Sensors and Actuators Reports 9 (2025) 100340

Contents lists available at ScienceDirect

Sensors and Actuators Reports

o %

ELSEVIER

journal homepage: www.sciencedirect.com/journal/sensors-and-actuators-reports

Check for

Extended gate organic field effect transistor for calcium ion sensing towards &
biomedical applications

a,b

F. A. Viola®®, D. Hatami , F. Mariani “®, I. Gualandi®, F. Terranova ‘®, E. Scavetta ©,

A. Bonfiglio ™ ®, A. Spanu”

& Department of Electrical and Electronic Engineering, University of Cagliari, via Marengo, Cagliari 09123, Italy

® University School for Advanced Studies (IUSS), Piazza della Vittoria 15, Pavia 27100, Italy

¢ Department of Industrial Chemistry “Toso Montanari”, University of Bologna, Via Piero Gobetti 85, Bologna, Italy
4 Department of Informatics, Bioengineering, Robotics and Systems Engineering, University of Genova, Genova, Italy

ARTICLE INFO ABSTRACT

The measurement of calcium ions (Ca2+) concentration is crucial for several biomedical applications because it
plays a key role in various physiological processes, including cellular signalling, muscle contraction, bone
metabolism, and the release of neurotransmitters. In this paper, we propose an innovative flexible sensor based
on an Extended Gate Organic Field Effect Transistor (ExG-OFET) coupled with a liquid-processable ion-selective
membrane. This novel approach enables highly sensitive (exceeding 60 mV dec!) and selective ion detection,
with a limit of detection in the low uM range, outperforming conventional ion-sensitive electrodes (ISEs) due to
the intrinsic electronic amplification of the transistor architecture.

Moreover, the simple fabrication process and the use of flexible, cost-effective materials, make this device a
versatile, low-cost solution for a wide range of biomedical applications, from in vitro electrophysiology to
epidermal electronics. This study highlights the potential of the ExG-OFET platform as a promising alternative to
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traditional ion detection systems.

1. Introduction

The ability to determine the electrolyte composition of biofluids is
relevant for several biomedical applications [1]. Among the different
ions, calcium (Ca®") plays a particularly crucial role, as it is involved in
several physiological mechanisms, ranging from cellular signalling and
muscle contraction to bone metabolism and neurotransmitter release
[2-4]. Indeed, calcium ions are vital for the transmission of electrical
signals in both neuronal and muscle cells, acting as secondary messen-
gers in processes such as neurotransmitter release and
excitation-contraction coupling [5,6].

Ca®* is important for maintaining cellular resting potential and
regulates several stages of the cellular life cycle [7,8]. In the nervous
system, calcium ions are fundamental as they participate in the trans-
mission of the depolarizing signal and contribute to synaptic activity: for
instance, it has been demonstrated that alterations in extracellular cal-
cium concentrations significantly impact calcium-dependent signalling
pathways, highlighting the critical role of calcium in maintaining
neuronal function [9,10]. Calcium ions also play a central role in

* Corresponding author.
E-mail address: annalisa.bonfiglio@iusspavia.it (A. Bonfiglio).

https://doi.org/10.1016/j.snr.2025.100340

excitation-contraction coupling in both cardiac and vascular smooth
muscles, where they functionally interact with other cations, such as
sodium (Na™), potassium (K*), and magnesium (Mg2") [11]. Similarly,
Ca?* regulates the contractile function of skeletal muscles, acting on
ATP provision [12]. From a physiological perspective, it is also a critical
marker for bone health, influencing both bone formation and function
[13]. Furthermore, calcium distribution and concentration in various
biofluids, including blood, interstitial fluid, urine, sweat, and intra/-
extracellular fluids, could be used as a relevant biomarker, thus further
emphasizing its significance in human health [14-16]. For instance,
hypocalcemia can indicate conditions such as vitamin D deficiency,
hypoparathyroidism, or resistance to parathyroid hormone [17].
Conversely, hypercalcemia is often associated with primary hyper-
parathyroidism or malignancy [18]. In clinical practice, approximately
half of the total serum calcium ion exists in its free form, while the
remainder is predominantly bound to proteins such as albumin. Since
calcium ions represent the biologically active form, measuring their
concentration provides a more accurate assessment of calcium status
than total serum calcium levels [19].
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The standard tools for calcium ion sensing are (i) ion-sensitive
electrodes (ISEs) and (ii) photometric systems. The core component of
an ISE is the ion-selective membrane, which generates a potential dif-
ference proportional to the logarithm of the target ion’s activity. This
potential difference arises from the equilibrium distribution of the target
ion between the membrane and the analysed solution [20,21]. Li et al.
[22] proposed a Ca?* ion-sensitive electrode with a sensitivity of 30 mV
dec™! and a limit of detection (LOD) of 1.6 x 10~/ M. Nyein et al. [23]
reported a Ca?*-ISE, enabling real-time, non-invasive monitoring of
Ca%" in the mM range concentration in multiple body fluids and a
sensitivity of 35 mV dec’!, with good selectivity toward pH variations.

The performance of ISEs is dependent on the stability and specificity
of the membrane, which may contain ionophores to impart selectivity
[24]. Despite their widespread use, ISEs still face several challenges.
They usually have a large form factor and, as passive elements, ISEs do
not provide a direct amplification of the signal, meaning that they
typically require integration with additional instrumentation to amplify
and convert the measured potential into usable data output [25,26].
Furthermore, their sensitivity is inherently limited by the theoretical
slope predicted by the Nernst equation, which constrains their ability to
achieve higher detection performance.

Unlike ISEs, photometric systems typically measure the intensity of
light absorbed or emitted directly by ions or by chemical compounds
derived from them [27,28]. These systems offer high sensitivity and
stability but are less suited for continuous or rapid analyses due to their
reliance on larger sample volumes, complex experimental setups and
luminophor degeneration, which leads to signal attenuation with time
[29].

Field effect devices have also been investigated for ion sensing [30],
with the interest being sparked by the introduction of the ion-sensitive
field effect transistor (ISFET) [31]. Unlike ISEs and photometric sys-
tems, FETs provide active signal amplification, enabling a more efficient
transduction mechanism for biosensing. Moreover, they can be easily
miniaturized and integrated into wearable, compact systems [32].

In ISFETs, the gate region is typically covered with a specific ion-
selective membrane that can lead to surface potential variation at the
gate region when exposed to changes in ion concentration in the sur-
rounding solution, thereby modulating the threshold voltage (Vry) and
thus modifying the conductivity of the channel [32].

The ability to detect ions by controlling the electric field has been
recently extended with the use of organic semiconductors, such as
Electrolyte Gated Organic Transistors (EGOTs). These devices have
gained significant attention as promising transducers in bioelectronics
due to their low-voltage operation, and the ability of permeable/
impermeable organic semiconductors to detect ionic species when
exposed in aqueous environments [33]. To improve the selectivity, the
integration of the organic semiconductor with ion-selective membranes
has been also widely studied [34,35].

However, one of the major challenges with EGOTs for biosensing
applications is their low operational stability. Specifically, the output
current can significantly drift during operation due to well-known un-
wanted effects such as swelling of the active layer, which limits the long-
term reliability and performance of the device [36,37]. This issue is
particularly critical for applications in biological systems, where stable
performance is crucial for accurate measurements.

One promising strategy to address these challenges involves the use
of extended gate and floating gate architectures. This approach is based
on decoupling the sensing area from the active organic semiconductor
channel and aims to minimize the direct influence of environmental
factors on the organic semiconductor, thereby improving stability [38,
39]. Indeed, these architectures have been shown to enhance the sta-
bility and reliability of transistor biosensors while maintaining a sensi-
tive and selective detection interface even in complex applications such
as in vitro electrophysiology [40,41]. Moreover, the integration of an
ion-selective membrane with the extended gate of a field effect tran-
sistor enables signal amplification by converting the variations in ionic
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concentration into electrical signals. The potential drop at the interface
between the membrane and the solution modulates the threshold
voltage of the FET, leading to changes in the output current proportional
to the transistor’s transconductance (which can be considered an
amplification factor) [42].

In this paper, we present a novel calcium ion sensor based on a low-
voltage extended gate organic transistor (ExG-OFET) that can be fabri-
cated onto cost-effective plastic substrates using low-resolution lithog-
raphy and solution-processable materials. The device is coupled with a
polymeric Ca?*-selective membrane combined with an all-solid-state
ion-to-electron transducer, forming a solid contact ion-selective gate
electrode. This approach offers interesting improvements over standard
potentiometric techniques due to the convenient fabrication approach
and materials, and the intrinsic electrical amplification given by the
peculiar transistor’s structure. To the best of our knowledge, no similar
approaches have been reported so far for calcium detection.

The sensing capabilities of this device show promising results in
terms of sensitivity (exceeding 60 mV dec?, well above the typical
values reported for standalone Ca®* ISEs [22,23]), as well as selectivity
towards common interferents, linear response, and limit of detection in
the low pM range.

2. Experimental section

Chemicals and Buffers. Potassium nitrate, sodium hydroxide,
phosphoric acid, calcium nitrate, sodium polystyrene sulfonate (NaPSS),
3,4-ethylenedioxythiophene  (EDOT),  N,N-Dicyclohexyl-N',N'-dio-
ctadecyl-3-oxapentanediamide (ETH5234, Calcium Ionophore IV),
ortho-nitrophenyloctyl ether (o-NPOE) and anhydrous inhibitor-free
tetrahydrofuran (THF) were purchased from Merck. High Molecular
Weight polyvinyl chloride (HMW-PVC) was obtained from Fluka. Po-
tassium tetrakis(4-chlorophenyl)borate was acquired from Alfa Aesar.
All chemicals used were of reagent grade or higher. The buffer for the
preliminary characterization of the membrane was 0.1 M KNOs, while
the buffer employed for the characterization of the organic sensor was
the same but with the addition of 10 mM of KCl (to stabilize it due to the
use of a Ag/AgCl pseudo reference electrode). As for the pH interference
measurements, the buffer employed contained 0.1 M KNO3 and 10 mM
H3PO4 and its pH was adjusted using 1 M KOH. As for the sodium,
magnesium and Glucose interference measurements, it has been used
NaNOs, Mg(NOs3)s, and glucose stock solutions, respectively, and the
characterizations have been performed in a buffer containing 0.1 M
KNO3 and 10 mM of KCL.

Apparatus. All electrochemical experiments were carried out with
an Autolab PGSTAT204 potentiostat. Potential-controlled and open-
circuit potential measurements were carried out with an aqueous satu-
rated calomel reference electrode (SCE) and, when needed, using a Pt
wire as a counter-electrode (CE). All solution-based pH measurements
were conducted using a combined glass electrode (Amel 411/CGG/12)
connected to a pH meter (Amel instruments 338).

The characterization of both the transistors and sensors was per-
formed using a Keithley 2612B controlled by a custom Python software.

Devices fabrication. To fabricate the sensors, polyethylene tere-
phthalate (PET) with a thickness of 175 um was selected as the substrate.
A thin film of aluminum (Al) was deposited onto the substrate via
thermal evaporation. Photolithography was employed to define the
aluminum gate pattern, while chemical etching (with hydrofluoric acid)
was utilized to remove aluminum in unprotected areas. The dielectric
layer comprises a 6 nm-thick Al,O3 layer that was grown by mild oxygen
plasma treatment and 200 nm-thick Parylene C film. After the dielectric
layer deposition, gold source and drain electrodes were patterned on the
Parylene C film using the same standard photolithographic process used
for the floating gate fabrication. For all the devices, 3,6-diketopyrrolo-
pyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno  [3,2-b]thiophene) (Sigma-
Aldrich) was used as organic semiconductor. A solution of 1 wt. % of
DPP-TTT in dichlorobenzene was drop-casted onto the channel area.
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Functionalization of the gate electrode. Au surfaces were first
modified through the electrochemical deposition of a PEDOT:PSS film.
This was done in a 3-electrode cell containing an aqueous solution made
of 10 mM EDOT and 0.1 mM NaPSS upon application of a linear scan of
electrochemical potential (E) from O to 1.1 V vs SCE at 100 mV s-1, for 5
or 10 deposition cycles. Cyclic voltammetry was selected as it allows
periodic monomer replenishment and offers fine control over film
growth dynamics, resulting in a homogeneous coating, well suited for
integration with ion-selective membranes. This method has been
extensively optimized by our group in previous studies [43,44] to ensure
uniform, reproducible films while minimizing overoxidation. The
Ca?*-selective cocktail was prepared as follows: 2.9 mg of HMW-PVC
and 9 pL of o-NPOE were mixed in 170 pL of anhydrous inhibitor-free
THF; then, 2 pL of potassium tetrakis(4-chlorophenyl)borate solution
in THF (25 mg mL71) and 15 pL of ETH5234 solution in THF (20 mg
mL!) were added. The resulting ionophore:lipophilic salt molar ratio is
3.7. The ion-selective cocktail was stored at 4 °C inside a vial. For
membrane formation, 3 or 5 pL of the cocktail were drop-cast on the
electrodes surface and allowed to dry at room temperature for a couple
of minutes following THF evaporation. Then, the electrodes were kept at
70 °C for 15 min. The resulting membranes were subjected to a condi-
tioning step in 10 mM Ca(NOgs); for 5 days before use.

3. Results and discussion
3.1. Extended gate transistor characterization

The electrical characterization of the proposed p-type ExG-OFETs
(the structure of the devices used for the characterization, which are
in a bottom-gate/bottom-contact configuration, is shown in Fig. 1a) is
summarized below, presenting data averaged over 18 devices using a
3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno[3,2-b]thio-
phene) (DPP-TTT) based organic semiconductor. In order to evaluate the
performance of the transistors (separately from their characterization as
sensors), the devices have been characterized by directly biasing the
extended gate. As reported elsewhere, the capacitance of the employed
dielectric approaches the value of 13.5 nF/cm?, ensuring appropriate
low-voltage device operation [45]. Statistical analysis revealed a
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threshold voltage of 4.5 4+ 1.5 V and a hole mobility (u) of (1 £ 0.34) x
10 cm?/Vs. The extracted hole mobility values are consistent with
reported benchmarks for similar DPP-TTT based low voltage OFETs,
confirming the suitability of the fabrication process for reliable perfor-
mance [46]. The ExG-OFET operates at low voltage, with clear
field-effect modulation, and it shows almost ideal output and transfer
curves, with a negligible hysteresis, as it can be seen from the charac-
teristic curves shown in Fig. 1b and 1c.

3.2. Ion-selective membrane characterization

The sensing element of the ExG-OFET is an Au gate electrode coated
with an electroactive poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) film and a polymeric Ca’*-selective mem-
brane. PEDOT:PSS was chosen to form a solid contact with high redox
capacitance, which is known to assist efficient ion-to-electron trans-
duction and to improve the potential stability of the membrane-based
electrode [47,48]. Compared to other electroactive polymers, it bene-
fits from tunable interfacial properties: for instance, it has been recently
reported that the thickness and substrate interactions of PEDOT:PSS
layers significantly influence the equilibration behavior and potential
stability of solid-contact ISEs [49]. Moreover, PEDOT:PSS derivatives
can suppress CO; interference [50]. The functionalization procedure
was optimized in terms of (i) number of deposition cycles employed
during PEDOT:PSS electrodeposition and (ii) area of the Au electrode.
The potentiometric response to Ca%* of all modified electrodes was then
acquired using a 2-electrode cell with a bulk SCE reference electrode and
the resulting analytical parameters were compared. Initially, 3 x 3 mm?>
Au electrodes were coated with PEDOT:PSS upon application of 5 or 10
deposition cycles, with the following drop-cast of 3 uL of ion-selective
cocktail. In both cases, the average sensitivity accounted for 19 mV
dec’! (N = 2 for each set of electrodes), while a slightly improved
linearity of the calibration curve (R?) was found in the case of 5 depo-
sition cycles, which was selected for further studies. In particular,
repeatability was thoroughly investigated to define the linear response
range (from 1 x 104 to 2 x 1072 M) and the limit of detection ((3.9 +
0.2) x 107 M). Afterwards, the electrode area was considered. 4 x 4
mm? modified electrodes were prepared using 5 deposition cycles and a
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Fig. 1. A) Structure of the ExG-OFET used for the electrical characterization. Output (B) and transfer (C) characteristic of one of the low-voltage ExG-OFETs used in

this paper.
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proportionally higher drop-cast volume of 5 pL. In this case, we observed
significant improvement in sensitivity (23 mV dec’l, N = 2), intercept
variability, as well as R2, at the expense of a slightly higher response
time. Fig. 2 shows the potentiometric response of a modified electrode
following the optimized functionalization protocol. Except for the first
addition, where Ca®* concentration was below the LOD, stepwise in-
crements of the electrochemical potential were recorded and could be
correlated with the logarithm of Ca%*concentration, in accordance with
the Nernst equation. The drift rate is 0.2 mV/min in 0.1 M KNO3 and
0.090 mV/min in the presence of 500 uM Ca2". The average response
time, calculated as the time required for three potentiometric sensors to
reach 90 % of the final signal after a Ca®* addition in the middle of the
calibration curve, is 7 + 3 s. The corresponding calibration curve shows
a sensitivity of 22.8 mV dec™! and an intercept of 73 mV.

3.3. Sensor characterization

The structure of the sensor is depicted in Fig. 3a: it consists of two
physically separated components, (i) the low-voltage ExG-OFET and (ii)
an element comprising a gold layer coated by a PEDOT:PSS film and an
ion-selective membrane. The extended gate of the device was physically
connected to the gold surface using a thin copper wire, allowing signal
transduction without contact between the active layer (i.e., the organic
semiconductor) and the analyte solution. The ion-selective membrane,
deposited on a PEDOT:PSS-modified gold substrate, is immersed in a
calcium-containing aqueous solution together with a custom-made Ag/
AgCl reference electrode. With this setup the transistor is effectively
gated through the solution. The ExG-OFET based sensor operates by the
modulation of the carrier concentration in the DPP-DTT semiconducting
channel induced by the variation of the surface potential of the extended
gate. Specifically, the increase of Ca?" concentration leads to a more
negative threshold voltage, reducing hole accumulation in the p-type
ExG-OFET and subsequently lowering the output current intensity (Ips).
This configuration allows for real-time, label-free detection of calcium
ions with high selectivity and low noise, while preventing the organic
semiconductor layer from the contact with the solution.

The output current was measured in real time upon the increase of
Ca?* concentration (in the range 0.1 pM - 18.6 mM). As shown in Fig. 3b,
the sensor exhibited a clear and reproducible current variation

40-

20
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-20 -
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consistent with the expected transduction mechanism, where changes in
ion concentration modulate the potential at the gate interface, resulting
in corresponding modulation of the channel current. Moreover, the
sensor showed remarkable stability in terms of drift current (with values
ranging from a few nA/min to a few hundreds pA/min), as well as low
noise levels (which is as low as 0.2 nAgys), highlighting the stability and
reliability of the proposed configuration. The obtained response time
was 3 £ 1 s for the ExG-OFET based sensor, significantly faster than the
7 s measured for the potentiometric transducer under the same condi-
tions. From this measurement, the variations of the device threshold
voltage are extrapolated, allowing to derive a sensitivity of 56 mV dec,
thus exceeding the limit imposed by Nernst equation and demonstrating
the amplification ability of the transistor. To evaluate device-to-device
repeatability, 9 different measurements have been taken with three
different ExG-OFETs. The statistics of the calibration curve, with the
mean and the standard deviation values, is shown in Fig. 3c. From this
graph we extrapolated a sensitivity of 63 mV dec!, which not only ex-
ceeds the theoretical Nernstian limit, but also is nearly three times
higher than that obtained by the characterization of the standalone
membrane in this study (i.e., 23 mv dec™!) operating in a potentiometric
configuration under similar conditions, and approximately double the
sensitivity typically reported in literature for other ion-selective mem-
branes with analogous configurations [22,23], thus demonstrating the
amplification ability of the transistor. Indeed, this significant enhance-
ment can be attributed to the low noise of the system and the direct
electronic amplification provided by the ExG-OFET architecture, where
the transistor acts as an active transducer that not only detects the
ions-induced potential variations at the gate, but also amplifies them
directly in the output signal.

To assess the response of the sensor to pH variability (which repre-
sent a common interference due to the presence of PEDOT:PSS in the
structure of the solid contact ion-selective electrode [51]), the output
current was monitored upon variation of pH in the range 5.5 - 7.5. As can
be appreciated in Fig. 4a, the sensor is not influenced by pH variations.
In fact, apart from a rather limited drift (5.2 nA/min), the current does
not appreciably vary upon the variation of the pH while it dramatically
changes when the Ca?' concentration is varied at the end of the
measurement.

In addition to pH, further interference assessments were performed
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Fig. 2. Characterization of the Ca?*-sensitive membrane. Potentiometric response of an electrode modified with 5 deposition cycles of PEDOT:PSS and the drop-cast
ion-selective membrane (active area 16 mm?) during increasing Ca(NO3), additions to 0.1 M KNOj3 (indicated by blue arrows). Inset: calibration curve, R? 0.999.
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to better evaluate the selectivity of the sensor: specifically, sodium,
magnesium and glucose at increasing concentrations were tested, which
are relevant species often co-present in biological fluids. Starting from
the same buffer conditions used for calcium detection, volumes ranging
from 2 pL to 200 uL of concentrated stock solutions were added to the

test solution to incrementally raise the concentration of each interferent
from 10 nM up to 11 mM. As illustrated in Fig. 4b-d, the output current
remained unaffected by these additions, indicating a negligible response
to the tested interferents. This behavior demonstrates the sensor’s
robustness and high selectivity toward Ca" even in the presence of
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potential interferents at concentrations several orders of magnitude
higher than the target ion, under conditions relevant to biomedical
analysis.

Furthermore, the limit of detection of the ExG-OFET-based calcium
sensor was evaluated through four independent calibration experiments.
The LOD was determined as the calcium ion concentration corre-
sponding to the intersection of the linear regression line with the voltage
equivalent of three times the noise level. The extracted LOD values are in
the low micromolar range: 1.2 uM, 2.0 uM, 1.8 pM, and 1.5 pM, yielding
a mean LOD of 1.6 &+ 0.3 pM. These values represent an improvement
compared to the standalone ion-selective membrane evaluated under
the same conditions, which exhibited a LOD of more than one order of
magnitude higher (i.e., (3.9 £ 0.2) x 107° M). This enhancement can be
attributed to both the low intrinsic noise of the ExG-OFET platform and
its intrinsic signal amplification mechanism, thus confirming the supe-
rior sensing performance of the ExG-OFET architecture for potentio-
metric ion detection.

4. Conclusions

In conclusion, a Ca®" sensor based on a flexible extended gate
organic transistor (ExG-OFET) and an ion-selective membrane has been
presented. The sensor is able to monitor free calcium variations in real
time with low drift currents, good reproducibility and linearity. More-
over, the selectivity of the sensor have been tested against common
interferents often co-present in biological fluids, namely sodium, mag-
nesium, glucose and pH variations, thus confirming the applicability of
the proposed approach in realistic scenarios.

Interestingly, thanks to the extended gate structure, the device pro-
vides intrinsic signal amplification, which allows it to achieve sensitiv-
ities as high as 60 mV dec™!, well above the typical values reported for
standalone ISEs, and a limit of detection of 1.6 £+ 0.3 pM, which is
remarkably an order of magnitude lower than the LOD of the sole
membrane measured with a standard potentiometric approach.

These aspects, together with the convenient low-cost materials, low-
resolution fabrication techniques, and the consolidated method adopted
to produce the sensing element, which comprises a biocompatible solid
contact and a robust ion-selective interface, make the proposed device a
first-of-its-kind solution for the continuous monitoring of Ca>* in rele-
vant biomedical applications.
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