
point. Vgs,1 and Vgs are the instrumentally applied gating voltages for the blank and target
conditions necessary to reach the set Ips. Vorsset represents the additional gate voltage needed to
compensate for changes in gate electrochemical properties following target binding and reach the
set Ips. Apg and ACg are the changes in gate surface potential and capacitance resulting from target
binding.

The Vas,1 1s distributed across the gate—electrolyte and electrolyte—channel interfaces depending
on their relative capacitances.’’” The voltage drop across the electrolyte—channel interface
determines the Ips. In this model, Ips in the blank condition is taken as the reference point, meaning
Vst = Vs, and there is no Vossset (Equations S4 and S5). Following target binding, the gate
electrochemical properties (surface potential, capacitance, or both) change. To maintain the same
Vst and thus the same Ips, a new gate voltage (Vs2) must be applied. The Vgs®™ is now Vs
which differs from Vgs,1 by Vosset (Equation S6). Vorrset then depends on the gate property change
(Equation S7). As a result, the voltage drop across the gate—electrolyte interface changes, while
the drop across the electrolyte—channel interface remains unchanged, preserving the reference

doping condition.
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The relationship between analyte concentration and the gate electrochemical properties changes is

defined by:

Apg = :Q—tit digt Equation S8
tgteo
ACg = 2r2oh Equation S9

where n is the surface density of bound target molecules, Qg is the net charge of a single target
molecule (dependent on its isoelectric point, electrolyte pH and ionic strength), o is the dielectric
permittivity of the free space, e is the relative dielectric permittivity of the target and dig is the
thickness of the target capable of electrostatically interacting with the gate conductive surface,
which depends on the Debye length, Ag; is the variation in dielectric permittivity of the gate, A is

the gate electroactive area, and Ad is the variation in biolayer thickness.

While this model describes the OECT sensor operation, the way how it is presented has some

ambiguities and inaccuracies:

1. Mislabeled y-axis: In the conventional model, the y-axis is often labeled as potential, even
though electrochemical potential refers to the thermodynamic state of an electrode and must
be defined relative to a true reference electrode or a well-characterized redox couple.'” In
contrast, voltage is the electric potential difference between any two arbitrary points. The
channel is fixed at 0 V, effectively serving as the reference for this representation. However,
the channel is neither an independent nor a thermodynamically defined reference electrode.
Therefore, the y-axis should be labeled as "voltage vs. channel” and it cannot convey
meaningful thermodynamic information about OMIEC doping or gate surface potential.

2. Emphasis on AVgs (or Vofsset) instead of Alps: The model uses voltage shift (AVags = Voffset)
as sensor output, rather than current response (Alps). The channel is assumed to maintain a
constant voltage drop relative to the electrolyte, i.e., constant Ips, with the effect of sensing

being considered only as a variation of the voltage drop across the gate-electrolyte interface.
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However, this perspective overlooks the core function of the OECT which is a voltage-to-
current transducer and Alps is the amplified sensor output.

3. Undefined contributions to Vosset: In the current model, it is not possible to quantify how
much of the Vofrer is due to gate capacitance or surface potential variation, or both (Voffser =

AACg, Apc), Supplementary Fig. 6a.

4. Apparent gate capacitance change: The model always suggests a change in the capacitance
of the gate electrode after target binding even when the sensing response is solely related to
variations of surface potential (Vorset = f{IAQG)). See the increase in voltage drop across gate-

electrolyte interface which suggest a decrease in gate electrode capacitance (Supplementary

Fig. 6b).

5. Incompatibility with non-polarizable gate electrodes: The model constrains the channel and
electrolyte potentials at fixed values. However, when working with a low polarizable gate
(which can be obtained using an electrode of large area),®? the voltage drop across the gate-
electrolyte interface is negligible before and after target binding,?® and the only source of signal
is a change in surface potential (Vofret = f{A@G)). However, the only possible representation is
an apparent increase in the gate—electrolyte voltage drop, which contradicts the non-polarizable

nature of the gate (Supplementary Fig. 6¢).

The revised description of the model proposed in this work addresses the inaccuracies and

ambiguities outlined above and it also introduces new elements that enhance our understanding of

sensor operation. By expressing the y-axis as voltage relative to a true reference electrode (e.g.,

Ag/AgCl), the model provides thermodynamically meaningful values. These voltages correspond

to well-defined electrochemical potentials that govern both the OMIEC doping state and the gate

surface potential, enabling a more rigorous and informative interpretation.

Below is a summary of key advantages of this approach:

1. Representation of real experimental practices: OECT sensors are often operated by
monitoring changes in Ips through transfer curves. The revised representation reflects this
operating mode by describing the device at a fixed Vps and a Vgs range rather than relying on
the less intuitive concept of voltage compensation (Voffset) to maintain a constant Ips after target

binding.
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2. Direct link to classical potentiometric sensing: The revised representation establishes a
direct conceptual and experimental bridge to classical potentiometric sensing techniques, such
as the OCP method (Figs. 2a and 2b) by reporting the actual electrochemical potential of the
gate electrode. This connection facilitates cross-validation and interpretation across sensing
platforms.

3. Correlation with broader electrochemical characterization of the OMIEC: The revised
representation enables direct correlation between the OECT response and other
electrochemical characterizations of the OMIEC such as cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and conductivity measurement (Fig. 2d). This
gives access to a mechanistic understanding of how the OECT transduces target binding events
into an amplified current signal.?’

4. Mapping of the electrochemical potential gradients across the channel: By including the
applied Vps in the schematic, the model clearly illustrates the electrochemical potential

distribution along the channel.?* This enables the identification of whether the OECT is

operating within safe electrochemical voltage range (Supplementary Fig. 7a).>**! For example,

if Vps is too negative (Supplementary Fig. 7b) or Vgs is too positive (Supplementary Fig. 7c-

i), the potential at the drain may reach values capable of degrading the OMIEC.*?> Conversely,
excessively negative Vgs values can push the source to potentials that promote overoxidation

of the OMIEC?? (Supplementary Fig. 7c-ii). Such effects can lead to a change in Ips, which

may be falsely attributed to a sensing response if not properly identified. Therefore, mapping

the potential landscape ensures both accurate interpretation and safe operation of the device.

10
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Supplementary Discussion 5: Distinguishing applied voltage from electrochemical potential

We reported the EP-IV characterization obtained during a linear voltage scan of an Au electrode

in a solution containing the redox probe [Ru(NH3)s]Cl3z (Supplementary Fig. 10a). The

measurement was performed using the EP-IV setup (Supplementary Fig. 4) adapted for a two-

electrode configuration (Supplementary Fig. 10a-i). The experiment was repeated using two non-

polarizable electrodes of different materials connected to the (—) lead (denoted (—)1 and (—)2), while
the electrode connected to the (+) lead was kept constant.

During the voltage scan, the Ru(Il)—>Ru(IIl) oxidation occurs in both cases, but at different applied
voltages (Supplementary Fig. 10a-ii), separated by 31 mV (AV,). When the curve obtained with

(-)2 is shifted horizontally by AV,, it overlaps with the (-);1 curve ((-)2+ AV,, dashed line),
analogous to the behavior observed in OECT transfer curves (Fig. 2b-i).

The origin of this effect becomes clear when the electrochemical potentials of the (+) and (-)
electrodes are simultaneously measured versus a reference electrode (Ag/AgCl in 3 M NaCl)

during the voltage scan (Supplementary Fig. 10a-iii). The potentials of the two (—) electrodes differ

by a constant offset of 31 mV (AE(,)), matching the horizontal shift observed in the Ia, trace.
Likewise, the (+) potential traces are vertically offset by the same amount, consistent with the
behavior observed for the OECT (Fig. 2b-ii).

This analysis highlights the fundamental distinction between applied voltage and electrochemical
potential. Drawing two vertical lines at the voltages corresponding to the Ru oxidation peak for

the two (—) electrodes shows that both intersect the (+) electrochemical-potential trace at the same

value (Supplementary Fig. 10a-iii). Thus, the voltage applied by the SMU represent only the
electrical potential difference between two arbitrary points—here, the (+) and (—) electrodes—and,
by itself, has no thermodynamic meaning. In contrast, the electrochemical potential has
thermodynamic significance: in both (—) cases, the Ru oxidation peak occurs at the same
electrochemical potential. Specifically, the electrochemical potential measured by the potentiostat
corresponds to the potential difference between the electrode under investigation and a reference
electrode whose potential is stable, well defined, and governed by the Nernst equation. As a result,
the Ru oxidation peak may appear at different applied voltages depending on the specific two-
electrode configuration, but it is thermodynamically associated with a unique electrochemical

potential.

11
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An analogous concept applies to OECT operation: while a given Ips can be obtained at different
applied Vgs, depending on gate properties (Fig. 3a-1), the same Ips corresponds to a specific and
unique OMIEC doping state.

A similar analogy explains the non-uniform transfer-curve shift observed upon variation of gate
capacitance. In this case, an analogous experimental setup was employed, with the (+) electrode

fixed and the capacitance of the (—) electrode varied (Supplementary Fig. 10b-i). Specifically, the

(—) electrode capacitance decreased from a High-C condition (low-polarizability electrode) to a

Low-C condition (high-polarizability electrode) by reducing the electrode area (Supplementary

Fig. 10b-ii). Decreasing the (—) electrode capacitance produced a pronounced but non-uniform
shift in the Iau trace; consistent with the behavior observed in OECT transfer curves (Fig. 4b).
Simultaneous measurements of electrode electrochemical potentials reveal that, under low-
capacitance conditions, the (—) electrode no longer maintains a constant potential but instead

exhibits a bias-dependent deviation due to polarization (Supplementary Fig. 10b-iii). This effect

propagates to the (+) electrode, such that at a given applied voltage, different electrochemical
potentials are reached, mirroring the behavior observed in OECTs (Fig. 4c).

The polarization of the low-capacitance (—) electrode can be quantified at each applied bias as
Varop. When the Iau trace measured under Low-C conditions is corrected by subtracting the
corresponding Virop at each voltage, it collapses onto the High-C curve, demonstrating that the

same electrochemical potential, or redox state, was reached despite different applied voltages.

12
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Supplementary Discussion 6: Modulation of Channel Capacitance During OECT Operation
Since we measured the electrochemical potentials that the channel experienced during a transfer
curve using EP-IV, we can now estimate the channel capacitance at each of these potentials

through independent EIS measurements (Supplementary Fig. 12a). PEDOT:PSS capacitance

increased when the channel was pushed toward more negative potentials (i.e., positive Vgs),
suggesting a variable Cg/Ccn depending on the OECT operational voltage.
According to Bernards model,>’** Varp is a function of the gate-to-channel capacitance ratio

(Ca/Ccn) (Equation S10):

1 .
Vadrop = PP Vas Equation S10
CcH

The effect of variable Cc/Cch can be observed also during the OECT operation since the Varop/Vas
depends exclusively on the Cg/Ccu. We calculated the Varp/Vags during transfer curve

measurements for 19 gate electrodes with different capacitances (Supplementary Fig. 12b). The

Varop/ Vs for all devices results not constant, i.e., Cc/Ccn is not constant, and displayed a highly
reproducible dependence on the doping voltage, in line with the trend in the PEDOT:PSS
capacitance vs. Vgs. These results validate the voltage-dependent nature of the of Cg/Ccu and

highlight the need to consider this variable Cg/Ccn when interpreting OECT sensing response.

13
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Supplementary Discussion 7: Interpolation of Expected Output Values

We previously obtained a correlation between gate capacitance (Cg) and gate polarization (Vrop)

at each applied Vgs (Supplementary Fig. 11). This calibration enables extraction of empirical
relationships describing this dependence and, in turn, prediction of the expected OECT output
current (Ips) from the specific gate input parameters (Cc and Eg) and their variations.

To perform this analysis, the OECT response must first be calibrated using a reference gate
electrode so that the OMIEC doping state can be expressed in thermodynamic units (i.e.,
electrochemical potentials). Accordingly, an initial characterization step was carried out using an
Ag/AgCl pellet electrode. The electrochemical potential of this electrode is reproducible and can
also be calculated via the Nernst equation based on the electrolyte composition. Under these
conditions, the doping voltage can be reported as Vgs (V vs Ag/AgCl), emphasizing the

thermodynamic relevance of the applied voltages (Supplementary Fig. 13a). This calibration

allows voltages applied with a given gate to be converted into thermodynamic values that can be
directly associated with the measured Ips.
For a PEDOT:PSS OECT, the transfer curve can be empirically approximated by a quadratic

expression:
IDS = BO + Bl ) VGS,eff + BZ ) VGZS,eff Equati()n S11

Where Bo, B1 and B are the fitted coefficients (-1.46E-2 A, 3.84E-2 A/V and 2.65 A/V2,
respectively), and Vgsefr is the effective gate voltage which depends on the electrochemical
properties of the gate.

The effective gate voltage is calculated by accounting for (i) the difference between the gate
electrochemical potential and the reference condition of Ag/AgCl pellet (first term) and (i1) the
additional shift in effective doping voltage induced by gate polarization (second term), according

to:

Veserr = Vos — (Eg — Egrer) — (Do + D~ Vi) Equation S12

where Vgs is the instrumental gate bias applied using the gate electrode under test, Eg is the

electrochemical potential of the gate, Eger 1S the electrochemical potential of the reference gate

14
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(Ag/AgCl pellet, 50 mV vs Ag/AgCl 3M in 1x PBS), Do and D are coefficients from the linear

relationship that links Vawp, Vs and gate capacitance (Supplementary Fig. 11a).

Finally, the dependence of Vaop on gate capacitance is required. As previously shown

(Supplementary Fig. 11c), the linear coefficients Do and D vary exponentially with logCg,

following:
Dy =vy; + Ajexp — (logC; — x;)/t; Equation S13
D =y, + Asexp — (logC; — x)/ts Equation S14

where yi, Aj, Xi and t; are the fit parameters describing the intercept Do (2.43E-3 V, 9.688E-2 V, -
7.2202 and 3.95E-1, respectively), and ys, As, Xs and ts are the fit parameters describing the slope
D (5.38E-3 'V, 2.512E-1 V, -7.2170 and 3.44E-1, respectively).

Together, these empirical relationships allow prediction of the expected OECT output for a gate
electrode with defined electrochemical properties (Ec and Cg). As an illustrative example, we
report three cases of gate electrodes with different properties, within the range of variations
induced by target binding, and compare the measured transfer curves with the corresponding
calculated curves, showing that the prediction error remains within an acceptable range lower than

5%, (Supplementary Fig. 13b-d).

These equations enable exploration of hypothetical scenarios involving variations in gate
electrochemical properties, thereby facilitating sensing optimization, for example, with respect to
bias selection for extracting Ips, initial gate size, and the direction of electrochemical property
changes. This approach is relevant when the resulting calibration can be transferred to a batch of
devices with comparable performance, provided that the channels are identical. Importantly, this
calibration is not intended to be performed on every OECT channel used for sensing, as it requires

extensive device operation that may induce degradation.

15
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Supplementary Discussion 8: Gate Size Range for Maximum Sensitivity to Capacitance
Changes

As experimentally demonstrated, OECT sensitivity to changes in gate capacitance improves by
decreasing the gate size (Fig. 5b-ii); however, it is crucial to use a gate whose capacitance (Cg) is
larger than the channel capacitance (Cch). If Cg becomes smaller than Ccp, an excessive portion
of Vgs will drop across the gate—electrolyte interface (i.e., Vawp), rather than being transmitted to

the channel, preventing an efficient OMIEC modulation (Equation S10 and Supplementary Fig.

14a).? To ensure effective channel modulation and optimal sensing conditions, a Cc/Ccn between
1 and 10, highlighted as region of interest (ROI), is required, as it allows for more than 50% of
Vs to drop on the channel.

If we define n as Co/Cch, and a as the relative change in gate capacitance upon target binding (a
= Cg'/Cq, where Cg is the gate capacitance before target binding, and Cg" after), the AV grop caused

by the sensing event can now be expressed using the Bernards model as follows:

n(1-a)

Avdmp = (1+an)(n+1) GS

Equation S15

The ROI conditions appear to correspond also to the highest OECT sensitivity, i.e., highest AVrop

due to gate capacitance changes (Cg/Cg), as a function of the Co/Ccn (Equation S15 and

Supplementary Fig. 14b-i). For example, assuming that C'/Cgis 10% upon target binding,! AVrop

increases as Cg/Ccn approaches 1 (Supplementary Fig. 14b-ii). However, when Cg/Ccu drops

below 1, AVaop begins to decline, establishing this value as the lowest limit for gate size

optimization.

16
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Supplementary Discussion 9: Quantification of the Combined Electrochemical Potential and
Capacitance Effect on the OECT Response

To investigate the combined contributions of changes in gate electrochemical potential and
capacitance to the OECT response, we applied the EP-IV analysis under conditions in which the

gate electrode undergoes both types of changes (Supplementary Fig. 15). In the example shown

here, the gate potential increased by 53 mV and the capacitance decreased by 69 nF, consistent
with realistic sensing conditions.!”> The transfer curves using the Blank and Target gates were

measured (Supplementary Fig. 15a-i; the corresponding changes in gate electrochemical

properties are annotated within the plot to highlight the parameters driving the OECT response).

The potentials of the two gate electrodes are analyzed under two conditions: (1) prior to applying

any external bias (“no V”’), and (2) during transfer-curve acquisition (Supplementary Fig. 15a-ii).
The “no V” condition displays the variation of gate electrochemical potential (AEG) upon target
binding. The influence of the capacitance change, manifested as different degrees of electrode
polarization at the OECT terminals, arises only when operating voltages are applied during transfer
curve measurements. Under bias, the two gates polarize to different extents because of their
different capacitances. These two polarization conditions, denoted VB4rop and V'arop, are indicated,
for example, at Vgs = 0 V. As expected, the higher capacitance of the Blank gate results in lower
polarization (V2arop < V'arop). By calculating the difference between the two polarization values at
each specific Vas, (AVarop = V'arop - VBarop), We quantify the binding-induced change in gate
polarization as a function of operating bias. Subtracting AVdrop from the Target traces (Vas, target ~
AVrop and Eg, target ~ AVarop) effectively removes the contribution of the capacitance change. The

resulting transfer curve retains only the effect of AEG (Supplementary Fig. 15b-i), and the Target

gate exhibits the same polarizability as the Blank gate (Supplementary Fig. 15b-ii). In this

capacitance-compensated representation, the residual offset between Eg, vlank and Eg, target €quals
the AEG measured under “no V” conditions and remains constant across the full Vgs range,
consistent with the case of isolated gate potential variations. If AEg is also subtracted from the
corrected Target traces (Vas, target =~ AVdrop - AEG and Eg, target = AVdrop - AEG), the Blank and Target

traces overlap (Supplementary Figs. 15¢c-i, ii), indicating that both gate potential and capacitance

contributions have been removed. This behavior mirrors what was observed previously (Figs. 2b-
i and 4b) and confirms that, once all changes in gate electrochemical properties (potential and

capacitance) are accounted for, the OECT responses becomes identical. The input signals can be

17
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expressed under a unified voltage term, AVinput, since both manifest in the form of voltage, and

can be reported as function of Vgs (Supplementary Fig.15c¢-iii). This representation is consistent

with the individual analyses of gate potential and capacitance effects (Fig. 2b-ii and Supplementary
Fig. 11a, respectively).

In this experiment, simultaneous changes in both parameters were realized using two gold
electrodes of different areas. While capacitance can be conveniently tuned by adjusting gate size,
the gate potential is hardly controllable even for electrodes made of the same material because it
depends on multiple factors.>*>® Consequently, systematically sampling the full space of possible
AEGg and ACg combinations is non-trivial. Nevertheless, this limitation does not preclude
investigation of the OECT sensing transduction mechanism: representative single cases, such as
the example reported above, are consistent with the trends established in the preceding analyses

and support the conclusions drawn.

18
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Supplementary Discussion 10: Assessment of OECT stability during successive transfer
curve acquisition

To ensure that the channel current is stable during a sensing protocol that involves successive
transfer curve acquisition, a control measurement can be integrated. The OECT channel is first
characterized using an Ag/AgCl gate within a previously identified safe voltage window; this

serves as the reference measurement (Ref. IV, Supplementary Fig. 20). After each sensing

measurement (e.g., each concentration used to build a calibration curve), the channel is re-

characterized under identical conditions (C, Check, Supplementary Fig. 20). Each control

measurement is then compared to the initial reference to quantify the relative current loss, Alps
(%), which should remain below a predefined threshold (e.g., <5%). We reported an example of a
progressive Ips loss following successive sensing steps, with substantial degradation already

evident at the third measurement (Cz) (Supplementary Fig. 20). This is further confirmed by the

failure of the EP-IV curve-shifting procedure to achieve overlap after compensating for the change
in gate electrochemical potential (AEwg), indicating that the observed response is dominated by
parasitic effects. This protocol enables both assessment of OMIEC stability and selective exclusion
of unreliable data. For instance, only the initial experiments (Blank and Ci) satisfy the stability
criterion (Alps<5%), whereas subsequent measurements must be discarded. By contrast, in a stable
sensing experiment Ag/AgCl control measurements consistently showed Alps below 5%; and the
EP-IV analysis yields near-perfect overlap of the transfer curves after compensating for the gate-

potential variation (Supplementary Fig. 21). All sensing data points in this case can therefore be

considered reliable.

19
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Supplementary Figures
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Supplementary Figure 1. Effect of target-electrode interactions on gate electrochemical
properties. a) Schematic of the e-QCM-D sensor architecture. b) Resonance-frequency shift (7th
overtone) of the crystal during binding of SARS-CoV-2 spike protein to the immobilized
nanobody. The initial phase corresponds to the electrode in buffer (blank); the middle phase
corresponds to exposure to buffer containing 1 nM target (incubation); and the final phase
corresponds to rinsing with target-free buffer to remove unbound species, leaving only specifically
bound protein (washing). ¢) Simultaneous measurement of the e-QCM-D electrode’s open-circuit
potential (electrochemical potential). d) Nyquist plot of the nanobody-functionalized electrode
before and after target binding measured using electrochemical impedance spectroscopy (EIS).
The electrode double layer capacitance was obtained by fitting the curve to the Randles equivalent
circuit shown in the inset.
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Supplementary Figure 2. Electrochemical potential of Ag/AgCl electrodes. The electrodes

contain inner solutions with varying Cl~ concentrations from 3 M to 50 mM, measured against a
commercial Ag/AgCl reference electrode (3 M NacCl).
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Supplementary Figure 3. Vgs generating the same channel current and gate electrode

potential with respect to CI- concentrations. The potential of the gate electrodes and the shift of

the transfer curves have an identical dependence on the [Cl] concentration of the inner solution of
the Ag/AgCl electrode.
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Supplementary Figure 4. EP-IV setup and measurement. a) Experimental setup for the
simultaneous application of Vps and Vgs to the OECT using a source measure unit (SMU), and
independent measurements of Es, Ep and Eg using a potentiostat and a reference electrode (RE).
Dashed lines indicate the electrical connections to the potentiostat, while solid lines represent those
to the SMU. b) Transfer curve. ¢) Electrochemical potentials of the OECT components during the
transfer curve.
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Supplementary Figure 5. Effect of protein-induced gate electrochemical potential changes
on OECT output. PEDOT:PSS gate incubated with bovine serum albumin (BSA) and
corresponding OECT measurement performed in 1 mM phosphate buffer. a) Transfer curves
recorded before (blank) and after (target) BSA binding at the gate; the black dashed trace
corresponds to the target-bound curve shifted horizontally by 69 mV. b) Corresponding
electrochemical potentials of gate (Eg), source (Es) and drain (Ep); dotted lines indicate the blank-
gate condition and solid lines represent the potentials after BSA binding.
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Supplementary Figure 6. Schematic representation of the conventional OECT sensing
model. A polarizable gate electrode undergoes a) simultaneous changes in electrochemical
potential (Apg) and capacitance (ACg) upon target binding or b) only a change in electrochemical
potential. ¢) A non-polarizable gate exhibits a shift in electrochemical potential, with no voltage
drop across the gate—electrolyte interface, despite the apparent representation in the model.
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Supplementary Figure 7. Illustration of possible degradation mechanisms under different
biasing conditions. a) The OECT operates within a safe voltage window. b) Degradation of the
OMIEC occurs due to an excessively negative Vps. ¢) Degradation caused by (i) an excessively
positive, or (ii) an excessively negative Vgs.
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Supplementary Figure 8. Signal efficiency when transconductance is used as the analytical
signal. a) Normalized variation of the OECT transconductance derived from the curves shown in
Fig. 3a-ii. The derivative of the gm curves (gm’) maximized at around -0.32 V and the efficiency
of gm curves (gm’)err maximized at around - 0.49 V. The OECT signal response is maximized at
the Vs that maximizes its efficiency. b) The g’ and ¢) (gm’)etr derived from the curves shown in
Fig. 3a-ii. (gm’)efr was calculated by averaging the signal efficiency across the sensing gates as
function of Vgs. The shaded area represents the standard deviation (n=6).
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Supplementary Figure 9. Noise associated with the PEDOT:PSS OECT transfer curve
measurement. a) Representative transfer curve; the shaded region denotes + 3x the standard
deviation (Spik) of the measurement (n = 3), while the plain line represents the mean. b) The £3Spi
band at each Ips value defines the transfer-curve noise envelope. The corresponding width from
the Ips along the Vs axis represents the minimum change in gate potential (AEg) required to shift
the transfer curve beyond the noise region. Since (+)LoDmv and (-)LoDnyv are similar in absolute
value, the limit of detection can be reported as their average magnitude, independent of the shift
direction (JLoDmv|). Because of the one-to-one correspondence between AEG and AVgs, |[LoDmv/|
= LoDakgg.
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Supplementary Figure 10. Distinguishing applied voltage from electrochemical potential. a)
Linear voltage scan coupled with electrochemical potential measurements in a two-electrode
configuration. The (—) electrodes used had different potentials while the (+) electrode was the same
in all experiments. Schematic of the experimental setup (i), current recorded as a function of the
applied voltage (ii), and electrochemical potentials of the (+) and (—) electrodes during the scan
(iii). b) The same measurement, this time using (—) electrodes of different capacitances. Schematic
of the experimental setup (i), current recorded as a function of the applied voltage (ii), and
electrochemical potentials of the (+) and (—) electrodes during the scan (iii).
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Supplementary Figure 11. Gate polarization dependency on Vgs and electrode size. a) Gate
electrode polarization (Varop) for gates of different capacitances, ranging from 60 nF to 4000 nF,
as a function of Vgs. As Vgs increased from negative to positive values, the channel capacitance
increased. For each gate electrode, the dependency of Varop on Vs is approximated by a linear
equation, with intercept D, and slope D. b) Normalized AVrop as a function of Vs for various
initial gate capacitances (indicated by the color scale) and randomly selected ACg upon sensing,
ranging from 15 nF to 900 nF. Data extracted from Supplementary Fig. 11a. ¢) Dependence of the
slope magnitude, D, of the linear fits on the gate size. Data extracted from Supplementary Fig. 11a.
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Supplementary Figure 12. Modulation of channel capacitance during OECT operation. a)
Capacitance of PEDOT:PSS as a function of electrochemical potential, measured by
electrochemical impedance spectroscopy (EIS) and extracted using a Randles equivalent circuit
model. b) Normalized Varop/Vas values for 19 gate electrodes with capacitances ranging from 60
nF to 4 pF, plotted as a function of Vgs. The Varop/V depends on the Co/Ccn as indicated by the
inset equation. Data were taken from Supplementary Fig. 11a and normalized to 1 with respect to
the individual maximum for each curve.
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Supplementary Fig. 13. Interpolation of expected output values. a) Transfer curve of a
PEDOT:PSS OECT using a reference Ag/AgCl pellet gate electrode to estimate the output current
(Ips) at each thermodynamic voltage (electrochemical potential, V vs Ag/AgCl). b-d)
Representative transfer curves measured using Au gate electrodes with different electrochemical
potentials and capacitances, compared with the curves generated using Equation S11. The right y-
axis reports the percent difference between the experimental and calculated values. The
electrochemical potential and capacitance of each gate electrode are indicated in the corresponding
panel.
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Supplementary Figure 14. Gate size optimal range for maximum sensitivity to capacitance.
a) Fraction of Vgs that drops on the gate, as a function of Cg/Ccn. b) Dependence of the OECT
sensing input signal (AVgrop) on the Ca/Ccn, and Cg'/Ca (i). Specific case illustrating the effect of
a 10% gate capacitance change on the AVarop as a function of Ca/Ccw, (ii).
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Supplementary Figure 15. EP-IV analysis in which both gate electrochemical potential and
capacitance change upon target binding. a) Raw data obtained from EP-IV characterization,
where (i) shows the transfer curves recorded under Blank and Target conditions, and (ii) represents
the gate electrochemical potentials measured before applying any bias (no V) and during the
transfer curve acquisition. b) Data corrected by subtracting the measured gate polarization (V2grop
and V7 4rop) from the transfer curves and the electrochemical potential profiles. €) Further correction
of the Target data by subtracting the remaining electrochemical potential difference (AEG) between
Blank and Target conditions.
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Supplementary Figure 16. Effect of protein-induced changes in gate electrochemical
potential and capacitance on OECT output under destructive interaction. a) Gate substrates
with varies sizes were used to identify, via EP-IV analysis, the gate area that, when interfaced with
the OECT channel, yielded appreciable gate polarization (i). Transfer curves acquired in 1 mM
phosphate buffer using a 1 mm? gold gate before and after incubation with BSA 0.5 wt% (ii).
AVinput values extracted by EP-IV analysis following the protocol described in Supplementary
Discussion 9. The dashed line separates the regions in which AVigpu shifts the transfer curve
toward more positive or more negative Vgs (iii). Average percentage Vgs drop across the gate
during the transfer-curve measurement, extracted using the EP-IV analysis and correlated with
measured gate and channel capacitances to verify Equation S10 (iv). Based on the extracted AVinput
values, calculated hypothetical target transfer curves for the cases of b) an exclusive gate-
capacitance change and c¢) an exclusive gate-potential change.
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Supplementary Figure 17. Transfer curves of PEDOT:PSS OECTs with different channel
dimensions gated by the same polarizable Au electrode (5 mm diameter). Channel dimensions:
200%200 pm (a), 450x450 pm (b) and 625%625 pum (¢). The corresponding Cc/Cch ratios are 12.8,
3.4, and 2, respectively. The micrographs in each panel show the OECT channels.
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Supplementary Figure 18. OMIEC capacitance as function of doping potential. Capacitance
of (a) p(CsNDI-T), (b) PBFDO, and (¢) p(CoDPP-T) measured at different electrochemical

potentials.
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Supplementary Figure 19. Transfer curves acquired during the protocol used to identify the stable
Vs operating window reported in Fig. 8b.
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Supplementary Figure 20. OECT sensing measurements in which the gate electrochemical
potential changes progressively (top row), together with control measurements with Ag/AgCl gate
performed in parallel to assess channel stability (bottom row). The arrows show the sequence of
the measurements. The control measurements reveal a progressive loss of Ips over the course of
the experiments, which prevents the EP-1V analysis from providing a correct interpretation of the
sensing mechanism.
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Supplementary Figure 21. Experiment analogous to Supplementary Fig. 20 but performed under
conditions where channel current is stable, allowing the EP-IV analysis to provide a correct
interpretation of the sensing mechanism. Analysis corresponding to the data reported in Fig. 3a—c.
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Supplementary Figure 22. OECT channel stability. (a) The decrease in Ips (at a fixed Vgs)
during 1000 consecutive transfer curves. (b) Corresponding relative Ips loss during long-term
operation as a function of the measurement-range protocol.
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Supplementary Figure 23. OECT fabrication protocol. Schematic of the fabrication workflow
of two OECT channels, including source (S) and drain (D) patterning (i); deposition of two
Parylene-C insulating layers separated by an anti-adhesive layer (ii); patterning of the insulating
stack and definition of the channel area via photoresist lithography followed by plasma etching
(iii); OMIEC spin-coating (iv); and peel-off of the sacrificial layer (v).
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