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Fully Passive Electrochemical Oxygen Sensor Enabled With
Organic Electrochemical Transistor

Lia Giulia D’Amico, Chenhong Zhang, Francesco Decataldo, Vito Vurro, Marta Tessarolo,
Isacco Gualandi, Federica Mariani, Erika Scavetta, Tobias Cramer,* and Beatrice Fraboni

Wireless and battery-free sensor operation is essential for sustainable sensor
networks for environmental and health monitoring. Achieving such a fully
passive design in electrochemical sensors is challenging due to the need for am-
plification and control electronics as realized in potentiostats. To address this
issue, organic electrochemical transistors (OECTs) are introduced as amplified
sensors and demonstrate an OECT-based oxygen sensor that exploits the elec-
trochemical reduction of oxygen, akin to the Clark electrode. To build the sensor,
the transistor thin film fabrication protocol is integrated with the deposition of
a gas permeable silicone membrane and a hydrogel electrolyte. To assess the
sensor’s power consumption, a model that links power consumption to the
OECT geometry and the material properties of the semiconducting channel
is established. This model identifies the optimized OECT design that is com-
patible with commercial near-field communication (NFC) microcontrollers. In
the optimized design, the interrogating NFC radio signal is sufficient to power
the microcontroller, achieve sensor readout, and transmit the digitized sensor
current, enabling oxygen monitoring in air or water without wired connections
or batteries. These findings provide a first example and quantitative argumen-
tation on exploiting OECTs in low-power electrochemical sensor architectures.
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1. Introduction

In the field of sensor technology, there
is an increasing demand for wear-
able, portable, and point-of-care testing
devices,[1,2] featuring wireless opera-
tion, efficient data reading, and low
energy consumption.[3,4] In literature
and on the market, prevalent wire-
less communication approaches rely
on Bluetooth and WiFi protocols.[5–7]

However, conventional batteries are still
essential for powering these devices.
An intriguing alternative lies in the
integration of RFID (Radio Frequency
IDentification) systems based on NFC
(Near Field Communication) technol-
ogy. This involves communication and
powering through inductive coupling
between the reader and tag coil antennas.
These NFC-integrated circuits have been
demonstrated to provide sufficient power
for operating a wide range of microcon-
trollers and sensors, with the capability

of storing data in the internal memory and accessing it through
smartphone applications.[8–10] This approach has also been show-
cased in the advancing field of electrochemical sensing.[11–18]

However, electrochemical sensors often provide only small cur-
rent or voltage signals and rely on a three-electrode setup re-
quiring feedback control. The necessary potentiostat circuit for
their readout is difficult to implement with low-power integrated
circuits and novel approaches to make electrochemical sensors
compatible with NFC technology needed.

Among electrochemical sensors, there is significant inter-
est in their application for gas monitoring and detection.[3,19]

Specifically, research has concentrated on developing a wire-
less, wearable, and cost-effective oxygen sensor due to its rele-
vance in healthcare,[20–22] food quality assessment,[17,19] microor-
ganisms cultivation (i.e., microalga),[23,24] environmental mon-
itoring, and personal safety devices.[3] In the latter field, oxy-
gen deficiency detection is essential due to the profound con-
sequences produced by slight changes in its concentration. Nor-
mal atmospheric oxygen concentration is 21%, with safe levels
at 19.5% or above.[25,26] Below this level, asphyxiation symptoms
can quickly take place: oxygen deficiencies may occur in enclosed
spaces due to factors like storing organic materials[27,28] or dis-
placing oxygen with other gases.[26,29] While fixed oxygen alarms
are standard, portable monitors are essential for identifying low
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oxygen levels in large facilities. Existing portable sensors are ro-
bust but face challenges in bulkiness and high cost,[30–32] hinder-
ing widespread adoption and integration into everyday work at-
tire. Oxygen plays a crucial role at the microscopic scale, driv-
ing essential biological processes such as cell proliferation, bac-
terial defence, and tissue healing.[21] As a site-specific delivery
and monitoring system is currently lacking,[22] the emerging field
of smart wound dressings and monitoring, based on conductive
biomaterials and hydrogels, is rapidly advancing. This field aims
to create real-time, noninvasive, and portable healthcare devices
with high precision and accuracy,[33–35] thereby expanding the de-
mand for reliable wireless oxygen sensors.

Organic electrochemical transistors (OECTs) have gained sig-
nificant attention in the field of electrochemical sensing and
bioelectronics due to their low-voltage operation combined with
large transconductances exceeding the amplification perfor-
mance of common transistors.[36,37] Moreover, as OECTs rely on
conjugated polymers as active materials, they are compatible with
several solution-process deposition techniques allowing fabrica-
tion of flexible, stretchable, and low-cost devices that can be eas-
ily scaled up to industrial production.[38,39] In OECTs, the or-
ganic semiconducting channel and the gate electrode are con-
nected through an electrolyte.[40–42] Controlling the bias applied
to the gate terminal concerning the channel enables tuning the
channel conductivity by electrochemical doping of the semicon-
ducting polymer. The mixed ionic and electronic conductivity of
the conjugated polymer channel assures that already small gate
voltage changes cause significant variation in channel current.
In electrochemical sensors, this amplification effect is exploited
in different modalities.[43] The basic approach is to introduce a
functionalized interface in the channel/electrolyte/gate system
that produces a Nernstian voltage offset in function of the an-
alyte concentration.[44–46] Possible interfaces to realize such po-
tentiometric sensors are the channel/electrolyte interface,[47] the
gate/electrolyte interface,[48,49] or a semipermeable membrane
separating the gate and channel electrolyte.[50]

The most used conjugated polymer for OECTs is Poly(3,4-
ethylenedioxythiophene) mixed with polystyrene sulfonate
(PEDOT:PSS) due to its excellent electrical conductivity
(>103 S cm−1), high ionic conductivity, high electrochem-
ical stability in its oxidized/doped form, and underwater
stability.[51–53] Moreover, PEDOT:PSS is fully compatible with
flexible and biodegradable substrates, wearable,[4] and textile
technologies.[54–56] PEDOT:PSS-based OECTs have been devel-
oped for various biological sensing applications,[40,57–59] such
as ascorbic acid,[60] dopamine,[61] uric acid,[56] vitamin A,[62]

and single-cell detection,[63] all taking advantage of the high
transconductance and amplification properties.

PEDOT:PSS is also suitable for OECT-based oxygen sensors as
oxygen molecules oxidize PEDOT:PSS without external dopants
or specific functionalization, enhancing the conductivity of the
semiconducting channel.[64] The proposed kinetically favorable
reaction is: PEDOT0+O2+2H+ ⇄ PEDOT2++H2O2.[65] There-
fore, in the presence of solvated oxygen molecules in the elec-
trolyte, the channel shows a higher conductivity and a larger po-
tential needs to be applied to de-dope the channel. Recent works
reporting this sensing principle have demonstrated PEDOT:PSS-
based OECT oxygen sensors[66–68] reaching very low detection
limits (0.07% of oxygen partial pressure in solution), elevated

signal-to-noise ratio, and large Ids percentage variation.[67] How-
ever, their application in gaseous environments is limited by the
need for a liquid electrolyte. Solid hydrogel-gated OECTs provide
a solution[68–70] allowing reliable and highly sensitive oxygen de-
tection in the 13–21% concentration range.″[68–70] An additional
problematic issue of such OECT sensors regards their interfer-
ence with other redox species when oxygen is measured in aque-
ous solutions.

In this work, we present the optimization of an OECT-based
oxygen sensor toward energetic efficiency and sensor stability.
In analogy to the Clark-electrode for oxygen sensing, we inte-
grate the PEDOT:PSS based OECT with an oxygen-permeable
membrane that prevents evaporation of the hydrogel electrolyte.
The membrane also shields from interferences with other redox
species potentially present when the oxygen content of aqueous
media such as biological solutions is measured. To guide the de-
sign of an energetically efficient OECT sensor, we develop a sim-
ple analytical model that relates the power consumption to the
precision of the sensor. The model reproduces the experimen-
tal data and demonstrates the critical role of the OECT channel
geometry, PEDOT:PSS mixed ionic-electronic conductor proper-
ties, and electrolyte conductivity. By adapting the OECT design to
these findings, we achieve an oxygen sensor that can be directly
interfaced with a battery-less NFC microchip and antenna. The
resulting fully passive device enables oxygen monitoring with a
wireless readout in air and aqueous environments.

2. Results and Discussion

The structure of the oxygen sensor device developed for this
study is reported in Figure 1a. It consists of an organic electro-
chemical transistor (OECT) patterned on a PEN thin film sub-
strate. The OECT contains gold source, drain, and gate electrodes
that are encapsulated by a Mr-DWL5 negative photoresist coat-
ing to prevent electrochemical reactions on the gold surface. The
transistor channel and gate electrode are made of a thin film
of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS) with a thickness of 150 V. The gate and channel are
both in contact with a hydrogel layer made of 1% w/v agarose in
0.1 m phosphate-buffered saline (PBS). The sensor is fully encap-
sulated by a silicone membrane (polydimethylsiloxane – PDMS)
to achieve the selective detection of oxygen and to avoid hydro-
gel dehydration. Similar to a Clark electrode, the silicone mem-
brane is permeable to oxygen molecules;[71,72] and therefore, an
equilibrium of oxygen partial pressure is established between the
hydrogel and the working environment. The oxygen sensing pro-
cess then relies on electron transfer from the PEDOT:PSS to the
oxygen. As a consequence of electron transfer, hole carriers are
generated in the PEDOT phase (Figure 1a), causing an increase
in transistor current. The reduced oxygen is subsequently trans-
formed into hydrogen peroxide.[65]

The device and the fabrication process of the sensor are de-
picted in Figures 1b,c, respectively. The gold electrodes, the
electrode encapsulation, and the PEDOT:PSS channel are pat-
terned through photolithography on the PEN substrate. Then,
the agarose hydrogel (thickness of 500 μm) is laminated on the
active area, covering the gate and the channel, and encapsulated
by a thin PDMS membrane. The PDMS membrane is fabricated
on a PEN carrier substrate covered with PAA as a water-soluble
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Figure 1. Organic electrochemical transistor (OECT) enabled oxygen sensor. a) Scheme of the device and sensing mechanism: oxygen diffuses through
the PDMS membrane and the hydrogel to oxidize PEDOT, increasing the channel current. b) Optical images of the fabricated OECT sensor showing
the cross-section through the layer stacks (left) and the micrometric channel and gate layout (right). c) Fabrication process of the encapsulated OECT.
d) Transfer characteristics and e) transient response of the OECT as measured in pure nitrogen and air. f) Sensor current as a function of oxygen partial
pressure measured in air (diamonds) or in 0.1 м KCl liquid solution (circles); a linear fit is performed on the experimental data obtaining a sensitivity of
(0.18 ± 0.01) mA dec−1 (R2 = 0.988, orange line) and of (0.092 ± 0.006) mA dec−1 (R2 = 0.985, purple line).

sacrificial layer. Pictures of the final device (Figure 1b) illustrate
the cross-section through the layer stacks as well as the micro-
metric channel and gate layout. A thicker hydrogel and encapsu-
lation layer are observed at the borders of the device, but on top
of the channel, we obtain a 30 μm-thick PDMS membrane and a
500 μm thick agarose hydrogel layer. Figure 1d shows the electri-
cal transfer characteristics of the OECT recorded in the absence
(100% N2 atmosphere) and in the presence of oxygen (21%, air).
In the presence of oxygen, the magnitude of the drain current in-
creases as the channel oxidation causes a higher amount of hole
carriers. The effect is present at all gate voltages but more pro-
nounced at positive gate voltages, making it the most effective
gate bias setting for oxygen sensing (VG = 0.8 V). In this operat-
ing range, the device exhibits the lowest current, and the distinc-
tion between air and nitrogen environments is most pronounced,
assuring a higher sensitivity to the oxygen variation. A second rel-
evant sensor criterium is the transient response as investigated
in Figure 1e. The drain current adapts within 0.2 ms to gate bias
pulses with VG,OFF = 0 V and VG,ON = 0.8 V, demonstrating the fast
device responses in both air and nitrogen. To quantify the device’s
sensitivity to oxygen, we operate the sensor in environments with
controlled oxygen partial pressure. As environments, we use ni-

trogen atmosphere or saline aqueous solution (0.1 м KCl) both
enriched with controlled amounts of oxygen. Sensor currents are
measured during short bias pulses (VG = 0.8 V, VD = −0.3 V for
20 ms), keeping the sensor at ground bias for most of the time.
This approach not only reduces energy consumption, as needed
in realistic batteryless applications, but also ensures that calibra-
tion and measurement data are extracted under conditions that
minimize device drift and hysteresis, as demonstrated in Figure
S1, Supporting Information. Figure 1f shows the obtained cali-
bration plots. The OECT output current linearly correlates with
the logarithm of oxygen partial pressure, following the Nernst
equation for potentiometric sensing. The device sensitivity for
oxygen detection in water amounts to 0.17 ± 0.03 mA dec−1 when
averaged over devices fabricated in different batches (N = 3). For
oxygen sensing in water solution, the sensitivity is smaller and we
obtain 0.09 ± 0.02 mA dec−1. Compared to previous studies uti-
lizing a hydrogel electrolyte in OECT oxygen sensors, we achieve
a significant improvement in oxygen sensitivity,[68] which is as-
signed to the larger transconductance of the OECT (1.25 mS) due
to the micrometric channel dimensions. In addition, the imple-
mentation of the pulsed-measurement protocol minimizes DC
bias stress and enhances the reliability of the current data.
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Figure 2. Energy consumption of a single OECT sensor readout. a) Typical transient response of an OECT when applying a bias pulse to the gate electrode
at t = 0 s (the x-axis is shared). The sampling time tS determines the sampling error 𝜎S, defined as the difference between the turn-off current IS and the
measured one IDS. Equation (1) is employed to fit the experimental data (orange line), resulting in the extraction of the time constant 𝜏RC = (78 ± 3)
μs (R2 = 0.95). b) Error of the measurement 𝜎S/ΔI as a function of the consumed energy for OECT devices having different time constants (S1: 60 μs,
S2: 160 μs, S3: 251 μs, S4: 650 μs, S5: 1.70 ms). The experimental data points (markers) are fitted to the theoretical model (solid lines). c) Plot of energy
needed for a single sensor readout with 𝜎S/ΔI = 5% as a function of the OECT time constant. The red line shows a linear fit to the experimental data.

2.1. Model for the OECT Energy Consumption

Intending to achieve passive sensor operation, we investigate in
detail the energy consumption of the OECT sensor. In our ap-
proach, we establish a relation between the consumed energy
and the precision of a single sensor reading. More precise read-
ings require longer averaging times; and hence, increase energy
consumption. A sensor geometry, where the same reading preci-
sion is possible at shorter times would be energetically efficient.
Hence, a model that provides the relation between energy con-
sumption and sensor precision should provide details on how
sensor geometry and semiconductor materials properties impact
sensor efficiency. To derive such a relation, we consider the typ-
ical OECT transient drain current as measured during a sensor
readout. Such a readout consists of switching the drain and gate
potential from ground to defined values (here VG = 0.8 V and
VD = −0.3 V); while, measuring the current for a sampling time
ts. Figure 2a shows that the measured drain current transient is
well-described by the formula:[73]

ID (t) = Is + ΔIe−t∕𝜏RC (1)

in which 𝜏RC denotes the characteristic time constant defined
by the capacitance C of the channel and the resistance R de-
scribing the ionic transport between the channel and the gate
electrode.[74–76] Upon long measurement times, the current set-
tles on the value IS. The change in current due to the application
of the gate potential is defined by ΔI = Is−Ii, where Ii denotes
the drain current at VG = 0 V. To obtain a sensor readout, the
analog drain current must be digitized. In the most basic readout
scheme, a single digital number Imean is produced that represents
the average current measured during the sampling interval ts:

Imean = ID

(
ts

)
= 1

ts ∫
ts

0
ID (t) dt (2)

In a simple readout design, the sampling interval starts when
bias is applied to the OECT sensor. For long sampling times
(ts>>𝜏RC), the digital reading is a precise representation of the sen-
sor current Is. For shorter sampling times; however, a systematic

error 𝜎s = |Is−Imean| is introduced. In addition, the analog current
is affected by random noise composed of thermal noise, current
shot noise, and amplifier noise. Similarly, by increasing the sam-
pling time, the impact of the analog noise is reduced. For our
sensor, the intrinsic noise contributions stay below 3.2 × 10−22

A2 Hz−1 for short noise and below 1.7 × 10−17 V2 Hz−1 for ther-
mal noise (see the Supporting Information), respectively, and can
be neglected with respect to the error 𝜎s associated to the finite
measurement time. Combining Equations (1) and (2), we obtain:

𝜎s

(
ts

)
=
||||−ΔI ⋅

𝜏RC

ts

(
1 − e

− ts
𝜏RC

)|||| (3)

Next, we consider the energy U consumed in a single sen-
sor readout. The most significant contribution comes from Joule
heating occurring due to the current flow through the OECT
channel. From the transient OECT current, we obtain:

U
(
ts

)
= ∫

ts

0
ID (t) VDdt = VD

[
IstS + ΔI𝜏RC

(
1 − e

− ts
𝜏RC

)]
(4)

By combining Equations (3) and (4) (see Supporting Informa-
tion), we can eliminate the parameter ts and obtain a general ex-
pression describing the measurement error 𝜎s in an OECT sen-
sor as a function of the consumed energy U. The full analytic
expression contains the Lambert function and is reported in the
Supporting Information. An approximate linearized solution is:

𝜎s (U)
ts≫𝜏RC
→ k ×

Is

(U − k)
, with k = ΔI𝜏RCVD (5)

Figure 2b shows experimental data on the measurement er-
ror 𝜎s as a function of the consumed energy for single sensor
readouts obtained in devices with different OECT time constants
𝜏RC. For each device, we observe that higher reading energies (as
obtained by longer measurement times) result in a smaller read-
ing error. On the double logarithmic scale of the plot, the curves
converge to a slope of −1 at high reading energies, character-
istic of the reciprocal relation between 𝜎s and U, as predicted
by Equation (5). Taking the full expression for 𝜎s (Supporting
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Figure 3. Optimization of the OECT sensor architecture. a) Comparison between the transient response of a macroscopic and microscopic OECT
geometry in 0.1 м KCl liquid solution; the gate is switched at t = 0 from 0 to 0.8 V. b) Transfer characteristics and c) transient responses of devices with
three distinct types of hydrogels, all with 500 μm thickness. d) Transfer characteristic and e) transient response of devices with three different thicknesses
of the agarose hydrogel. All measurements are performed in air with a constant drain bias VDS = −0.3 V. Equation (1) is used to fit the transient curves
(a,c,e) with a resulting R2 = 0.99.

Information), experimental data curves are well reproduced by
the model also at lower reading energies.

These findings enable insight into how the sensor’s energetic
efficiency is determined by the OECT parameters. In slower
OECTs with an increased time constant, longer measurement
times are necessary to achieve a given readout precision. Accord-
ingly, the error curve is shifted to higher energies for OECTs with
larger time constants. To elaborate quantitatively on this concept,
we determine for each OECT sensor the reading energy needed
to keep the relative readout error 𝜎s/ΔI = 5%. Figure 2c shows
the plot of the consumed energy as a function of the OECT time
constant. The data follows over several orders of magnitude the
linear relation given by Equation (5) and provides clear evidence
for the importance of OECTs with a small time constant for en-
ergetic efficiency.

2.2. Geometry and Device Structure Optimization for Reduced
Energy Consumption

Given the importance of the OECT time constant, we investi-
gate how the sensor geometry and materials impact the tran-
sient response. The goal is to minimize the time constant to
achieve an efficient sensor operation that is compatible with low-
power, battery-less sensors, and wireless readout technologies.
For OECTs, it is known that the transient response is dominated
by the RC-time constant describing how ions migrate through
the electrolyte with a resistance R to accumulate in the chan-
nel described by the capacitance C. Fast response is obtained
by minimizing the resistance R as well as the capacitance C.
Figure 3a compares the response of two OECT devices that dif-

fer in the channel geometry. Fast response with 𝜏RC = (59.2 ±
1.2) μs is obtained in the devices with channel dimensions of
W = 100 μm and L = 50 μm, here called micro-device. A much
slower response with larger capacitive spikes emerges in the
larger channel device (called macro-device) with W = 2 mm and
L = 2 mm. For the macro device, a time constant of (2.43 ±
0.02) ms is extracted, making it energetically inefficient for sen-
sor applications. The differences in time constant are directly re-
lated to the different channel areas and capacitances of the two
devices.

Next, we consider the optimization of ion transport through
the electrolyte to minimize the resistance R and achieve a fast
OECT response. We test different electrolytes and electrolyte
layer thicknesses, as reported in Figure 3 b–e. As electrolytes, we
compare hydrogels of Agarose and Alginate, with a concentra-
tion of 1% w/v in 0.1 m PBS and 1.5% w/v in deionized water, re-
spectively, to the ionic liquid 1-Ethyl-3-methylimidazolium ethyl
sulfate as ionic conductor, keeping a fixed hydrogel thickness of
500 μm. The transfer characteristics (Figure 3b) as well as the
drain current transients (Figure 3c) show that both hydrogels be-
have very similarly. Instead, the ionic liquid shows lower currents
in the transfer curve with an overall smaller transconductance.
Also, the transient obtained with the ionic liquid demonstrates a
longer time constant attributed to a lower ionic conductivity with
respect to the hydrogels. For the agarose hydrogel, we test differ-
ent thicknesses of 125, 250, and 500 μm to evaluate its impact on
the OECT response. The transfer characteristics show no signifi-
cant dependence on hydrogel thickness, and the slope of the three
compared curves is very similar. Only a smaller offset current
is observed in the thicker hydrogel layer. Instead, the thickness
has a significant impact on the transient response. The fastest
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Figure 4. Batteryless NFC sensor application. a) Photo of the OECT-enabled sensor connected to an NFC microcontroller and antenna on a flexible
printed circuit board. b) Real-time monitoring of the NFC sensor response during changes of the atmosphere from pure nitrogen (white background)
to air (grey background). c) Oxygen sensing in water in the presence of competing redox-active or ionic analytes for membrane encapsulated (blue
bars) and not encapsulated sensors (orange bars) for two oxygen concentrations, 6% and 15%. Values report the current variation with respect to the
oxygen-free reference condition.

response is observed for the thicker agarose hydrogel layer. The
increased thickness augments the cross section for ionic trans-
port between the planar gate electrode and the channel as both
are patterned on the same substrate below the hydrogel layer.
This in turn reduces the resistance and the time constant of the
device.

Following these results of the device structure optimization,
we chose the micrometric OECT sensor with a 500 μm thick
agarose hydrogel layer encapsulated by a 30 μm PDMS mem-
brane for further integration and sensor tests. Previously re-
ported devices demonstrated significantly higher power con-
sumption, ranging from 35 to 110 μW.[67,68] In contrast, our newly
optimized sensor achieved energy consumption below 100 nJ per
sensing event, with a precision of 5%. This corresponded to a
power consumption of less than 1 μW, marking a substantial im-
provement in energy efficiency. This achievement is entirely at-
tributed to our structural optimization guided by the energy con-
sumption model we developed.

2.3. Batteryless NFC Sensor Application

The optimized OECT oxygen sensor requires a current of
≈200 μA and 100 nJ for a single readout with 5% precision.
Such specifications are compatible with wireless-powered NFC
microcontrollers. The sensing mechanism with NFC involves the
transmission of a radiofrequency signal from a cellphone to acti-
vate and interrogate the sensor device. The antenna absorbs the
signal, and its energy is harvested to power the NFC microcon-
troller chip (here NXP NHS3152) and the OECT sensor. Then,
the sensor readout signal is digitized and back-transmitted to the
cell phone without the need to be powered by an additional en-
ergy source such as a battery. A batteryless sensor containing the
antenna, the NFC chip, and the OECT oxygen sensor integrated
on flexible plastic foil is shown in Figure 4a. The gate electrode
is powered by a digital pin applying a constant positive voltage
to the gate during readout. With these connections, the effective
biases applied by the microcontroller during activation with the
NFC radio signal are VGS ≈ 0.8 V and VDS ≈ −0.05 V.

To prove the correct reading of this fully passive oxygen sensor,
we change repeatedly the sensors surrounding atmosphere, alter-

nating pure nitrogen with air while monitoring the sensor signal.
The data shown in Figure 4b demonstrate how the sensor mon-
itors reliably the alterations in oxygen content. As expected, ex-
posure to air reduces the OECT channel resistance as oxygen in-
creases the amount of hole carriers in the semiconducting chan-
nel, causing a higher drain current. The NFC reading implies an
error on the measurement equal to 𝜎I = 2% (error evaluation re-
ported in Supporting Information), lower than the 5% previously
evaluated as the maximum acceptable value.

To expand the usability of the sensor, we test it also for measur-
ing the dissolved oxygen in an aqueous environment, aiming at
validating its working and testing its reliability in the presence of
potentially interfering redox active species. Due to the complexity
of the media, the PEDOT:PSS channel can be oxidized or reduced
by these interfering chemicals measuring dissolved oxygen, an
extremely delicate process. In our sensor device, the PDMS mem-
brane introduces a selective oxygen filter that is impermeable to
other water-soluble agents. Notably, PDMS exhibits excellent gas
permeability, enabling the efficient transfer of oxygen; while, si-
multaneously acting as a barrier against larger molecules.[71,77]

To prove the selectivity of our sensor, we measure its response
in artificial wound exudate, adding different interfering chemical
compounds such as urea, UA, or lactate for which strong interfer-
ence with PEDOT-based OECTs is observed.[54] For comparison,
we repeat the same measurement in an OECT sensor that is in
direct contact with the solution without hydrogel or PDMS mem-
brane. Figure 4c reports the current deviation from the baseline
acquired in pure nitrogen. At 6% O2, we add urea (8.9 mm), uric
acid (0.29 mm), and lactate (1.6 mm). At 15% O2, we add KOH
(8.4 mm) and KCl (0.18 m). For each addition, we monitor the de-
vice response for 15 min before adding the new chemical com-
pound. Both 6% and 15% of oxygen concentration in the wound
exudate produce the expected increase of the drain current for
the membrane-protected sensor. In addition, the addition of the
interfering chemicals does not alter the device response. This is
even the case for stronger variations in ionic strength obtained by
the addition of KCl or changes in pH due to KOH addition. Con-
trarily, it is demonstrated that without the membrane, it is not
possible to get reliable sensor operation: the interference with
the wound exudate causes a smaller current reduction at 15% O2
than at 6%. Further, strong alterations occur when the interfering
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substances are added or changes in ionic strength or pH occur.
The findings demonstrate that the PDMS membrane enables se-
lective oxygen sensing within a complex biological matrix, such
as wound exudate, which contains various interfering oxidizing
agents. In the absence of the protective membrane, the OECT
sensor functionality is significantly compromised, as indicated
by inconsistent current responses across varying oxygen concen-
trations and pronounced sensitivity to external factors such as in-
terfering substances, fluctuations in ionic strength, and pH vari-
ations.

3. Conclusion

Our study demonstrates how a classical electrochemical sensor
concept (i. e. the Clark electrode for oxygen sensing) can be trans-
lated into a fully passive sensor by exploiting the amplification in-
troduced with organic electrochemical transistors (OECTs). For
the case of oxygen sensing, we realize a PEDOT:PSS-based and
hydrogel-gated OECT and show how such a thin film device can
be integrated with a gas-permeable silicone membrane. Due to
the membrane, the sensor shows stable operation without hy-
drogel degradation in air as well as in aqueous solutions and
is shielded from interference with other redox-active analytes;
while, maintaining a high sensitivity toward variations in oxygen
partial pressure. We guide the sensor development with a quan-
titative model to evaluate OECT energy consumption. The ana-
lytical model describes how the energy consumed during sensor
readout depends on the OECTs switching time constant 𝜏 and
offset current Is. Therefore, it informs on how typical OECT pa-
rameters such as the device geometry (channel dimensions, hy-
drogel thickness) or material properties (volumetric capacitance,
hydrogel conductivity) have to be optimized to reduce power con-
sumption. Following these findings, we realize an OECT with
PEDOT:PSS as the semiconducting material that exhibits a small
channel (W = 100 μm and L = 50 μm) and a 500 μm-thick agarose
hydrogel as the electrolyte to achieve a fast device response (93.2
± 0.8) μs and an energy consumption of less than 100 nJ for a sen-
sor readout with 5% precision. This represents a significant im-
provement in energy efficiency compared to previously published
articles, where devices exhibited minimum power consumption
of 37[68] and 106 μW.[67] requiring readout times for a single read-
ing > 100 ms. The optimized sensor is fully compatible with the
power and current requirements of a commercial NFC chip to
achieve a wireless and battery-free sensor. The resulting fully pas-
sive electrochemical sensor permits oxygen monitoring in ambi-
ent or aqueous solutions. With this work, we provide quantitative
arguments on how organic electrochemical transistors can play
a role in future low-power electrochemical sensor devices.

4. Experimental Section
OECT Fabrication: Polyethylene naphthalate (PEN) substrates

(125 μm, GoodFellow) were cleaned and treated with oxygen plasma
(50 W for 1 min, Tergeo Plus PIE Scientific). Microposit S1818 (Micro
Resist Technology GmbH) positive photoresist was spin-coated onto the
PEN substrate (4000 rpm for 60s) and annealed for 1 min at 110 °C. The
photoresist was patterned through direct laser lithography. The metal
contacts (7 nm chromium and 30 nm gold) were thermally evaporated.
The lift-off was carried out immersing the samples in acetone for 4 h.

Metal feedlines were encapsulated by mr-DWL5 negative photoresist
(Micro Resist Technology GmbH), spin-coated (3000 rpm for 30 s), and
annealed for 2 min at 100 °C. Photolithography was immediately followed
by annealing for 2 min at 100 °C. After 1 h of cooling down, the negative
photoresist was developed and plasma treated (120 W for 2 min). Then,
they were baked by a temperature ramp (from room temperature up to 120
°C in 15 min) and left at the final temperature for 30 min. To pattern the
PEDOT:PSS channel, a first layer of S1818 was spin-coated and annealed
for 30 s at 110 °C; then, a second layer was spin-coated and annealed for
1 min followed by photolithography development and surface activation
with plasma in air (15 W for 2 min). PEDOT:PSS solution (93.75%
PEDOT:PSS Clevios PH1000) with 5% ethylene glycol (Sigma–Aldrich),
1% 3-glycidoxypropyltrimethoxysilane (GOPS) (Sigma–Aldrich), and
0.25% 4-dodecylbenzenesulfonicacid (DBSA) (Sigma–Aldrich) was kept
in an ultrasonic bath for 10 min, filtered with 1.2 μm cellulose acetate
filters (Sartorius), and spin-coated (3000 rpm for 9 s) on the patterned
S1818 double layer. After annealing for 1 h at 120 °C, the devices were
immersed in isopropanol for 4 h for lift-off (see Supporting Information).
Devices with different channel and gate geometries were prepared as
detailed in Table S1, Supporting Information. Transconductance of OECTs
with W = 100 um and L = 50 um and PEDOT:PSS layer thickness of
150 nm had an average value of gm = 1.25 ± 0.30 mS when averaging
over different fabrication batches (N = 10).

OECT Encapsulation: Agarose hydrogel was prepared with a solution
of 1% w/v agarose (Sigma–Aldrich) in 0.1 м phosphate-buffered saline
solution (pH 7.00). The solution was stirred for 40 min at 100° and then
injected inside a mold of the desired thickness (125, 250, and 500 μm).
After 4 h of solidification, the hydrogel was removed from the mold and
stored in PBS. The OECT was soaked in deionized water overnight, and
the hydrogel was cut and positioned on the OECT to cover the channel
and the gate area. A second PEN substrate was coated with a solution of
10% v/v poly(acrylic acid) PAA in distilled water by spin coating (3000 rpm
for 60 s). Then, a mixture of 10:1 PDMS:curing agent was spin-coated on
top of the PAA layer (60 s, 2000 rpm for 30 μm or 4000 rpm for 6 μm
thickness, respectively). The covered PEN sheet was kept at 70 °C for 1
h for PDMS solidification. The prepared PEN sheet was pressed against
the OECT/hydrogel structure and with a syringe, additional PDMS mix-
ture was injected to construct the sidewalls. Final PDMS solidification was
achieved at 50 °C for 4 h. In the final step, the top PEN layer was released
from the device by dissolving the sacrificial PAA layer in distilled water for
1 h. In addition to OECTs with agarose hydrogel, a photopolymerized ionic
liquid gel and an alginate hydrogel were prepared. The ionic liquid gel was
prepared by mixing 69.7% w/w 1-Ethyl-3-methylimidazolium ethyl sulfate
(Sigma–Aldrich), 0.3% w/w 2-Hydroxy-2-methylpropiophenone (Sigma–
Aldrich), and 30% w/w Poly(ethylene glycol) diacrylate (Sigma–Aldrich).
The mixture was then injected inside a mold of the desired thickness and
exposed to UV light using a Radium HRC 300-280 (Sanolux) for 1 min. The
alginate hydrogel was obtained by direct injection of 300 μL of a 5% w/v
CaCl2 (Sigma–Aldrich) solution inside a mold of the desired thickness,
which was then filled up with 1.5% w/v alginate (Sigma–Aldrich) solution.

Electrical Characterizations: The DC and transient characterizations
were carried out with a source-measure unit (SMU, Keysight B2912A). For
fully passive measurements, an NHS3152 integrated circuit (NXP Semi-
conductors) was connected to the three terminals of the OECT. The NFC
chip was wired to the controller board, and custom software was uploaded
onto the microprocessor (see Supporting Information). All wires were then
removed, and upon activation by the NFC signal of a cellphone, the mea-
surement chip performed OECT readout and data transfer to the cellphone
without any additional power supply. The energy consumption of the sen-
sor device was determined based on measured current and voltage tran-
sients. For oxygen sensing characterizations, the devices were inserted in-
side a glass vial with a polypropylene screw cap with Natural PTFE/Natural
silicone septa cap. Outlet and inlet needles were inserted through the cap;
the latter was connected to the flowmeter to control the flux of pure ni-
trogen, 5% oxygen mixture and pure oxygen. For measurements in liquid,
the inlet needle and the OECT active area were immersed in the liquid,
which filled up almost the whole vial volume (15 mL). Two liquids were
employed to test the device: a solution of KCl 0.1 м in distilled water and
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artificial wound exudate prepared as described in previous work.[54] Be-
fore starting to measure, the vial was firstly depleted from the air, fluxing
only pure nitrogen for more than 30 min; then, the oxygen concentration
was changed using the flowmeter. The interference test was carried out by
injecting the chemical compounds into the liquid with a needle passing
through the vial cap. Typical concentrations including potassium chloride
KCl, urea, uric acid (UA), and lactate, were intentionally introduced in con-
trolled amounts.[54,78] Furthermore, a pH variation was induced by adding
a controlled amount of potassium hydroxide.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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