Electrochimica Acta 519 (2025) 145834

Contents lists available at ScienceDirect

Electrochimica Acta

FI. SEVIER

journal homepage: www.journals.elsevier.com/electrochimica-acta

Check for

A point-of-care, label-free OECT sensor for uric acid detection: Validation in [
human saliva

Francesca Ceccardi *®, Federica Mariani > ©, Francesco Decataldo ”, Vito Vurro ®,
Marta Tessarolo ¢, Isacco Gualandi®, Beatrice Fraboni ¢, Erika Scavetta ®
& Department of Industrial Chemistry “Toso Montanari”, University of Bologna, Via Piero Gobetti 85, 40129, Bologna, Italy

b Department of Medical and Surgical Sciences, University of Bologna, Via Giuseppe Massarenti, 9, 40138, Bologna, Italy
¢ Department of Physics and Astronomy “Augusto Righi”, University of Bologna, Viale Berti Pichat 6/2, Bologna, 40127, Italy

ARTICLE INFO ABSTRACT

Keywords: This study presents the development of an organic electrochemical transistor (OECT) sensor for the detection of
OECT uric acid (UA) in human saliva, employing a potentiodynamic measurement technique. Unlike many existing

Electrochemical sensor (bio)sensors, this device is entirely based on the organic semiconductor poly(3,4-ethylenedioxythiophene):

EFD?T;PSS, polystyrene sulfonate (PEDOT:PSS), which simplifies manufacturing and maintenance and reduces production
loelectronics . . . . . . . .
Uric acid costs. First of all, a systematic comparison between the potentiostatic and potentiodynamic sensing performance

Point-of-care in buffer solution is presented, which proves the superior accuracy (14 %), repeatability (5 %), and reproduc-

Saliva ibility (8 %) of the potentiodynamic approach. In particular, a sensitivity of 59 pS dec™! is obtained in the
concentration range 10 — 350 uM UA, with a detection limit of 1 uM. Selectivity studies and subsequent vali-
dation of the potentiodynamic OECT sensor in human saliva with an independent method specific for salivary UA
quantification is then presented, after which we show the application of our sensor to salivary UA monitoring
during food intake, as well as the attempt to analyze swine saliva. Furthermore, as the sensor’s design supports
integration with point-of-care platforms, we demonstrate its functionality with portable electronics and smart-
phone connectivity. This approach enables rapid, real-time monitoring, offering a practical and cost-effective
solution for non-invasive UA detection in clinical settings.

1. Introduction

The increasing interest in healthcare and the consequent need to
monitor people’s health conditions are bringing out new point-of-care
(POC) technologies, in particular biosensors. POC systems make com-
plex platforms and analyses accessible to a larger number of patients and
less specialized types of users, allowing large-scale screening for disease
prevention, rapid diagnosis, and better monitoring of treatments [1-3]
even where laboratory facilities are not available.

Research focuses on analytes that are representative of the health
status and can be collected in a non-invasive way, like the ones con-
tained in sweat, urine, and saliva [4-6].

Uric acid (UA) is a clinically significant analyte due to its role as a
major antioxidant and a marker for oxidative stress, which is associated
with various health issues such as cancer, cardiovascular, and neuro-
degenerative diseases [7-15]. As the end product of purine metabolism,
UA is normally eliminated from the kidneys through urine in healthy
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conditions. Elevated UA levels can indicate gout, kidney failure, and
cardiovascular diseases, while low levels have been linked to athero-
sclerosis and stroke [16-24]. The concentration of UA in various bio-
logical fluids (such as urine [25], serum [26,27], sweat [28], wound
exudate [27], saliva [29,30]) has been quantified in healthy individuals,
as summarized in Table S1. Specifically, salivary UA levels have been
reported to range from 7.3 to 265 pM [29] and from 40 to 360 pM [30].
Saliva represents a promising biofluid for point-of-care diagnostic ap-
plications due to its non-invasive and rapid collection, which makes it
particularly suitable for real-time health monitoring. However, its
complexity and the micromolar concentration of uric acid require
robust, selective technologies. Conventional analytical methods like
high-performance liquid chromatography are time-consuming and
expensive [25,31]. Consequently, various salivary uric acid sensors,
particularly biosensors and electrochemical sensors [32-34] have been
developed, though they are often tested in artificial saliva only [35-37].
Electrochemical sensors are advantageous for their short analysis times,
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low cost, and simple procedures [38,39]. Recent advancements in this
field include organic electrochemical transistors (OECTs), which operate
at low voltages (below 1 V) and feature easy fabrication and unique
functionalities. Consisting of three electrodes, e.g., drain, source, and
gate, OECTs use a conductive polymer channel such as poly(3,
4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) and do
not require a reference electrode, allowing for rapid signal acquisition
with cost-effective readout electronics [40,41].

In practical applications, OECTs operate in ion-containing fluids,
where the drain voltage (Vd) generates the channel current (Id), while
the gate voltage (Vg) regulates ion penetration into the channel. This ion
flux modulates the doping state of the conductive polymer, affecting the
channel’s conductivity and, consequently, the drain current [37,42-46].
Thanks to the inherent amplification capability, OECTs are highly sen-
sitive transducers that convert biochemical signals into electronic ones.
OECTs work as chemical sensors for redox-active species when the redox
reactions involving the analyte, triggered by the proper applied voltage,
affect the doping state of PEDOT, resulting in changes to Id proportional
to the analyte concentration [47]. Recent studies from our research
group have shown that PEDOT-based OECTs are effective sensors for
oxidizable molecules like uric acid [48,49], with the transistor config-
uration providing signal amplification, high sensitivity, low detection
limit, and signal filtering [37,50,51].

Among the common sensing strategies for OECTs, potentiostatic and
potentiodynamic detections are the most widely used. Potentiostatic
measurements involve maintaining fixed drain and gate voltages and
recording Id, where the steady-state drain current correlates with the
analyte concentration. While simple, this technique can suffer from poor
selectivity in label-free, all-PEDOT:PSS OECT sensors, as any analyte
undergoing redox reactions at the applied voltages can affect the
response [37,51]. On the other hand, potentiodynamic measurements
apply a linear potential scan at the gate while maintaining a constant Vd,
enabling the differentiation of analytes based on their distinct oxidation
potentials. Though more complex, this method facilitates the discrimi-
nation of individual analyte contributions and therefore their selective
detection [49].

To date, only a few examples of uric acid detection using OECTs have
been reported. The first work employed the potentiodynamic technique
to distinguish uric acid, ascorbic acid, and dopamine using all-PEDOT
OECTs, demonstrating selective detection even with similar oxidation
potentials. However, these measurements were conducted in a buffer
solution without testing the sensor capability in complex matrices [49].
The following studies [52-54] shifted the detection from buffer solu-
tions to artificial biofluids, such as artificial wound exudate and urine,
where background interference led to significant challenges. To improve
selectivity, electrode functionalization was introduced, increasing
fabrication complexity and costs. Additionally, synthetic biofluids do
not provide the full complexity of real matrices. The only example re-
ported to date of UA detection in real saliva involves complex func-
tionalization, achieving a low detection limit, but lacks validation with
an independent analytical method [55].

The present study illustrates the development of a novel OECT sensor
for the detection of uric acid, exploiting a potentiodynamic transduction
mechanism. This sensor is capable of detecting UA in real human saliva
without requiring any specific functionalization to address the matrix
influence on the measurements. The transistor elements (gate and
channel) were entirely fabricated with PEDOT:PSS, offering enhanced
biocompatibility and a simplified, cost-effective manufacturing process
compared to the aforementioned functionalization approaches.

Our device transduction mechanism is robust and has been validated
with an independent analytical method, which is specific for salivary
uric acid quantification. Additionally, UA sensing is conducted directly
in saliva without advanced sample treatments. Finally, it is worth noting
that the device can be easily integrated into POC platforms owing to the
rapid measurements enabling in-situ detection, as demonstrated using
portable electronics connected to a smartphone via Bluetooth.
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2. Experimental
2.1. Chemicals

Uric acid, monobasic potassium phosphate (KH3PO4), and potassium
hydroxide (KOH) were purchased from Sigma Aldrich. The phosphate
buffer solution (PBS) was prepared with 0.1 M KH,PO4 and adjusted to
pH 7.00 with 1 M KOH. This study involved the use of saliva samples
from the authors, with no external participants. As such, no formal
ethical approval was sought. Saliva samples used in this study were self-
collected by the authors. The authors confirm that the use of these
samples complies with institutional and ethical guidelines for self-
experimentation. The author declares no conflict of interest related to
the use of self-collected saliva samples in this study. Swine saliva sam-
ples were sourced from DSM Nutritional Products.

2.2. OECTs fabrication

Glass substrates were cleaned via subsequent sonication in soap (10
% v/v in water), acetone, isopropanol, and distilled water. After the
dehydration step (10 min at 110 °C), the Microposit S1818 positive
photoresist (from Micro Resist Technology) was spin coated (4000 rpm
for 60 s) and annealed at 110 °C for 1 min. Metallic contacts were
fabricated using direct laser lithography using the ML3Microwriter
(from Durham Magneto Optics). The photoresist was developed with a
Microposit MF-319 developer. Then, 7 nm of chromium and 30 nm of
gold were deposited by thermal evaporation. Samples were immersed in
acetone for 4 h for photoresist liftoff. Metallic contacts were encapsu-
lated using an mr-DWL 5 negative photoresist (from Micro Resist
Technology). The resin was spin coated at 3000 rpm for 30 s and
annealed at 100 °C for 2 min. After laser exposure, samples were baked
at 100 °C for 2 min, relaxed for 1 h at room temperature, and developed
using mr-Dev 600 developer (Micro Resist Technology). A final oxygen
plasma descum of photoresist residuals (120 W for 4 min) was per-
formed, and then, the negative resist was baked at 120 °C for 30 min. A
double layer of S1818 was deposited to pattern the PEDOT:PSS micro-
structures (OECT channel and gate). After development, substrates were
treated with air plasma (15 W for 2 min) to improve polymer adhesion,
and the PEDOT:PSS solution (94 % PEDOT:PSS (Heraeus, Clevios
PH1000), 5 % of ethylene glycol (EG) (Sigma-Aldrich), 1 % of 3-glyci-
doxypropyltrimethoxysilane (GOPS), and 0.25 % of 4-dodecylbenzene-
sulfonic acid (DBSA) was spin coated at 3000 rpm for 10 s. The
resulting film thickness was (100 + 10) nm. The samples were subse-
quently annealed at 120 °C for 1 h, and S1818 was finally lifted off after
4 h in isopropanol.

2.3. OECTs geometry

A scheme of the device geometry is reported in Fig. 1b. The green
areas indicate the presence of an insulating layer (mr-DWL 5 negative
photoresist) used for feedlines encapsulation, while the blue ones
represent the PEDOT:PSS material of the gate and the channel. The
contacts are fabricated with gold. The device is designed with an L-
shaped gate, strategically positioned below the channel. This configu-
ration allows the gate to be immersed in a solution without involving the
channel. Such a design facilitates the potential use of the gate as a
working electrode in an electrochemical cell setup, enabling character-
ization through techniques like cyclic voltammetry, without direct
interaction with the channel. The geometrical parameter y selected for

the microfabrication of the device is 0.33, calculated as y = :—‘h where Ag

and Ag, are the gate and channel areas, respectively. The value was
chosen based on previous work of our research group regarding non-
functionalized OECT sensors for ascorbic acid [48,49].
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Fig. 1. a) Cyclic voltammograms recorded using a PEDOT:PSS electrode upon incremental additions of UA in 0.1 M PBS, pH 7.00. Scan rate 20 mV/s. Inset: cor-
relation between the oxidation peak current and the analyte concentration. b) Schematic representation of the transistor with channel and gate dimensions. W and L
indicate respectively the width (W) and length (L) of the transistor elements, and Dy indicates the distance between the channel and the gate. The green areas
indicate an insulating layer, the blue ones represent the PEDOT:PSS material of the gate and the channel and the gold areas represent the gold contacts. c¢) Trend of
electrochemical potentials of gate, source, and drain at Vd = —0.3 V as a function of gate voltage in 0.1 M PBS, pH 7.00. The red dotted line highlights the elec-
trochemical potential at which UA oxidation takes place. The red squares identify the Vg windows promoting UA oxidation at the channel/gate.

2.4. Study of OECTs performances

2.4.1. Cyclic voltammetry measurement

The electrochemical responses were recorded employing a CH In-
struments 660C potentiostat via cyclic voltammetry with a classical
three-electrode cell setup. A PEDOT:PSS film deposited on a gold elec-
trode was exploited as a working electrode and potentials were applied
against a saturated calomel reference electrode (SCE) while using a Pt
wire as a counter-electrode. The electrodes were immersed in a con-
ventional electrochemical cell containing 0.1 M PBS (pH 7.00) and the
current was recorded during the addition of different amounts of uric
acid to the electrolyte within an applied potential window ranging from
—0.2 V to 0.6 V at 20 mV/s, where PEDOT:PSS is electrochemically
stable [56,57].

2.4.2. Electrochemical potentials measurement

The electrochemical potentials of the OECT elements were measured
by coupling a Keysight B2902A Source Measure Unit to a CH Instrument
660C potentiostat to carry out simultaneous potential-controlled and
open-circuit potential (OCP) measurements. The OECT and a saturated
calomel reference electrode were immersed into the electrolyte solution
(0.1 M PBS, pH 7.00). The SMU controlled the transistor by applying
drain and gate potentials with respect to the source (grounded). In
particular, fixed Vd of —0.3 V and Vg from —0.9 to 0.6 V with steps of
100 mV were applied. The potentiostat measured the electrochemical
potential of the source (Egource) used as a working electrode. Drain and
gate electrochemical potentials (Egrain and Egae) were calculated by
mathematically adding Vd and Vg to Esyrce-

2.4.3. OECTs measurement

The OECT electrical characterizations (output and transfer curves)
were carried out in 0.1 M PBS (pH 7.00) using a Keysight B2902A Source
Measure Unit (SMU), by applying drain (Vd) and gate (Vg) voltages and
measuring the drain (Id) and gate (Ig) currents. Potentiostatic mea-
surements were carried out maintaining fixed Vd of —0.3 V and Vg of
+0.6 V and recording Id while adding different amounts of uric acid to
0.1 M PBS (pH 7.00) under magnetic stirring in a concentration range
between 5 and 500 uM. The steady-state drain current is the analytical
signal that correlates with the analyte concentration. The parameter tgg
is used to evaluate the response time and indicates how much time is
required to reach 90 % of the final signal, which is the steady state
current recorded after the addition of uric acid concentration.

Potentiodynamic measurements were carried out maintaining a

constant Vd of —0.3 V while applying a linear scan of potential at the
gate between —0.5 and 0.6 V with a scan rate of 10 mV/s. The resulting
Id vs Vg curve, which sweeps from negative to positive potentials and
returns to the initial value, consists of 2 scans, e.g., one measurement
cycle. This process can be repeated multiple times to obtain subsequent
cycles (second, third, etc.) and assess any variations among them. Id vs
Vg curves were recorded while adding different amounts of uric acid to
0.1 M PBS (pH 7.00) in a concentration range between 10 and 500 uM.
The transconductance (gm) curves were obtained as derivatives of the
experimental curves and gm peak intensity is the analytical signal that
correlates with the analyte concentration. A complete comparison be-
tween potentiostatic and potentiodynamic is presented in terms of
sensitivity, limit of detection (LOD), precision, accuracy, repeatability,
and reproducibility. The sensitivity of the measurement was estimated
by the slope of the calibration curve. LOD values were calculated using
the 306/m criterion (where ¢ is the standard deviation of the blank and m
is the slope of the calibration curve), according to [39]. The repeat-
ability and reproducibility were assessed by calibrating respectively the
same sensor three times or three different sensors, and considering the
relative standard deviation (RSD) among the slopes of the correspondent
curves. To evaluate the accuracy and precision, solutions with known
concentrations included in the linear range of response were analyzed
five times with pre-calibrated sensors, and the recorded analytical signal
was used to estimate the analyte concentration from the calibration
curve. Accuracy was quantified as the percentage error (% error),
determined as variability among the concentrations obtained from the
five independent measurements and the known concentration value.
Precision was evaluated as the standard deviation relative to the mean
concentration obtained from the five measurements.

2.4.4. Saliva samples preparation

Human saliva samples were diluted with 0.1 M PBS pH 7.00 ac-
cording to the dilution factor. For a 1:2 ratio, 1 mL of PBS was mixed
with 1 mL of saliva. For 1:16 ratio, 1 mL of saliva was mixed with 15 mL
of PBS. For a 1:21 ratio, 1 mL of saliva PBS was mixed with 20 mL of PBS.

2.4.5. Validation of the measurement

To validate the system for uric acid detection in saliva, the com-
parison with an independent analytical method was carried out. In
particular, the commercial colorimetric kit from Salimetrics was used
(Salivary uric acid assay kit #1-3802). The protocol requires several
steps like saliva sample pretreatment with vortex and centrifuge, the
heating of the kit reagents at 37 °C, a microplate incubator/shaker
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operating at 37 °C, and a plate reading with a wavelength of 515 mm.

2.4.6. Measurements with portable electronics

To demonstrate the possibility of using the system for in situ appli-
cations, the developed sensor was equipped with wireless and portable
custom-made electronics powered by a coin cell battery provided by
Elements Srl. It contains a Bluetooth module, which allows wireless
control and data transmission to a smartphone via a dedicated
application.

3. Results and discussion
3.1. Electrochemical and electrical characterization

Preliminary electrochemical characterizations were performed with
uric acid to study its oxidation reaction. In particular, Cyclic voltam-
metry (CV) experiments were conducted to investigate the electro-
chemical behavior of a PEDOT:PSS working electrode (i.e., the gate
electrode of the OECT structure) in a buffer solution containing different
amounts of UA (Fig. 1a). The cyclic voltammograms, recorded within
the potential window where PEDOT:PSS is electrochemically stable [56,
571, show a redox wave, whose peak current depends on the UA con-
centration. It is ascribable to UA oxidation, as UA (CsH4N403) can un-
dergo irreversible oxidation at a PEDOT:PSS electrode, following the
reaction [58]:

CsH4N,O; + 2H,0— C4HgN,O5 + CO» + 2H' + 2e

The reaction leads to the formation of the oxidation product allan-
toin (C4HeN405), carbon dioxide, hydrogen ions, and two electrons. The
voltammograms, which exhibit a lack of significant reduction peaks,
confirm the irreversibility of this oxidation reaction.

The oxidation potential of UA was found to start at approximately
0.25 V vs SCE, with an observed peak maximum at 0.40 V. As evident
from the correlation between the current intensity of the corresponding
oxidation peak and the analyte concentration (shown in the inset of
Fig. 1a), the electrode effectively functions as a transducer to convert the
chemical signal associated with uric acid into an electrical signal.
Therefore, it can be embedded in an OECT architecture to design a
sensor for UA detection with a simple structure as reported in Fig. 1b. In
particular, a thin layer of PEDOT:PSS was deposited between source and
drain onto a glass substrate to form the channel as well as the gate of the
device. The electrical characterizations of the OECT, specifically output
and transfer curves, are illustrated in Figure Sla and Figure Sl1b,
respectively. These characterizations can be explained through the
electrochemical processes occurring within the OECT system, driven by
the variation of the gate voltage, in accordance with the dop-
ing—dedoping mechanism involving PEDOT:PSS [59]:

GATE : PEDOT® + K*PSS~ — PEDOT:PSS + K" + e~
CHANNEL : PEDOT:PSS +K*' + e~ —PEDOT® 4+ K"PSS~

where K stands for cations in the electrolyte solution (PBS). A positive
Vg leads to a positive polarization of the gate electrode, which induces
the oxidation of the polymer. The resulting electrons removed are then
injected into the channel, thereby reducing the amount of charge car-
riers delocalized in the PEDOT:PSS. Consequently, an increase in Vg
results in a decrease in the channel’s electrical conductivity, which is
directly proportional to the concentration of electron holes. This change
is transduced in a decrease of Id and the opposite process occurs with
negative Vg. This phenomenon is evident in the output curves
(Figure Sla), where a stepwise increase in Vg induces a progressive
decrease in Id across the recorded curves, as well as in the transfer
curves (Figure S1b), where the current value decreases with increasing
gate voltage.

The drain and gate voltages required for efficient UA oxidation were
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determined (Fig. 1c) through the evaluation of the electrochemical po-
tentials (E) of the OECT elements.

When one transistor element exceeds the uric acid oxidation peak
potential of 0.40 V, the reaction occurs at either the gate or the channel,
depending on the applied potentials. Specifically, the application of a Vd
of —0.3 V and a more negative Vg of —0.9 V (initial measurement
condition) facilitates the oxidation of uric acid at the channel, thanks to
the higher E measured at the channel. In contrast, a positive Vg pro-
motes oxidation at the gate. Summarizing, as it is evident from Fig. 1c,
uric acid oxidation takes place at the channel with a Vg lower than —0.9
V, or at the gate with Vg higher than 0.2 V (considering Vd = —0.3 V).

3.2. Uric acid sensing in buffer solution

To avoid extremely negative gate potentials and to achieve optimal
oxidizing conditions within the stability window of PEDOT, the option
where the oxidation of uric acid occurs at the gate electrode was
selected. Consequently, the transduction mechanism relies on the
aforementioned electrochemical oxidation of UA at the gate, producing
allantoin, carbon dioxide, hydrogen ions, and two electrons [58]. In an
all-PEDOT OECT, these electrons are subsequently injected into the
channel, resulting in the reduction of the polymer in the film according
to the reactions described here [58]:

GATE : CsH4N4O3 + 2H,0— C4HgN4O3 + CO» + 2H' + 2e”

CHANNEL : PEDOT:PSS + K" + e~ -=PEDOT® + K*PSS~

According to the electrical characterization related to the doping-
dedoping mechanism of PEDOT, this reduction alters channel elec-
trical conductivity and decreases the drain current. This current mod-
ulation, which was also observed in PBS, is boosted by the faradaic
contribution from the redox reaction involving uric acid and PEDOT
[49,59].

Both potentiostatic and potentiodynamic techniques were employed
for UA sensing in aqueous buffer solutions. In potentiostatic measure-
ments, a stepwise decrease in drain current (Id) was observed upon in-
cremental additions of UA (from 5 to 500 uM) to the electrolyte under
stirring (Fig. 2a). This behavior is attributed to the progressive reduction
of PEDOT:PSS and conductivity of the channel according to the
increasing faradic contribution due to UA oxidation on the gate. These
potentiostatic measurements led to a linear calibration curve correlating
the steady-state Id with the logarithm of UA concentration (Fig. 2b) with
a slope of 27 pA/dec for the measurement shown below. The blank
current, recorded in PBS before any additions of the analyte, was sub-
tracted to Id to highlight the variations induced by the addition of the
analyte. The investigated range of concentration includes the one of
interest in saliva found in the literature (40-360 pM) [30]. Furthermore,
the sensor has a fast response time (tg9 = 48 s, defined in the Experi-
mental section) and the use of Id instead of Ig (shown in the inset of
Fig. 2a) as an analytical signal provides noise filtering and signal
amplification [60].

Potentiodynamic measurements were conducted by recording the Id
as a function of Vg and are presented in the supporting information
(Figure S2). These curves demonstrate an increasing modulation of Id
with higher UA concentrations. The analytical signal in the potentio-
dynamic approach is the transconductance (gm), defined as a
gm = AId/AVg, where Ald and AVg represent Id and Vg variations,
respectively, recorded during the acquisition of transfer curves. Typi-
cally, gm exhibits a peak at the Vg where maximum Id modulation is
achieved due to the faradaic processes occurring at the gate. Fig. 2¢
shows the increase in the gm peak upon increasing additions of UA and
the resulting calibration plot, reporting a linear correlation between the
gm peak and the logarithm of UA concentration (Fig. 2d) between 10
and 350 pM, which is again consistent with the concentration range of
interest for the analysis of saliva but slightly more limited compared to
potentiostatic measurement. Moreover, differences between the quality
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Fig. 2. a) Id vs time curves recorded for incremental additions of UA from 5 to 500 pM to PBS (0.1 M, pH 7.00). Vg = +0.6 V; Vd = —0.3 V. Inset: Corresponding Ig vs
time curve. b) Calibration curve obtained from the graph in Fig. 2a. ¢) gm vs Vg curve recorded for incremental additions of UA from 10 to 350 uM to PBS (0.1 M, pH
7.00). Vg from —0.5 to +0.6 V; Vd = —0.3 V. d) Calibration curve obtained from the graph in Fig. 2c.

of the calibration obtained using the first or the third cycle of Vg sweep
were evaluated (Table S2) obtaining slopes of 54 and 53 uS/dec,
respectively. Since the values are statistically equivalent, the 1° cycle
was chosen for further investigations, as it guarantees a significant
decrease in the -calibration time without lowering the sensor
performance.

A complete comparison between the two sensing strategies (e.g.,
potentiostatic and potentiodynamic) is presented in terms of sensitivity,
limit of detection (LOD), precision, accuracy, repeatability, and repro-
ducibility in Table 1, as described in the Experimental section. The
curves related to repeatability and reproducibility are reported in the
supporting information for both potentiostatic (Fig. S3) and dynamic
(Fig. S4) methods. The analyses of solutions with two known concen-
trations included in the linearity range of response, e.g., 35 pM for
potentiostatic and 100 uM for potentiodynamic, which were employed
to assess accuracy and precision, are also included in the supporting
information (Fig. S3c and Fig. S4c respectively). Figure S3c illustrates
how the potentiostatic results are evenly distributed around the corre-
sponding points on the calibration curve, indicating excellent precision
but lower accuracy compared to the actual concentration value.
Conversely, the potentiodynamic data reported in Fig. S4c exhibit a less

Table 1
Comparison of the sensors’ performances in buffer solution (0.1 M PBS pH 7.00)
using potentiostatic and dynamic modes.

Potentiostatic
detection

Potentiodynamic
detection

Sensitivity + SD Bl+4)pAdec '(N= (59 + 1) pSdec '(N=

3) 3)
LOD (uM) 3 1
Precision (%RSD) in [UA] 4% (N=5) 10% (N =5)
estimation
%Error in [UA] estimation 27 % (N = 5) 14 % (N =5)
Repeatability 10 % (N = 3) 5% (N=23)
Reproducibility 12 % (N =3) 8% (N=23)

precise distribution of values but higher accuracy compared to the true
value.

While potentiostatic measurements are rapid and simpler, the
potentiodynamic detection exhibits enhanced sensitivity and a lower
LOD, making it particularly suitable for applications requiring reliable
quantification of UA. In addition, the accuracy, repeatability, and
reproducibility of the potentiodynamic method surpass those of the



F. Ceccardi et al.

potentiostatic detection, although the latter exhibits slightly superior
precision. Overall, the potentiodynamic approach was considered more
suitable for uric acid detection due to the aforementioned performance
advantages and was selected for further investigations. The superior
analytical performance achievable with the potentiodynamic method
can be explained by considering that, in a device without the reference
electrode, the application of a potential scan instead of a fixed potential
value ensures higher robustness, mitigating possible variation in the
applied voltages.

3.3. Uric acid sensing in saliva

3.3.1. Selectivity measurements

Once the analytical technique was optimized, preliminary tests on
the sensor selectivity over interference compounds were carried out.
Based on the composition of human saliva reported in the literature
[61], different classes of compounds were evaluated and selectivity over
lysozyme (as representative for the class of enzymes), cortisol (for hor-
mones), glucose (for sugars) and lactate (for bio-produced organic acids)
was tested. Moreover, since all-PEDOT:PSS OECTs have already been
employed not only for uric acid, but also for the detection of other
oxidizable molecules like ascorbic acid and dopamine [49], these com-
pounds were also tested. To investigate the sensor response in the
presence of the interference compounds, an average concentration of the
specific analytes was chosen based on the salivary ranges reported in
literature. Specifically, 100 uM UA [29,30], 0.48 uM lysozyme [62], 0.2
mM lactate [63], 55.5 uM glucose [64], 20 nM cortisol [65], 5 pM
ascorbic acid [66], and 0.5 nM dopamine [67]. To ensure proper system
response, blank measurements (in 0.1 M PBS, pH 7.00) were recorded
before and after each test with the interfering compounds (only one
blank curve is reported here for graphical reasons). Fig. 3a shows the
response to the three antioxidants, while Fig. 3b illustrates the response
to other characteristic molecules in saliva. No significant sensor
response was observed in the potential range of interest at the concen-
tration level found in saliva for any of the interference compounds
tested, which closely matched the blank curve.

3.3.2. Evaluation of matrix effect in human saliva and validation with an
independent analytical method

Once the selectivity tests were carried out, a calibrated sensor was
tested in untreated human saliva (Fig. 4a), showing the capability of the
device to work in a real biological medium. Further measurements in
human saliva were carried out, in particular recovery tests (Fig. 4b).
Specifically, the addition of the analyte to saliva was expected to

120 4 —— 100 uM uric acid

100 ] — 5 uM ascorbic acid
—— 0.5 nM dopamine

80
60
40
20

gm (uS)

04
2204

-40
-60 4
-80 4

0.6 -0.4 02 0?0 0.2 04 0.6
Vg (V)
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proportionally increase the analytical signal in accordance with its
concentration, starting from the lowest gm value for pure saliva. Instead,
pure saliva exhibited the highest transconductance, and the addition of
uric acid caused a decrease in the response. This behavior suggested the
presence of a matrix effect, which may influence the accuracy of UA
detection. It is worth mentioning that the lack of a supporting electrolyte
in the real sample is also likely to affect the sensor response, when
compared with measurements carried out in PBS. To address these is-
sues, a screening of dilution conditions for saliva samples was performed
to optimize accuracy. The optimal dilution factor was selected by
comparing the OECT results with an independent analytical method,
employed to validate our potentiodynamic approach. In particular, a
commercial color assay kit specific for salivary uric acid was chosen for
sensor validation, requiring a multistep protocol for sample treatment
and analysis, for which laboratory facilities are needed. The comparison
of OECT results with the independent method is reported in Table 2,
indicating the dilution factor of 1:21 as the most effective to minimize
the impact of the matrix while preserving the sensor ability to determine
UA. This enabled reliable detection of UA in real saliva samples as evi-
denced by transconductance curves (Fig. 5a), calibration curves
(Fig. 5b), and recovery tests (Fig. 5c¢), which demonstrate the proper
correlation of the signal with concentration. Moreover, stability tests
were carried out to demonstrate sensor robustness for 50 repeated
measurements in saliva carried out on the same day using the same
sensor (Fig. S5). The resulting transconductance is (95 + 2) pS, with a
small relative standard deviation (about 2 %) that highlights the
excellent durability of our sensor upon repeated use in human saliva.

The stability of the calibration over time and the re-usability of the
sensors after repeated measurements were also investigated. Five cali-
brations in total were performed with the same OECT sensor during a 17
days long period (Figure S6) and we report the full procedure as well as
calibration parameters in Table S3. Overall, considering the sensitivity
values, the OECT sensor response was proven to be stable upon repeated
use in buffer and saliva samples for >2 weeks. Some shift in the intercept
value is also evident from the curves and this change is likely due to
aging. However, a simple 2-point calibration procedure, as carried out in
the last two cases, still allows the user to reliably carry out quantitative
determinations.

3.3.3. Variation of uric acid concentration in human saliva during food
intake

After validation, our method was employed to investigate the dy-
namic changes in salivary UA concentration according to diet and
revealed notable fluctuations. In particular, UA increases in patients

b

120 4 0.48 uM lysozyme
100 4 —— 0.2 mM lactate
——55.5 uM glucose
801 ——20 nM cortisol
60 4 — 100 uM uric acid
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@) 40 4
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Fig. 3. a) gm vs Vg curves recorded in the presence of uric acid, ascorbic acid, and dopamine in PBS (0.1 M, pH 7.00) to study the sensor response to the three
antioxidants considering their typical concentration in human saliva. b) gm vs Vg curves recorded in the presence of lysozyme, lactate, glucose, cortisol, and uric acid
to PBS (0.1 M, pH 7.00) considering their typical concentration in human saliva. Scan rate: 10 mV/s.
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Fig. 4. a) gm vs Vg curves recorded in human saliva (dotted line) compared to the curves recorded during calibration, with UA ranging from 10 to 500 uM in buffer
solution. b) Recovery test carried out for incremental additions of UA to pure saliva, with red arrows indicating the unexpected trend of transconductance linked to

the presence of a matrix effect.

Table 2

Comparison between UA concentration in human saliva estimated by an inde-
pendent analytical method (commercial kit) and by OECT sensors with different
dilution factors. The error is calculated as standard deviation.

Mean kit [UA] in pure [UA] in saliva [UA] in saliva
[UA] saliva (uM) 1:16 (uM) 1:21 (uM)
(uM)
Human 332 +11 57 + 26 192 +2 336 £ 8
saliva 1
Human 358 + 12 72+5 203 + 24 342+ 8
saliva 2
Human 344 £ 25 59 + 4 231 +6 376 £ 9
saliva 3

with a high protein diet and with dental caries, and is associated with
oxidative stress [68,69]. Saliva samples collected on an empty stomach
exhibited a specific baseline UA concentration (222 + 7) uM for three
samples of 1:21 diluted saliva, which increased significantly after food
consumption (250 uM) and gradually returned to baseline levels after
digestion (218 uM). This fluctuation can indicate an inflammation
phenomenon associated with eating. These findings underscore the po-

3.3.4. Uric acid sensing in swine saliva

In recent years, the use of saliva for biomarker determination has
garnered significant interest due to its non-invasive collection process,
which is particularly advantageous in animals like swines, where blood
sampling induces considerable stress [70,71]. The continuous produc-
tion of free radicals and other oxidants as by-products of the respiratory
chain requires a robust antioxidant defense system to prevent cellular
damage [72]. Among these antioxidants, uric acid is a critical biomarker
due to its predominant role in neutralizing oxidative stress. Conse-
quently, we explored the possibility to apply the OECT sensor validated
in human saliva to the analysis of swine saliva. Concentrations estimated
with the OECT sensor and with the commercial kit employed for the
former measurements are listed in Table 3. Compared to the experiments
in human saliva, the accordance between the two methods is worse. This
is likely due to the concentration of uric acid in swine saliva, which has

Table 3
Comparison between UA concentration in swine saliva estimated by OECTs and
by an independent method.

[UA] OECT (uM) [UA] kit (uM)

tential utility of the developed sensor for monitoring physiological re- Swine saliva 1 35 42
" . Swine saliva 2 26 23
sponses to dietary habits and health status. Swine saliva 3 47 29
—— blank
[UA] = 10 uM
—— [UA] =25 uM ot
@ 200 [Ua - 2o b 1g0] « catbration . Cispf——saiva )
150 [UA] =100 uM ¥ saliva 1:21 saliva + 24 uM
[UA] =200 pM; 160 . 100 {— saliva + 74 uM
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Fig. 5. a) gm vs Vg curves recorded in human saliva diluted with a 1:21 ratio (dotted lines) compared to curves obtained for incremental additions of UA from 10 to
200 uM in buffer solution. b) Corresponding calibration curve including the gm values obtained from the potentiodynamic analysis of diluted saliva. ¢) Recovery test
carried out for incremental additions of UA to diluted saliva showing the absence of a matrix effect.
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been reported to be lower than the human one (5-98 pyM) [13] and,
keeping this in mind, it is worth pointing out that (i) the commercial kit
is specific for human saliva and the certified LOD and LOQ (limit of
quantification) of 11 and 20 uM, respectively, fall inside the expected
concentration range, while, thanks to the lower LOD, our OECT sensor
might still guarantee accurate measurements; (ii) due to the lower ex-
pected UA concentration, the swine saliva samples were not diluted,
which might contribute to the reduced accordance of the results. Due to
the absence of standard analytical methods for UA quantification in
swine saliva, these tests cannot be properly validated, but still demon-
strate once more the robustness of the potentiodynamic OECT sensor,
which can successfully assess UA concentration in real biological sam-
ples, with potential applicability to non-invasive, in-situ analyses.

3.3.5. Integration with portable electronics

It is worth pointing out that the low applied voltages (<1 V) and the
compactness of the device make it compatible with the use of a portable
electronic readout, which is a must in view of POC applications. The
application of the OECT as a portable sensor requires preferentially the
investigation of small amounts of saliva, in the order of microliter vol-
umes. Therefore, tests with a transistor equipped with a well containing
250 pL of saliva sample (Fig. S7) were carried out to demonstrate the
applicability to small volumes. This sensor was then equipped with a
coin cell battery-sized portable electronics prototype containing a
Bluetooth module, which allows wireless control and data transmission
to a smartphone via a dedicated application. As a proof of concept, a
potentiostatic measurement was carried out in PBS recording the
decrease of the Id absolute value upon uric acid addition. The response
obtained in PBS before (Fig. 6a) and after the addition of 20 uM uric acid
(Fig. 6b) is reported in Fig. 6 showing the expected trend. This dem-
onstrates the possibility of using this system for in situ applications with
cheaper and simpler equipment than bulky lab-scale setups.

3.4. State of the art: OECTs for uric acid detection

Very few examples of UA detection by OECTs have been described in
the literature and are listed in Table 4. In the first work, our research
group employed the potentiodynamic technique to successfully distin-
guish uric acid, ascorbic acid, and dopamine with all-PEDOT:PSS OECTs
[49]. This paper demonstrates selective detection even when analytes
present close oxidation potentials, envisioning the all-PEDOT:PSS OECT

Fig. 6. Id vs time curve recorded with portable electronics before (a) and after
(b) the addition of UA.
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as bioanalytical sensor for real-life applications. However, all mea-
surements were carried out in a buffer solution without investigating the
capability of the sensor to work in a complex matrix. Following studies
[52-54] shifted the detection from buffer solutions to artificial biofluids.
In the first manuscript, Galliani et al. investigated the detection of uric
acid with flexible OECTs in artificial wound exudate. The system re-
quires an enzyme-based hydrogel cast onto a carbon gate and a channel
of PEDOT:PSS [52]. In another work, Tao et al. presented the fabrication
of a device with a PEDOT/carbon fibers gate modified with a molecu-
larly imprinted polymer (MIP) membrane. In particular, a PEDOT
nanocluster structure was synthesized on graphene oxide (rGO) modi-
fied cotton fibers and the MIP was deposited on this surface. The sensor
was exploited to detect uric acid in artificial urine samples [53]. In the
third work, Hao et al. carried out the detection thanks to a MIP-based
OECT to selectively monitor adrenaline and uric acid in artificial urine
samples. The PEDOT:PSS gate was functionalized with multi-walled
carbon nanotubes (MWCNTs) [54]. Our research group recently
described a smart bandaid integrated with a fully textile OECT for uric
acid real-time monitoring in artificial wound exudate [59]. It shows a
novel application of a textile and label-free sensor, but the detection was
only demonstrated in a synthetic medium. The only example in the
literature of uric acid detection in saliva is the work by Liao et al., which
employs a complex bio-functionalized transducer (uricase(UOx)-glu-
taraldehyde/Polyaniline(PANI)/Nafion-graphene/Platinum(Pt)). This
approach achieves an impressively low detection limit of 3.0 nM.
However, the detection in saliva has not been validated with an inde-
pendent analytical method [55].

The next crucial step towards achieving the technological maturity
required for commercialization is the validation of the sensor with an
independent method. The aim is to assess and quantify any potential
interference from chemical compounds present in the sample matrix,
which could impact the accuracy of the uric acid determination. The
results presented here represent the first example of a validated OECT
sensor for salivary uric acid detection, clearly demonstrating the reli-
ability and robustness of the proposed approach. To further advance the
technological readiness of these devices, their performance must be
rigorously tested across a statistically significant number of samples to
provide a more comprehensive evaluation of the sensor’s reliability and
consistency, which is essential for real-world applications and eventual
commercialization.

4. Conclusions

This study presents a novel PEDOT:PSS sensor for detecting salivary
uric acid, designed to overcome major limitations in the field. Tradi-
tional UA detection methods often face interference from complex bio-
logical matrices and require laborious sample preparation, which make
them unpractical for real-world use and POC applications. Our OECT-
based sensor uses a robust electroanalytical technique and it solely re-
quires an optimized sample dilution to perform quantitative detection in
human saliva. A key innovation is the elimination of additional func-
tionalizations, simplifying production, maintenance and reducing costs,
while the exclusive use of biocompatible PEDOT:PSS ensures suitability
for biological applications. The sensing strategy was defined starting
from the analytical study of the transduction mechanism, and then
systematically optimized to enhance robustness and sensitivity, con-
textually exploring the two main sensing approaches in the OECT field.
Differently from many other literature examples, the final use of the
sensor in the biofluid of interest was not limited to a proof-of-concept
study. Extensive characterization of its selectivity and stability led to
the final validation through an independent analytical method specific
to salivary UA quantification. Following validation, we demonstrated
salivary UA monitoring during food intake and challenged our sensor
versatility by analyzing swine saliva samples. Overall, the sensor’s
design and rapid response facilitate easy integration into point-of-care
platforms, as also shown by its compatibility with portable electronics.
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Table 4
Comparison among the performance of OECTs for uric acid detection.
Functionalization Sensitivity Response LOD in Sample Analysis in real Recovery Validation with Reference
range PBS samples tests independent methods
None 0.4SM! 40 uM - 0.4 20 uM PBS no no no [49]
mM
Enzyme-based hydrogel cast N/A 10 yM —1.0 10 uM artificial wound no no no [52]
onto carbon mM exudate
PEDOT/carbon fibers gate 0.1 mA dec™? 1nM-0.5 10.0 artificial urine no yes no [53]
modified with a MIP mM nM samples
MIP/MWCNTSs 3.0-107> NCR 1.0pM-1.0 1.0 pM artificial urine no yes no [54]
dec™? mM samples
None 0.4 dec™! 0.1-1.1 mM 75 uM artificial wound no no no [59]1
exudate
None 59 uS dec™! 10 M - 0.3 1.0 yM human and yes yes yes This work
mM swine saliva
UOx-glutaraldehyde/PANI/ 0.1 Vdec™? 10 nM - 30 3.0 nM human saliva yes no no [55]
Nafion-graphene/Pt uM

N/A: not available. NCR: normalized current response, here used to compare the sensor performance under different Vg. The formula NCR = (Ianatyte — I0)/Io x 100 was
used, where Iy and Iqayte are the steady-state drain currents recorded before and after adding the analyte, respectively.

These combined innovations mark our device as a significant advance-
ment in salivary UA monitoring, merging advanced detection capabil-
ities with practical application potential. This work opens new pathways
for future developments in accessible, cost-effective health monitoring,
bridging research and clinical applications, with promising utility in
clinical settings.
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