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A B S T R A C T

In recent years, organic electrochemical transistors (OECTs) have emerged as a promising tool to add to current 
analytical methods due to their high-amplification capacities, robust analytical performance, and versatility. The 
present work proposes a compact multi-analyte transistor array with outstanding analytical performance. The 
ion-selective organic electrochemical transistors (IS-OECTs) were developed by combining the thick-film tech
nology with the optimum ion-selective membrane, resulting in highly sensitive and selective IS-OECTs. The 
system has then been simplified using only a power supply for each OECT and a single gate electrode. To prove 
these advantages, the IS-OECT array of sensors has been combined with multivariate models to simultaneously 
detect and quantify sodium, potassium and ammonium ions in human saliva. The results obtained have been 
validated against reference techniques, showing promising results and confirming the usefulness of the newly 
developed sensing array.

1. Introduction

The determination of ions in solution plays a very important role in 
many different fields, such as food production, healthcare, environ
mental monitoring, industrial applications, and water treatment, among 
others. Current laboratory tools to address these needs provide suitable 
sensitivity and linear ranges, resilience to complex matrices, and high 
sample throughput [1,2]. Atomic spectrometry techniques have become 
one of the gold standards for the determination of a wide range of ions 
due to their outstanding analytical performance, robustness, and the 
multi-elemental detection capabilities. As a major downside, however, 
the instrumentation required is bulky, expensive, and needs a significant 
degree of expertise to operate. Additionally, these techniques may show 
a limited linear range. For these reasons, they are normally used for a 
large volume of samples. Furthermore, the determination of some key 
cations, such as ammonium, is not possible and complementary tools 
-such as colorimetric determinations- must be employed [3]. Ion chro
matography, on the other hand, provides an alternative way to detect a 
virtually unlimited range of ions over a wide concentration range. 
However, the analytical procedure is more tedious, and the method is 
slower. In this context, electrochemical sensors have gained popularity 
since they provide complementary advantages. Potentiometric 

measurements using ion-selective electrodes (ISEs) provide a way to 
determine a broad range of ions over a wide concentration range [4]. 
Due to their robust performance, ISEs have become one of the work
horses of the clinical labs. Nowadays, the determination of ions such as 
Na+, K+, Cl− , etc., in biological fluids is routinary performed using ISEs 
[5]. Unlike other approaches, the instrumentation required is very 
compact, affordable, simple to operate and can be more easily adapted 
to deal with a low number of samples.

Because of all these attributes, electrochemical sensors have received 
a renewed interest during the last decade. This has been largely due to 
the growing demand for platforms to generate chemical information in 
the point of need [6]. The digital transformation of healthcare, for 
example, requires sensors to remotely check the health status of people. 
These technologies have the power to radically turn the current (reac
tive) healthcare systems into a new personalized, predictive, and pre
ventive approach. To be implemented, however, these systems require 
(bio)chemical sensors that simultaneously provide a suitable analytical 
performance, simplicity of operation, and affordable cost. Unlike 
lab-based tools, the point of care needs analytical devices that can be 
produced and operated at mass level. Electrochemical systems are 
ideally suited to fulfil these needs.

For that reason, wearable and disposable devices using different 
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kinds of electrochemical detection have been reported during the last 
decade [7]. The use of ISEs for the detection of ions in the point of need 
has been extensively explored. ISEs have been fabricated using com
modity materials, such paper, plastics, rubber, etc. These systems have 
been incorporated into adhesive patches, yarns, band-aids, temporary 
tattoos, etc. The application of these devices for healthcare, water 
monitoring, sports performance, dehydration and general wellbeing has 
been demonstrated [8–11]. There are two problems that must be faced 
when using ISEs. First, some issues of selectivity when dealing with 
specific interferences. For example, due to their similar charge-radius 
ratio, K+ and NH4

+ produce a mutual interference effect. These types 
of problems can be minimized using multichannel systems allowing the 
simultaneous determination of multiple ions together with correction 
algorithms. A second issue is that ISEs sensitivity is limited by the 
Nernstian dependence. As a result, changes that are clinically highly 
relevant are translated into very small differences in the analytical 
signal. Thus, their use requires highly controlled conditions that are 
difficult to recreate in the point of need. Alternative solutions with 
higher sensitivity in the range of interest will be an invaluable tool in 
distributed sensing.

The organic electrochemical transistor (OECT) is a relatively recent 
type of chemical sensor that shows promise as a tool for the point of 
need. Like any transistor, OECTs have a 3-electrodes setup: source (S), 
drain (D), and gate (G) (Fig. 1A–B) [12]. S and D are connected through 
a channel made of an organic semiconductor, typically poly(3, 
4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS). The 
G and the semiconducting channel are electrically connected through an 
electrolyte solution where they are both immersed. The system works 
under 2 gradients of electrical potential. The first is created by 
grounding the S and applying a constant negative voltage to D (Vd). This 
generates an electrical current (Id) due to the high concentration of high 
mobility holes in the PEDOT:PSS. A second gradient of electrical po
tential is created by positively biasing G against the channel (Vg). This 
gradient induces the migration of cations from the solution into the 
channel [13]. The incorporation of positive ions into the channel re
duces the number of holes, decreasing the electrical conductivity [14]. 
As a result, changes in Vg produce changes in Id, i.e., the channel current 
follows the Vg. Thus, OECTs allow ion-to-electron transduction with a 
high-power amplification using a relatively simple setup [15]. By suit
able functionalization of the gate or the channel, OECTs have been used 
mostly for the detection of organic compounds and all sort of bio
molecules. Furthermore, the development of disposable and wearable 
OECT biosensors has shown the potential of this technology as a tool for 
the point of need. Our group, for example, has recently introduced the 
thick-channel approach to create OECT sensors with an exquisite 
sensitivity that can be built on a paper substrate using simple printing 
techniques [16,17].

During the last few years significant efforts have been devoted to 
extending the use OECTs for the detection of ions. The pioneer works of 
Bobacka et al. [18] and Malliaras et al. [12,19] using ion-selective 
membranes (ISMs) to create OECTs have resulted in the first 
ion-selective organic electrochemical transistors (IS-OECTs). While the 
concept was promising, the performance of these devices was modest. 
Following these lines, we have recently proposed an approach to 
enhance the sensitivity of the IS-OECT by suitable optimization of the 
ISM in combination with the thick-film channel technology [17]. This 
approach was used for the development of a paper based IS-OECT for the 
detection of K+ in artificial serum. This simple device, which displays a 
sensitivity up to 5 times higher than conventional ISEs, holds promise to 
build devices for the point of need.

There are two interesting features of these thick-film IS-OECTs with 
significant practical implications. First, the use of a functionalized 
channel. Conventional OECTs work with a functionalized gate, which 
means that the simultaneous detection of multiple substances requires 
using multiple transistors working independently on different solutions. 
Functionalization of the channel, on the other hand, enables the multi
plex advantage, since a generic Ag/AgCl gate could be used several 
channels working simultaneously in the same problem solution. The 
second unique feature is that under optimized conditions Vg is very close 
to 0 V. This means that the gate electrode could be virtually grounded 
and incorporated into the S. This would allow the elimination of an 
additional power supply, reducing the size and complexity of the 
instrumentation. Combining these features in a new device would pro
vide significant advantages.

This work is devoted to the development of a multiplex IS-OECT with 
a simplified instrumentation and a compact setup (Fig. S1). A single Ag/ 
AgCl electrode is used as a generic gate to simultaneously control three 
different channels functionalized with suitable ISM. As a proof of 
concept, this system is applied to the simultaneous detection of K+, Na+

and NH4
+ in saliva. The determination of these cations is highly relevant 

for the diagnostics, control, and prevention of diseases such as peri
odontal disease [20], kidney disease [21], cystic fibrosis [22] or car
diovascular disease [23], among others [24,25]. The individual 
optimization of each one of these sensors is first performed, and then the 
integration of these sensors into a single array with multiple detection 
capabilities is carried out. Previous studies have shown the advantages 
of chemometrics together with multi-ion-selective electrodes (electronic 
tongue) [4,26], since it helps to enhance the selectivity of the system. 
Thus, this work also incorporates the use of multivariate models [5] to 
improve the results and demonstrate the advantages of multiplexing. To 
illustrate this concept, determination of ions in saliva has been per
formed. Saliva contains a large number of ions, proteins and peptides 
that makes it a potential source of biomarkers. The use of saliva as a 
sample for the prevention and control of diseases has been investigated 

Fig. 1. (A) Illustration of the typical components of an OECT and its electrical circuit. (B) Schematics of the construction of the channel (D: drain, S: source, PEDOT: 
PSS: poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate), DMSO: dimethyl sulfoxide, ISM: ion-selective membrane).
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in different areas since sampling is simple, non-invasive and low-cost 
[23]. In this way, with the use of portable point-of-care sensors that 
can be autonomously used by the patient, telemedicine would allow the 
doctor-patient relationship to take place remotely, thus reducing 
transport, hospital unnecessary loading and favoring personalized 
medical care [27]. These preliminary results show the possibility of 
simultaneously detecting ions with an acceptable level of accuracy. We 
demonstrate the precision of an array of OECTs for the determination of 
K+, Na+ and NH4

+ in real samples of saliva, showing that the results 
provided by the array of OECTs are comparable to the results of three 
different reference methods for the determination of these ions. These 
achievements hold significant promise for the future of biosensor tech
nology, opening new and attractive avenues for the development of 
point-of-care sensors in health and wellness applications.

2. Experimental section

2.1. OECT preparation

2.1.1. Channel fabrication
Details of the fabrication of the thick-film OECT can be found else

where [17]. Briefly, to make the S and D electrodes a 0.5 mm wide 
adhesive tape is initially placed on a photographic paper (Fig. 1B). Then, 
a 100 nm layer of gold is sputtered. When the adhesive tape is removed, 
a non-conductive gap between two gold pads is created. These two pads 
will act as the S and D electrodes. Thereafter, a water-resistant adhesive 
mask is placed on top, leaving exposed only a 3 mm diameter window. 
To create the channel, 1.5 μL of a filtered PEDOT:PSS solution is drop 
cast onto the window, covering all the exposed area. This is then dried in 
an oven (100 ◦C, 20 min). To enhance the channel conductivity, 1 μL of 
dimethyl sulfoxide (DMSO) is added to the window, then dried again 
(100 ◦C, 15 min) [28] and then rinsed with distilled water.

Before functionalization, the channel is conditioned in a 10− 2 M XCl 
(where X corresponds to the cation, either K+, Na + or NH4

+) under 
constant stirring for 2 h. Finally, the channel is rinsed and left to dry for 
3 h at room temperature.

0.2 and 0.4 % PEDOT:PSS dilutions were prepared by suitable dilu
tion with distilled water of a commercial 0.8 % PEDOT:PSS solution.

2.1.2. Preparation of the ion-selective membrane cocktail
The optimal composition of the ion-selective membrane (ISM) was 

selected based on result of a previous work [17]. In essence, a membrane 

with a reduced amount of polymer matrix (compared to conventional 
ISM), produces a better response since the electrical permittivity of the 
membrane is reduced and ion transport is improved. A schematic of 
phase boundary potential can be found in Fig. S2. Potassium tetrakis 
(4-chlorophenyl) borate (0.5 mg) was used as ion exchanger. Potas
sium ionophore I, ammonium ionophore I, sodium ionophore X, in all 
cases 2 mg were used as ionophores. The polymeric matrix consists of 
poly(vinyl chloride) (10.9 mg) and 2-nitrophenyl octyl ether (21.6 mg) 
as plasticizer. Tetrahydrofuran (1 mL/35 mg) was used to dissolve all 
the components. These ISMs cocktails are stored in the fridge at 8 ◦C.

2.1.3. Sensor fabrication
Functionalization is carried out by casting ISM cocktail onto the 

channel. A 5 μL aliquot of the ISM cocktail is drop cast and let dry for 5 
min. This process is repeated until a total of 15 μL of the cocktail have 
been added. The functionalized channel is let dry overnight (Fig. 1A) 
and before measurements, it is conditioned by immersion in a 10− 1 M 
XCl (X corresponds to each cation, either K+, Na + or NH4

+) for 1 h and is 
then rinsed with distilled water. Fig. 2A shows the schematics of the 
sensor array.

For all experiments, a 2 mm diameter Ag/AgCl flat tip probe (Warner 
instruments, 641311) was used as the gate electrode.

The static resistance of the channel was evaluated during the prep
aration as a way to control the process (Fig. S3), since the resistance the 
channels correlates well with the final analytical performance of the 
system.

2.2. Electrochemical measurements

All the experiments have been performed using a 0.1 M MgCl2 so
lution as a background electrolyte to avoid any effect due to changes on 
the ionic strength. The sensing array is built using three different func
tionalized channels (one for each analyte) and a single gate, as shown in 
Fig. 2B. For the electrical connections, the source electrode of each 
transistor, together with the gate, are connected to a common ground. 
Then the drain electrode (D) of each transistor is connected to an in
dependent power supply (P, Fig. 2B). An individual ammeter is placed in 
series with each transistor to measure the current that flows between S 
and D. The gate is also connected to the common ground, since it has 
been previously shown that maximum transconductance is found for 
VgMAX = 0 V.

The mechanism governing the polarization of the membrane- 

Fig. 2. (A) Schematic of the array: three functionalized channels sharing one Ag/AgCl gate. (B) Diagram of the electrical connections of system. (C) Description of an 
OECT. In all cases S = Source, D = Drain, and G = Gate. P = power supply.
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electrolyte interface plays a critical role in the sensor’s response [29]. 
It’s important to note that both, the internal (PEDOT:PSS/membrane) 
and the external (membrane/solution) interfaces generate their own 
charge density and corresponding potential profiles (Fig. 2C and 
Fig. S2).

2.3. Data processing

PLS Toolbox 9.0 (Eigenvector Inc, Manson, WA, USA) running on 
MATLAB R2022b (Mathworks Inc., Natick, MA, USA) was used for data 
analysis. Partial Least Squares (PLS) regression was used for quantitative 
analysis. Data from the three recorded Id values (ammonium, potassium 
and sodium) were used to build the X matrix. The concentration of each 
analyte was used to create each independent Y matrix, so an indepen
dent PLS model was calculated for each analyte. The concentration was 
expressed as the logarithm of concentration. Data were autoscaled 
before the construction of the PLS model. Venetian blinds (with 9 data 
splits and 2 samples per blind) was used for the cross-validation of the 
training set. The training set was independent of the test set, which 
consists of 22 samples.

2.4. Analysis of the synthetic and real samples by the OECTs array

The training set, the test set and the real samples were analyzed with 
the designed transistor array. For the training set and test set samples, 
different standard solutions of cations in the electrolyte media were 
added. Then, the current value after each addition was measured. To 
take into account real measurement conditions, the analysis was per
formed on a total of 20 OECTs for each analyte and on different days. For 
real samples, a total of 7 OECTs were used. The sample solution was 
added in the electrolyte media and the current was measured. The 
preparation and measurement of the training sets, test solutions and real 
samples, as well as the reference methods used, are detailed in the 
Supporting Information (Tables S1–4).

3. Results and discussion

3.1. Optimization of individual sensors

In conventional OECTs the voltage gradient between G and the 
channel controls the response. Vg regulates the migration of cations into 
and out of the channel, thus controlling its electronic electrical con
ductivity. For this reason, OECT sensing strategies are normally focused 
on the functionalization of the gate, in order create an analyte- 
dependent Vg. In these approaches, the sensitivity is directly linked to 
the transconductance, gm: 

gm =
∂Id

∂Vg 

Early attempts have shown that this strategy is not effective when 
using ISM. Due to their high impedance, electrodes coated with a 
polymeric membrane show a very large capacitance. This situation must 
be avoided, since it is well known that the capacitance of the gate 
negatively affects the OECT sensor performance [18]. Indeed, since Vg is 
the source of the controlled ion migration into the channel, any capac
itive loss between the gate and the channel will result in a weaker gating 
effect. Ideally, most of the gate potential should drop in the proximity of 
the channel. A large gate capacitance will produce a significant drop of 
potential in the vicinity of the gate, resulting in a very weak driving force 
for the migration of ions. This issue has been recognized and address by 
depositing the ISM on top of the channel [30–32]. We have recently 
shown that a suitable combination of a thick PEDOT:PSS film in the 
channel and an adjusted membrane composition allows obtaining high 
sensitivities for the determination of ions such as K+ [17]. Interestingly, 
we have also shown that maximum sensitivity is achieved for Vg = 0 V. 

Since the gate voltage measures the bias with respect to the S electrode, 
which is grounded, it means that minimal Vg are required. In other 
words, the polarization of the solution-membrane interface produced by 
the selective extraction of ions creates an electrical field that can 
modulate the channel conductivity. As a downside, these systems 
display a relatively high response time. Therefore, some initial work was 
focused on finding a balance between optimization of the sensitivity and 
minimization of the response time.

To test the effect of the concentration of the conducting polymer, 
different IS-OECTs for K+ were built using channels made with PEDOT: 
PSS at 0.2, 0.4, 0.8 and 3.5 %. Calibration curves for K+ (at Vg = 0 V) 
show that both, the sensitivity, and the response time sharply increase 
with the percentage of the conductive polymer (Fig. 3A–B). One of the 
main characteristics of OECTs is their volumetric capacitance, which 
means that their gating mechanism -controlled by the migration of 
cations-is heavily influenced by the thickness and density of the channel. 
Based on these results, a percentage of 0.4 % PEDOT:PSS was considered 
to provide good sensitivity (600 μA/decade) while offering also 
reasonable response time (Fig. 3B). For the rest of the experiments 
channels made with a 0.4 % PEDOT:PSS were used. A study of the 
thickness of the PEDOT:PSS film, transconductance and analytical per
formance are detailed in Supporting Information (Figs. S4 and S5).

Additional experiments were also performed to evaluate the effect of 
approaches to enhance the conductivity of the channel, such as the 
addition of DMSO. Treatments with DMSO have been shown to induce 
conformational changes in the polymer, leading to a significant increase 
in conductivity. This should lead to an improvement on the sensitivity. 
Blom et al. studied the effect of DMSO deposition on thick films of 
PEDOT:PSS [28]. For channels made with 0.4 % PEDOT:PSS we have 
found that the DMSO treatment does not show any significant 
improvement neither on the channel conductivity nor the sensitivity. 
Nevertheless, DMSO treatment has a positive effect on the stability of the 
sensor. In general, it is observed a reduction in the 1/f noise, with an 
enhance long-term baseline stability. For instance, for transistors made 
with 0.4 % PEDOT:PSS, a drift in the baseline of 0.032 mA/minute was 
originally observed. However, for the same type of transistor, the 
treatment with DMSO reduces the drift to 0.017 mA/minute (more de
tails on this point calculation can be found in the SI, DMSO section). 
Also, a lower sensor to sensor variability is obtained and the response 
time was slightly improved.

3.2. Electrical characterization

K+ sensors built using the DMSO treated channels were tested in a 
0.1 M KCl solution. First, the current-voltage response of a bare channel 
and a membrane-coated channel were evaluated without using a gate. 
The addition of the membrane does not seem to produce a significant 
effect on the channel electrical characteristics. Both systems show a 
similar profile, with an ohmic behavior and fast response time (Fig. S6). 
Thereafter, the transconductance was evaluated using a Ag/AgCl gate, 
scanning Vg from − 0.2 to 0.9 V (Vd = − 0.4 V). The results (Fig. 4A–B) 
show that the bare channel shows a maximum transconductance (gm- 

MAX) at approximately 0.3 V, which is consistent with previous reports 
[17]. For the IS-OECT, gm-MAX is found at values close to 0 V. The 
transconductance shows a bimodal behavior. It decreases in the range 
0 < Vg < 0.6 V, and then increases again. This pattern has been ascribed 
to the non-selective ion migration into the membrane at high Vg. Similar 
results have been obtained for sodium and ammonium cations.

Calibration curves were then performed at Vg = 0 V (Vd = − 0.4 V). 
Fig. 5A shows a typical time trace upon additions of increasing con
centration of potassium (similar results can be seen for other ions, see 
Fig. S7). As a preliminary assessment of the sensor-to-sensor variability, 
five different sensors were used. The slopes obtained for each sensor 
were very similar, with an average value of 605 μA/decade. However, 
the small differences in the channel initial resistance introduce vari
abilities in the initial current that increase the sensor-to-sensor 

A. Dasca et al.                                                                                                                                                                                                                                   Talanta 282 (2025) 126957 

4 



variability. To overcome this issue, instead of adjusting the voltage, the 
initial current Id was adjusted. The current was set at the same value for 
all sensors (by slightly adjusting Vd) to an initial Id = 15 mA. The 
resulting calibration plots are shown in Fig. 5B, which displays a sig
nificant reduction of the variability of the calibration plots when using 
different sensors. With this approach, an average sensitivity of 745 μA/ 
decade, with a sensor-to-sensor variability for a given signal in the order 
of 8 % is obtained.

To reduce the instrumental complexity of the system, the elimination 
of the gate power supply was also explored (Fig. 5C). Indeed, with a Vg- 

MAX close to 0 V, the optimum gate potential is very close to ground. 
Thus, since the source electrode is also grounded, the gate electrode was 
connected to the source. This leads to a more compact system where 
only one power supply is needed [17,33,34] The results of this change 
show that eliminating the gate power supply only produces a constant 
offset of the results but has a small effect on the analytical performance. 
In fact, using only one power supply slightly reduces the baseline noise 
level, probably due to eliminations of ground loops. This approach 
yielded similar results for the different ions tested. The results of the 
optimization of the analytical performance for each individual sensor 
with a grounded gate electrode are shown in Fig. 5D. The results of the 
optimization of the analytical performance for each individual sensor 
with a grounded gate electrode are shown in Fig. 5D. The comparison 
between the analytical performance of the IS-OECTs and the 

conventional ISEs is detailed in Table S5. In terms of the linear range and 
the limits of detection, our work is comparable with previous reports in 
OECT and ISE. Regarding sensitivity, a substantial improvement is 
observed except in the case of the system made by Clua et al. [17].

Seven consecutive calibrations were performed using the same 
sensor. The sensor showed good repeatability in the order of 4 % of error 
in terms of sensitivity. Higher variability was found at higher concen
trations (Figs. S7A–C, Table 1). Thereafter, calibrations were performed 
using 5 different sensors (Figs. S8A–C). Table 1 shows the results of the 
intermediate precision of system. A very good intermediate precision of 
the analytical performance in the order of 5 % of error in terms of 
sensitivity between five different sensors was observed.

Response time was evaluated at 95 % of maximum response. As it is 
common in this type of systems, the response time increases as con
centration decreases (Fig. S9). In general, response times in the 35–75 s 
range are observed. For ammonium, for example, a response time of 97 s 
is obtained for a 10− 5 M addition. This can be considered an upper limit 
of the response time.

Selectivity was assessed by evaluating the response to the primary 
ion in the presence of typical interfering cations (K+, Na+, NH4

+ and 
Ca2+). For a solution with the ions present at 0.1 M concentration, the 
response was evaluated at different Vg. The main objective of this ex
periments is to evaluate what is the total effect produced in the response 
(Id) when the interfering ion is added. While this is not a rigorous 

Fig. 3. (A) Influence of the PEDOT:PSS percentage on the sensitivity calculated between 10− 4 – 10− 1 M (the error bars correspond to standard deviation of six 
sensors). (B) Mean response time to obtain 95 % of total response between 10− 4 – 10− 1 M depending on PEDOT:PSS percentage (the error bars correspond to standard 
deviation of the different additions). The PEDOT:PSS percentages for both plots are: 0.2, 0.4, 0.8 and 3.5 %.

Fig. 4. (A) Transconductance (gm) vs gate voltage (Vg) (blue) and drain current (Id) vs gate voltage (Vg) (red) for a channel (drain voltage, Vd = − 0.4 V). (B) 
Transconductance (gm) vs gate voltage (Vg) (blue) drain current (Id) vs gate voltage (Vg) (red) for a sensor (drain voltage, Vd = − 0.4 V).
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approach, it provides a good approximation. The results -measured as 
the subtraction of the final value of Id at the end of the calibration (If) 
from the initial value of the current prior to performing the calibration 
(I0)- (Fig. 6A–C) show that all ions have a maximum response at Vg = 0 
V. This can be explained since there is a spontaneous extraction of ions 
driven by thermodynamic factors (ion-ionophore equilibrium constant). 
For higher voltages (Vg = 0.7 V), the incorporation of ions into the 
membrane are controlled by the hydration energies (lipophilicity) of the 
cation. Also, they show that the only significant interference effect is 
observed between K+ and NH4

+. This is a typical interference commonly 
observed in ISEs, which stems from the similarity in the charge-size ratio 
of these two ions. Unfortunately, models used for calculating selectivity 
coefficients in ISEs cannot be applied in these conditions. The qualitative 
assessment of selectivity performed here compares the variation in Id 
produced by the addition of the ions at different Vg values. Interestingly, 

these results show that at low Vg the molecular recognition of the ISM 
controls the response, with a highest selectivity obtained for Vg = 0 V.

The ability to provide precise and reliable results is a key point in this 
work. For this, two levels of concentrations were studied: low level 
(5⋅10− 4 M) and medium-high level (1⋅10− 2 M). For each concentration, 
5 sensors were prepared for each analyte and were measured under 
conditions of maximum variability (intermediate precision with 
different days, sensors, and instruments). Likewise, the variability 
associated with the repeatability of each sensor was studied. To do this 
test, first a calibration was carried out to know the current value for each 
concentration setting the baseline at − 15 mA. The sensor was then 
rinsed, the selected initial current value was set and an addition of a 
solution of the desired concentration was performed. This process was 
repeated different times. The precision of the sensors was evaluated at 
95 % of the final response. Table 2 and Fig. S6 show the percentage of 
precision error (in terms of concentration) associated with low and high 
concentrations. Table 2 show the precision studies for two additions and 
Table S6 for three additions.

To evaluate the sensor response over a number of days, 4 different 
sensors for each analyte were calibrated on different days. The cali
bration was always preceded by a conditioning (1 h in 0.1 M XCl, X 
being the analyte of interest). These results are seen in Figs. S10A–C. It 
was concluded that the sensors maintain their analytical performance 
for at least 20 days.

Fig. 5. (A) Typical time trace drain current (Id) vs time in the different additions at voltage drain (Vd) = − 0.4 V and voltage gate (Vg) = 0 V for K+. (B) Calibration 
curves by applying voltage drain (Vd) = − 0.4 V and voltage gate (Vg) = 0 V (blue) and by fixing the initial current in − 15 mA (red) (error bars correspond to the 
standard deviation between five sensors). (C) Potassium calibration curves: gate connected to the source (red), gate connected to the ground (blue). (D) Calibration 
curves for each analyte.

Table 1 
Repeatability and intermediate precision in terms of sensitivity for each IS- 
OECT. For potassium and sodium sensors the sensitivity value is calculated 
from 10− 4 to 10− 1 and for ammonium sensors from 10− 5 to 10− 1.

Repeatability (μA/dec) Intermediate precision (μA/dec)

K+ OECT 857.65 ± 27.96 807.34 ± 34.45
Na+ OECT 896.22 ± 51.08 811.39 ± 47.87
NH4

+ OECT 778.75 ± 27.96 833.29 ± 33.11
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3.3. The OECT array

The functionalization of the channel -instead of the gate-provides a 
multiplex advantage, since several channels can be simultaneously used 
in the same solution using the same gate. To prove this point, 3 channels 
-each with a different ISM-were used, and a Ag/AgCl gate was connected 
to the source of each sensor, as shown in Fig. 2B. Multivariate calibra
tion can help to overcome problems of selectivity of each individual 
sensor (Figs. S11A–C).

3.4. Construction and validation of the PLS model

PLS was used to correlate the concentration of ammonium, potas
sium, and sodium in the different samples (expressed as logarithm of 
concentration) with the three recorded Id values. A PLS model was 
constructed for each one of the three target analytes using the 33 sam
ples of the training set. The goodness of fit between the data and the 
calibration model is measured by Root Mean Square Error of Calibration 
(RMSEC). Two factors explained 96.87 %, 97.25 % and 95.28 % of the 
original information in ammonium, potassium and sodium respectively, 
with a root mean square error of cross validation (RMSECV) of 0.1242, 
0.1314, 0.1329. RMSECV is expressed in logarithmic concentration 
units, representing the average errors in quantifying the target analytes 
using the derived models. Although RMSECV, which corresponds to the 
internal validation since this technique uses for validation the same 
samples that have been used in the construction of the model, has lim
itations due to the estimation of the error in the same magnitude at low 
and high concentrations, it is widely used as a figure of merit in model 
comparison [35].

For the external validation, the whole set of samples were divided 
into a training set (60 % of the samples, 33 samples) and a test set (40 % 

of the samples, 22 samples). These samples were selected ensuring that 
all the concentrations levels were present in the training and set sam
ples. The goodness of prediction is calculated using the root mean square 
error of prediction (RMSEP) of the test set and shows the ability of the 
model for the prediction of new samples that have not been used during 
the construction of the multivariate model. Table 3 shows the figures of 
merit of the optimum multivariate models.

For the comparison with reference methods, 15 real samples were 
measured with the OECTs array and with two reference techniques: 
Fluorescence for ammonium and AES for potassium and sodium.

3.5. Validation from reference techniques

To compare the results obtained with each PLS model using the 
OECTs and the reference method used for the analysis of each one of the 
target analytes, we used a linear approach with the joint confidence 
interval for the intercept and the slope [36]. The theoretical regression 
line obtained with the analysis of the saliva samples using the reference 
method and the PLS model for a specific ion should have intercept =
0 and slope = 1 if the predictions of the two methods (reference method 
and PLS model) were identical. Therefore, if the two sets of predictions 
provide comparable results, the joint confidence interval of the intercept 
and the slope of the regression line between the two methods has to 
include the theoretical point (0, 1) for a α significance level. Fig. 7A–F 
shows the three regression lines between the reference methods and the 
PLS models using the OECTs, and the resulting joint confidence intervals 
for the intercept and the slope, showing that there is no statistically 
significant difference between the different sets of predictions at a sig
nificance level α = 5 %

4. Conclusions

A novel array consisting of three single OECTs connected to a single 
gate was prepared and characterized. This allows the instrumental 
equipment to be reduced. Regarding the measurement of the sample, 

Fig. 6. Selectivity studies: total response If-I0 for the evaluation of interfering effect in the IS-OECT as a function of voltage gate (Vg) (voltage drain, Vd = − 0.4) (A) In 
a potassium OECT. (B) In a sodium OECT. (C) In an ammonium OECT.

Table 2 
Precision studies of two additions between the same sensor and between sensors 
in low and high level of concentration with 5 sensors, 5 days and 3 instruments.

Low concentration level (5⋅10− 4 

M)
High concentration level (1⋅10− 2 

M)

Intermediate 
precision

Repeatability Intermediate 
precision

Repeatability

K+

OECT
11.41 % 6.35 % 11.37 % 6.30 %

Na+

OECT
10.02 % 3.11 % 11.97 % 6.34 %

NH4
+

OECT
14.55 % 3.83 % 11.98 % 8.49 %

Table 3 
Figures of merit of multivariate model.

Analyte RMSEC RMSECV R2 (Cal, 
CV)

RMSEP Prediction 
Bias

R2 

(Pred)

NH4
+ 0.11694 0.12418 0.969, 

0.965
0.13088 0.01346 0.968

K+ 0.11813 0.13136 0.973, 
0.966

0.13564 − 0.034743 0.967

Na+ 0.11909 0.13286 0.953, 
0.941

0.11985 − 0.028093 0.953
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this design allows the sample to be measured instantly. The sensors offer 
high precision in the maximum conditions of variability, being suitable 
for ion analysis. Furthermore, due to the use of low-cost substrates such 
as paper, it presents significant advantage compared to other instru
mental devices for similar analyzes such as fluorescence and AES.

Finally, the use of multivariate models has been crucial to properly 
extract the information of each OECT, predict and quantify selectively 
the concentrations of each biomarker. The results obtained by the OECTs 
have been compared with those obtained by the reference methods. A 
high accuracy of the sensors has been demonstrated for the three ana
lytes. It could be expected that through the addition of one blank sensor 
with an ionophore-free membrane in the sensor array, the noise will be 
reduced, and the precision and the robustness of the method will 
improve.
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