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Abstract

Organic electrochemical transistors (OECTs) show remarkable promise as biosensors, thanks
to their high signal amplification, simple architecture, and the intrinsic flexibility of the organic
material. Despite these properties, their use for real-time sensing in complex biological fluids,
such as human sweat, is strongly limited due to the lack of cross-sensitivity and selectivity
studies and the use of rigid and bulky device configurations. Here, the development of a novel
flexible microfluidics-integrated platform with an array of printed ion-selective OECTSs enables
multi-ion detection in a wearable fashion. This is achieved by coating the poly(3,4-ethylene
dioxythiophene):polystyrene sulfonate (PEDOT:PSS) channels of the transistors with three
different ion-selective membranes (ISMs). Systematic electrical and sensing analysis of the
OECTs with ISMs show a minimal impact of the membranes on the electrical and time
responses of the transistors while providing high ion selectivity. This work combines for the
first time real-time and selective multi-ion detection with an array of inkjet-printed and flexible
organic transistors coated with different ISMs, demonstrating state-of-the-art sensing
capabilities of ~10 pA dec™ for potassium, sodium, and pH. This flexible OECTs sensing
platform paves the way to the next generation devices for continuous electrolytes monitoring

in body fluids.
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1. Introduction

There is a growing interest in wearable non-invasive or minimally invasive devices that can
continuously analyze biofluids such as interstitial fluid, tears, saliva or sweat.[*® Electrolytes
such as sodium and potassium ions (Na* and K*) are of fundamental importance for biological
processes, including control of the hydration status, nerve and muscle impulse transmission,
osmotic pressure balance and pH regulation.[**Y] The monitoring of electrolyte imbalance in
everyday life with a wearable device would help notably to understand, predict and prevent
pathologies related to moderate and strong dehydration caused, for instance, by excessive heat,
intensive exercise, and harmful working conditions.*22°1 More precisely, in human sweat, the
concentration of Na* changes between 10-100 mw, it is sweat rate-dependent and associated
with dehydration.[3!416] K* concentration level ranges between 1-18.5 mm with a sweat rate-
independent partitioning.[¢1 Also, pH can strongly vary between 3-8 units,®! with changes
associated with dehydration and muscle fatigue.[*4]

For the next generation of wearable ion sensors, key requirements include mechanical
flexibility, simple array patterning for multi-parametric analysis, and microfluidics integration
for continuous sampling.[*”-2%1 Conventionally, selective ion measurements are performed using
potentiometric two-electrode systems, in which the potential drop between an lon Selective
Membrane (ISM) and a reference electrode is measured.?+?%] However, standard
potentiometric sensors are difficult to integrate into an array configuration in a microfluidic
platform, due to their high output impedance,*® and the difficult miniaturization of a stable
reference electrode.l?-%81 Organic electrochemical transistors (OECTSs) are an interesting
alternative to conventional potentiometric sensors, overcoming some of these limitations.[?]

The OECTs are three-terminal devices (drain, source, and gate), with the source and the
drain electrodes connected by a conducting polymeric channel. The organic channel is based

on conjugated polymer-polyelectrolyte blends, such as the mainly used poly(3,4-ethylene
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dioxythiophene):polystyrene sulfonate (PEDOT:PSS).[?2%-321 This active material enables
mixed ionic and electronic charges interaction, with ionic conduction provided by the PSS
polyelectrolyte chains and electronic conduction by nanometric-sized PEDOT crystallites.[>*
31 In the presence of an electrolyte and once a positive gate voltage is applied, the dissolved
cations are injected into the PEDOT:PSS channel. The cations compensate electrostatically the
sulfonate anions of the PSS phase, subsequently lowering the drain current (hole de-doping) in
the bulk of the layer.[>?°! This technology, without the need for a reference electrode, allows a
facile miniaturization.[?8%®1 Moreover, the mechanical flexibility of the PEDOT:PSS
channel %2371 the compatibility with digital manufacturing such as inkjet printing,*-43 and the
very low output impedance,*® make OECTs promising candidates for the development of
configurable and wearable sensor arrays. Besides, the device physics results in novel electrical
characteristics that were never observed in other types of transistors, both organic and
inorganic-based, such as a very high transconductance at very low voltages,4>#4 enabling
high signal amplification and sensitivity.[®1%45]

OECTs (PEDOT:PSS-based) on flexible substrates are reported for different bio-sensing
applications, including chemical and biochemical sensors on plastic, 814 elastomeric,[*" and
paper substrates.[*®! However, several challenges in the development of OECTs for wearable
bio-sensing applications still remain, with the main problem being the selectivity to the target
analyte.*¥ Despite the importance of measurements in complex biological fluids such as human
sweat, in which multiple ions and other analytes are present, this issue is still rarely taken into
account.

With the use of an ion-selective membrane, only the desired cations will contribute, with a
certain selectivity, to the de-doping of the PEDOT:PSS layer.[*185051 However, the behavior
of organic transistors for selective ion sensing has been almost exclusively reported for single
devices on rigid substrates,>° with the ISM suspended on an inner electrolyte (liquid or

hydrogel). Recently, OECTs made, by a combination of screen printing and lithography, on a
3
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flexible substrate with multiple 1ISMs (without inner electrolyte) have been presented,!*!
however, while focusing on the technological integration, the transfer characteristics and
responses in time in presence of the analytes were not studied.

In this work, we demonstrate an array of inkjet-printed flexible OECTSs that perform real-
time, sensitive and selective detection of potassium (K*), sodium (Na*), and hydrogen (H*) ions
at physiologically relevant concentrations. Their PEDOT:PSS channels were coated with three
different ionophore-based ion-selective membranes, which were developed to have a minimal
impact on the electrical and time responses of the transistors while maintaining high ion
selectivity. The proposed array of thin-film transistors was integrated into a flexible

microfluidic system, enabling continuous measurements of electrolytes in body fluids.

2. Results and Discussion
2.1 Characterization of the inkjet-printed layers
In this work, organic electrochemical transistors were inkjet-printed on a flexible 125 um-thick
polyimide foil (PI) substrate, using conductive-grade PEDOT:PSS (1 S/cm, 1.3 wt % dispersion
in H20) for the active layer, and silver nanoparticles ink for the gate, source, and drain
electrodes (Figure 1). The active organic channel area is 1 x 3 mm?, with an overlap of ~1 mm?
to the source and drain contacts. The active gate has a planar on foil configuration with an area
of 1 x 1 mm? and a ~1 mm gap from the channel. Instead of using floating wires or pellets as
external gate electrodes,®3*42 the proposed design enables straightforward integration of
multiple sensing transistors into microfluidics (Figure 1a,d). The schematics of the cross-
sections of the integrated OECTs array are illustrated in Figure S1.

Four layers were printed to obtain a continuous PEDOT:PSS film (Figure S2). The organic
layers were post-treated by drop-coating dimethyl sulfoxide (DMSO).52 DMSO post-treatment
strongly improves the PEDOT:PSS electrical conductivity and crystallinity,[®® leading to

enhanced electrical characteristics in a transistor configuration.®! A film thickness of 115 + 28
4
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nm (n=3) and sheet resistance of 0.96 + 0.06 kQ/sq (n=4) (Figure S2) is achieved with the post-
treatment and four printed layers. In a printed batch of a total of 52 transistors, 2 had a
significantly higher resistance (> 40 %) than the others, possibly due to some defects in the
printing layer, leading to a fabrication yield of 96 %. Moreover, we observed after ~20 days
that the resistance of the treated PEDOT:PSS layers increased by just ~10 % (Figure S3), while
for the untreated layers increased of ~200 % likely due to higher water and oxygen absorption
from the air.[°® The silver electrodes exhibit a conductivity of ~15 kS/cm for two printed layers
with a thickness of ~200 nm. The mechanical flexibility of the system, hence its wearability,
was assessed by attaching the integrated device on curved surfaces of different radii equal to

20, 15, and 10 mm (Figure S4), and by measuring the changes in resistance of the PEDOT:PSS

channels. A change of less than 0.1 %, defined as the absolute value of 2=Runbended ;40 g

unbended

reported, showing that the bending of the platform does not significantly change the channel

conductivity and therefore the electrical characteristics.

2.2 Electrical analysis without the ion-selective membranes

The configuration employed for testing the DMSO-treated OECTSs is shown in the inset of
Figure 2a and in Figure Sla, with a poly(methyl methacrylate) (PMMA) reservoir integrated
to the PI foil to confine the Phosphate-Buffered Saline (PBS) solution. The electrical testing
includes drain current-gate voltage (las-Vgs) measurements in Figure 2a,c and drain current-
drain voltage (lds-Vas) measurements in Figure 2b, with hysteresis and leakage current. The
OECTs exhibit a transconductance, gm (Alas/AVgs), of 247 + 24 uS for the same printed batch
(n=3) and 238 = 129 uS for multiple printed batches (4 batches, n=8), with a peak close to 0 V
(Figure 2a). Such variability is common for inkjet-printed polymers, due to some variations in
thickness and uniformity of the printed organic layers, affecting the electrical resistance of the

channel and the related transconductance. Considering the design parameters, with a width to
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length ratio equal to 0.3 and a thickness of ~100 nm, the reported transconductance values are
comparable with lithographically-patterned OECTSs.[*342 The ON-OFF ratio of the devices is
~60 (n=3). As expected, we observe an increase of the leakage current with the gate voltage
applied (Figure 2c), likely due to the silver gate oxidation in the presence of chloride ions.®!
To further investigate the influence of ions at the organic channel and the gate electrode
interfaces, electrical measurements at different ionic concentrations in the range of 1-50 mm
(Figure 2d-f) are performed. When the concentration of potassium chloride (KCI) increases, a
shift of the curve towards a lower drain current is observed, while the response in DI water
(<10 m) is quasi-flat (Figure 2d). Figure 2e and Figure 2f show, respectively, the lgs and lgs
variations in time upon the addition of multiple concentrations of NaCl and KCI, with the gate
and the drain voltages fixed. The leakage current lgs, probably due to the variations of potential
on the gate electrode at different chloride concentrations,®® is much smaller (>100X less)
compared to the Igs values in Figure 2e. Hence, according to the device physics,?¥ since the lgs
current depends on the cations injection, we can conclude that there is a negligible effect of

chloride on the sensing response.

2.3 Electrical analysis with the ion-selective membranes

As previously shown in Figure 2e, monovalent ions such as sodium and potassium have the
same effect in the de-doping of the organic polymer, thus requiring the use of a specific ion-
selective membrane for being differentiated. In this study, we prepared ISMs based on
valinomycin, sodium ionophore X, and hydrogen ionophore | in polyvinyl chloride (PVC)
matrices, to achieve selectivity for K*, Na*, and H* ions, respectively. These three cases of
interest are depicted in Figure 3: With the use of an optimized ISM, the number of ions present
in the electrolyte that can dynamically interact with the underlying PEDOT:PSS layer, and
electrostatically compensate the PSS negative charges, should be considerably less. Hence, the

polarons (holes) de-doping is dependent on the selective membrane (Figure 3d-f).
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However, the thickness of the drop-casted ISM on standard ion-selective electrodes can
reach hundreds of micrometers, depending on the electrode area and solution volume.! Such
thick membranes can significantly hinder the transistor response, which is typically within few
milliseconds thanks to the extremely thin active layer.[*® To investigate this effect, the three
different ISMs are cast on the organic layers of the transistors with two thicknesses and tested
in a PBS solution with a fixed concentration of sodium and potassium at pH 7. The volume of
the membranes was ~2 uL and ~5 uL for each ISM, fully covering the PEDOT:PSS layer,
resulting in an average thickness of deposited material equal to 33 £ 7 um (n=9) or 54 + 15 um
(n=7), respectively. The electrical characteristics of devices with thinner membranes are shown
in Figure 4a-c while those for thicker membranes are presented in Figure 4d-e. The thin
membrane led to a better transistor modulation (Figure 4a) compared to the thicker one (Figure
4d), with a transconductance shift of 0.1-0.4 V with respect to 0.4 V-0.7 V. The larger gm shift
for the thick membranes can be explained by the lower membrane permeability, leading to
fewer ions reaching the PEDOT:PSS layers. Such an effect can be compensated by a higher
gate voltage, resulting in stronger ions injection. Besides, this results in similar
transconductance values for no-membrane and thin-membranes (Figure 4b) devices, while a
three-fold gm decrease is observed for thick-membrane devices (Figure 4e). The time response
(r) of the devices was extracted by fitting their response curves in Figure 4c,f with an
exponential decay function. The values are equal to 5.75 £ 0.25 s (n=2) for devices without any
membrane, increasing with the sodium and potassium membranes to 12 + 4 s (n=2) for the thin
membranes (2.11X increase), and 25 £ 7 s (n=2) for the thick membranes (4.35X increase). The
H* sensor shows a relatively faster response, which is less influenced by the membrane
thickness, with values equal to 6.5 s for the thin membrane and 7.5 s for the thick membrane

(Figure 4f), due possibly to higher penetration of the ions. The measured current changes can


https://doi.org/10.1002/admt.202000328

Available at: https://doi.org/10.1002/admt.202000328

be due to the previously mentioned variability related to the printing process, and further

comparisons will be done in the next section particularly considering the normalized sensitivity.

2.4 Array integration into the microfluidic system and sensing
The OECTs with the thinner ion-selective membranes are integrated into a PET microfluidics
system as shown in Figure 1a,b. This integrated flexible platform, with four transistors included,
is used for measuring in time ionic solutions at different physiologically relevant concentrations,
performing sensitivity (Figure 5a-d) and selectivity (Figure 5e-h) tests. lonic solutions of 1
100 mm are made with KCI or NaCl dissolved in DI water, while pH buffer solutions in the
range of 4-7 are employed for the pH measurements.

For the sensitivity analysis (Figure 5a-d), the ions are injected in the microfluidics inlet from
a low to a high and subsequently high to low concentration. DI water is used as a baseline
solution when starting and finishing all the tests. A measurement without any selective
membrane is presented in Figure 5a. All the sensors exhibit very good stability in time with low
drift for the time of the measurements. The sensitivity, proportional to the logarithmic of the
concentrations (Figure S5), is extracted from the steady-state response after each injection. The
value is equal to 18 + 2 uA dec? for devices without any membrane, 7.5 + 1.5 pA dec® with
the K* membrane, 6.5 + 0.5 pA dec™? with the Na* membrane (to KCI or NaCl concentrations,
respectively), and 11 + 1 pA pH™ with the H* membrane. The sensitivity values are averaged
from two devices coming from the same printed batch. The sodium and potassium sensors show
reversibility from low to high and high to low concentrations. With the H* membrane, the
devices present instability when starting and finishing the measurements in DI water, likely due
to the non-negligible ionic strength of the solution (Fig. 5d,h).

Most importantly, the selectivity of the OECTs with ISMs is clearly shown from the ionic

measurements in time (Figure 5e-h). The OECTs without any membrane have almost the same
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responses towards KCI and NaCl changes in concentration (Figure 5e), while the transistors
with the ISMs show a much smaller response towards the respective tested interfering ion
(Figure 5f,g). At a high concentration of salt equal to 100 mm, from the division of the signal
obtained for the non-interfering ions by the signal for the interfering ions, a 12X higher signal
towards K*to Na* with K*-ISM and a 3X higher signal towards Na*to K" with Na*-ISM were
extracted. Considering the pH measurements, the selectivity test is performed adding a
background of different salt concentrations at a fixed pH buffer solution (Figure 5h). The signal
measured for a pH 4 buffer resulted to be 2X higher than the signal from the highly concentrated
background (100 mm) in the pH 7 buffer, calculated starting from the same buffer solution
without ions being added.

To analyze the reproducibility among the printed devices, a normalized sensitivity was
extracted for four devices of each type and coming from two different fabrication batches

(Figure S6). The normalized sensitivity, calculated as the absolute value of

Iresponse~Ibaseline . 1 0 \was of 23 + 0.7 % dec? without the membrane, 29 + 3 %dec with the

Ipaseline

K* membrane, 13 + 3 %-dec™ with the Na* membrane, and 28 + 4 %dec™ with H* membrane,
extracted using DI water as a baseline for Na*, K*, and neutral pH buffer for H*. It can be
concluded that all types of sensing devices exhibit a small variation of their sensitivity,
confirming the reproducibility of the fabrication approach. It can be noticed that for the Na*
sensor the normalized sensitivity is smaller than the others, possibly due to a lower ion

permeability of the membrane.

3. Conclusions
In summary, we have demonstrated a flexible platform of inkjet-printed sensing transistors with
the PEDOT:PSS active layers coated with three different ion-selective membranes. In

comparison to literature, in which the 1ISM were suspended above inner filling solutions,™ or
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gels,l in bulky reservoirs, here the ISMs are directly cast on the organic channel. By adding a
small volume of the membrane and having enhanced membrane permeability, a minimum
impact on the device performances in terms of transfer characteristics and time response is
achieved while providing high ion selectivity. The multiple ion-selective electrochemical
transistors are also integrated into a flexible microfluidics system. This novel platform allows
real-time, multi-ion sensing with low cross-sensitivity. The OECTs selectivity is proven in real-
time, extracting a 12X higher signal towards potassium to sodium with the K*-1SM, a 3X higher
signal towards sodium to potassium with the Na*-ISM, and a 2X higher signal towards H* to a
high salt background with the H*-ISM. All the ion-selective sensors exhibit a sensitivity of ~10
nA dec with good stability for the time of the measurements. However, the H* sensor linearity
and selectivity should be further improved, potentially by implementing an active-gate material
such as polyaniline.®8 Proof of reproducibility is demonstrated in terms of normalized
sensitivity among two different printed batches.

A summary table comparing our OECTs with the literature is reported in the Supplementary
(Table S1). The ion-selective devices in this work have a 20X higher sensitivity than reported
lithographically-patterned ion-selective EGOFETs (Electrolyte-Gated Organic Field-Effect
Transistors).[®] They also show sensitivities comparable to lithographically patterned OECTs
on glass substrates without,® and with a suspended 1SM, all within the order of tens of pA
dec’. Their sensitivity could be further improved by modifying the proposed design of the
OECTs, such as by increasing the W/L ratio, which would result in an increase of their
transconductance. Finally, for the first time, these sensing capabilities are combined with a high
level of integration and a simple fabrication with digitally manufacturing technologies, to have
a low cost, wearable, and multi-sensing platform. Our OECTSs could be further scaled down,
integrating more sensors into a smaller microfluidic system, with minimal sample volume

required, hence enabling real-time multi-electrolytes monitoring in everyday life.

10
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4. Experimental Section

Fabrication and layers characterization: The fabrication was performed with a Dimatix
DMP printer (Fujifilm) using the 10 pL cartridges. The PEDOT:PSS (1 S/cm, 1.3 wt %
dispersion in H20, Sigma Aldrich) and the silver nanoparticle (PV Nano Cell) inks were
sonicated for 5 minutes and subsequently filtered with a 0.2 um pore-size filter when filling the
respective cartridges. The polyimide substrate (125 um-thick) was treated with oxygen plasma
before printing. The Dimatix substrate holder was kept at 40 °C. The process started with the
printing of 2 layers of the silver gate, source and drain electrodes and subsequent sintering at
150 °C for 1 hour. Then, the PEDOT:PSS layers were printed (1 to 4 layers), post-treated by
dispersing dimethyl sulfoxide (DMSO) solvent fully covering the PEDOT:PSS film and
subsequently cured at 120 °C for 20 minutes. The OECTs were designed to be simple to
integrate as an array into the microfluidics while limiting as well the ON-current for future
portable implementations at low power. All the electrical resistance measurements were
performed using a multimeter connected between the drain and source contacts of the
PEDOT:PSS. The thicknesses measurements were performed using a laser scanning
microscope (Keyence VK-X1000 Series), with 50X and 10X magnification for the
PEDOT:PSS layers and the membranes, respectively. The thickness measurements were
confirmed with the Wyko NT1100 (Veeco) and the profilometer Alphastep 1Q (Tencor).

Membranes preparation: All the chemicals have been purchased from Sigma Aldrich unless
otherwise stated. The H* ion-selective membrane was prepared by dissolving hydrogen |
ionophore (1.92 mm), potassium tetrakis(4-chlorophenyl)borate (1.01 mm), bis(2-
ethylhexyl)sebacate (153.51 mm), and polyvinyl chloride (3.3 wt/vol%) in tetrahydrofuran.
The solution was thoroughly mixed for 1 hour to get a homogenous membrane. For the Na*
membrane, sodium ionophore X 2.5 mm), sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (0.940 mm), bis(2-ethylhexyl) sebacate (232.420 mm),
11
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and polyvinyl chloride (5 wt/vol%) were dissolved in tetrahydrofuran by thoroughly mixing
until getting a transparent solution. Finally, the K* membrane was prepared by dissolving
potassium ionophore valinomycin (5.142 mm), sodium tetraphenyl boron (4.174 mwm), bis(2-
ethylhexyl) sebacate (433.25 mm), and polyvinyl chloride (9.371 wt/vol %) in cyclohexanone.
The prepared K* solution was thoroughly mixed for 1 hour to get a homogenous mixture. All
the prepared solutions were stored at 4 °C. The membranes were drop-cast on the organic layer
before the insulation of the drain-source contacts, to avoid the confinement of the membrane.
After casting, a drop of 100 mm KCI or NaCl solution in DI water was left on the K* or Na*
membrane respectively, and a drop of pH 4 buffer on the H* membrane, to stabilize the
membrane for one hour. The sensors were washed with DI water before the sensing experiments.

lonic solutions: For the pH sensing tests, buffer concentrate solutions (Titrisol) were
employed. For potassium and sodium sensing tests, NaCl (Sigma Aldrich) and KCI (Merck)
were used and dissolved in DI water. The basic PBS 1X solution was made using
monopotassium phosphate (KH2PO4 from Merck, 1 mm), NaCl (155 mwm), and disodium
phosphate (Na2HPO4 from Merck, 2.966 mm). For the experiments related to the effect of the
membrane thickness on the OECTs electrical characteristics, KCI (155 mm) was added to the
previous mixture.

Microfluidics fabrication: A PET foil (125 um-thick) was used for the flexible fluidics
system. The foil was patterned by CO- laser etching (Trotec Speedy300 laser cutter) to define
the shape of the micro-fluidic channel, the reservoir, the inlet and the outlet. The PET fluidics
system was made by lamination of the patterned PET layer with a PET top cover, bonded using
a double-side silicone adhesive (ARclear 8932EE). The adhesive was used also to fix the
fluidics system to the organic transistor arrays on polyimide.

Characterization and data analysis: The OECTs were tested by either injection of the
electrolyte solutions in the microfluidics system or confining the solution in PMMA reservoirs,

fixed using the double-sided ARclear adhesive. The PMMA reservoirs were laser cut using the
12
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CO: laser with the adhesive laminated before the cutting. The OECTSs source and drain contacts,
close to the PEDOT:PSS layer, were insulated using a transparent dielectric to avoid the
electrolyte to be in contact with the silver electrodes. The measurements at different ionic
concentrations with the PMMA reservoirs were performed starting from 10 uL DI water and
subsequently adding 10 uL solutions at different concentrations (1-50 mm). Before performing
sensing measurements with the microfluidics system, lgs-Vgs characteristics in PBS 1X were
acquired for each sensor and repeated five times, to extract the voltage at the peak of
transconductance and stabilize the signal. The sensors were then washed three times by
injections of 1 ml DI water. The sensing in microfluidics was performed with injections using
a syringe (~0.4 ml solution for injection). The testing was performed with the different ISMs
on the same array, measuring one device of the fully functionalized OECTs array at the time
and switching between devices. All the OECTSs electrical measurements were acquired using a
semiconductor parameter analyzer (Agilent 4155A), with an integration time of 20 ms
(medium) or 320 ms (long). The data were analyzed with the software Origin 2019b.
Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. a) Schematic of the integrated organic transistors into the microfluidic system and zoom with the cross-
section in (b). c,d) Images of the transistors, without and with microfluidics in (c) and (d), respectively.
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Figure 2. a-c) The electrical characteristics of the DMSO treated OECT in PBS 1X (0.155 M NaCl, pH 7). d)
Transfer curves at different ionic concentrations of KCI including DI water as a baseline. €) Time measurements
with different ionic solutions and concentrations. f) Leakage current with different ionic solutions and
concentrations.
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Figure 3. a-c) Sketches of OECTSs with different ion-selective membranes. d-f) Simplified interactions between
an electrolyte solution, the ion-selective membranes, and the PEDOT:PSS active layer considering (d) the
potassium ionophore-based membrane, (e) the sodium ionophore X-based membrane and (f) the hydrogen
ionophore I-based membrane. The chemical name of the respective ionophore is reported in the image. The
sulfonate groups and the polarons (holes) of the organic layers are also represented, with the respective permeated
ions de-doping the PEDQOT by removing the polarons.
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Figure 4. Organic transistors electrical responses in PBS (0.155 M NaCl + 0.155 M KCI, pH 7) with (a-c) lower

(~2 pL) and (d-f) higher (~5 uL) volume of the three different ion-selective membranes. The results are compared
to a bare device (no membrane). The analysis includes transfer characteristics in (a,d), transconductance in (b,e)
and time response in (c,f). The integration time was 320 ms in all cases.
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Figure 5. lon sensing with the integrated microfluidic system for OECTs without a membrane in (a,e), with the
K* selective membrane in (b,f), the Na* selective membrane in (c,g), and the H* selective membrane in (d,h). The
sensitivity tests are shown in (a-c) and the selectivity tests in (e-h). The solutions (except the pH buffers) were
made with KCI or NaCl dissolved in DI water. Vg=-0.4 V, while Vg was fixed close to the transconductance peak
(0.1-0.4 V) for each device.
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