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determination in saliva and sweat using organic
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Abstract— Organic electrochemical transistors (OECTs) are at-
tractive devices for the next generation of biosensors, but their
widespread adoption has been limited by the need for expensive
and bulky measurement instruments. This work addresses this
limitation by presenting a low-cost, low-power readout circuit for
biasing and measuring the drain current of OECTs, specifically tar-
geting portable and wearable applications for point-of-care testing
(POCT). The proposed system utilizes a modified microcontroller-
based potentiostat that is compatible with single positive voltage
sources. It also includes Near Field Communication (NFC), which
allows data to be retrieved wirelessly using a smartphone. A proof-
of-concept lactate sensor is presented, designed for measuring
lactate concentration in sweat and saliva. The sensor is based on
an OECT with a platinum-coated gate and a Nafion membrane that immobilizes the lactose oxidase enzyme, significantly
improving the selectivity of the substance to be measured. Low detection limits of 0.35 mM and 0.0485 mM have been
achieved in sweat and saliva, respectively. This research provides a complete, low-cost, and non-invasive solution for
OECT-based biosensors.

Index Terms— Near-Field Communications (NFC); organic electrochemical transistors (OECTs); Point-of-care testing
(POCT); biosensor; biopotentiostat

I. INTRODUCTION

Lactate is a metabolite directly produced in its ionized form
during glucose metabolism, which is predominantly composed
of L-lactate, which is the physiologically more significant iso-
mer. It is a byproduct of anaerobic metabolism, which occurs
when the body produces energy without sufficient oxygen.
Lactate is found not only in blood but also in other biofluids,
including sweat, saliva, and interstitial fluid. Sweat lactate,
which is produced in the muscle during exercise or other
physical activity [1], and is dependent on individual motor
function, has emerged as one of the most important biomarkers
for assessing fatigue and excessive exercise [2]. When muscles
consume oxygen faster than they received it supplied, they pro-
duce lactate as a temporary energy source. Interestingly, lactate
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can be recycled by the liver and converted back into glucose
through a process called gluconeogenesis [3], providing a
vital source of energy during strenuous activities. In addition,
elevated lactate levels can be associated with several diseases
such as lactic acidosis [4], sepsis and septic shocks [5] [5],
hypoxia that lead to low oxygen levels in the blood associated
with pulmonary disorders or circulatory issues [6], liver and
kidney dysfunctions [7], hemoglobin disorders [8] or intestinal
ischemia [9]. Monitoring lactate concentration has aroused
great interest in recent years. However, lactate measurement
is typically conducted using blood samples, and real-time data
acquisition systems are not yet commercially available. Indeed,
other biological fluids such as sweat, saliva, and tears are
easier to measure, making them attractive targets for non-
invasive or minimally invasive portable sensing platforms [10].
Furthermore, recent studies have reported several quantitative
correlations between biomarker levels in blood and those
in sweat or saliva [1], [11]–[14], highlighting the medical
relevance of these biofluids. Although some sweat sensors are
currently under development [1] to address market demand,
they have not yet reached widespread use.

Wearable chemical sensors for continuous real-time moni-
toring of sweat composition are a very attractive concept for
sports performance, as they allow physiological information to
be obtained without disturbing athletes during exercise [15],
[16]. During intense physical activity, the working muscles
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may experience an unwanted build-up of lactate, leading to
soreness, pain, and fatigue [17]. Consequently, monitoring
changes in blood lactate concentration is a common practice to
assess endurance in elite athletes, often using the well-known
threshold curve [18], [19]. Understanding blood lactate levels
is crucial for runners as it provides insights into the metabolic
demands of their training and performance. A lactate curve,
also known as a lactate profile or lactate threshold curve,
is a graphical representation that illustrates the relationship
between work intensity and blood lactate levels (see Fig. 1).
It is a tool used to analyze the body’s response to increased
exercise intensity. There are two key thresholds: the lactate
threshold or aerobic threshold. This is the point at which
lactate levels begin to rise significantly, starting to increase
noticeably but moderately, becoming a transitional stage from
aerobic to anaerobic energy production. It is associated with
moderate exercise intensity and can be sustained for a long
time. Second lactate threshold or maximal lactate steady
state or MLSS. It is the point at which lactate production
exceeds the body’s ability to eliminate it, leading to rapid
accumulation. This is a higher intensity point where fatigue
occurs more quickly. By identifying these thresholds, athletes
can optimize their training. The goal is to ”shift the lactate
curve to the right,” which means they can maintain a higher
intensity of exercise before lactate accumulates, indicating
greater endurance.

Organic electrochemical transistors (OECTs) are a type
of organic thin film devices that have increasingly attracted
attention for use in chemical and biological sensing applica-
tions. These devices have demonstrated sensing capabilities
for ion [20]–[23], pH [24], [25], glucose [26]–[28], lactate
[29], dopamine [27], [30], and uric acid [31] detection among
others.

Therefore, different substrates including flexible materials
and methods for developing wearable and portable sensors
based on these transistors have been reported in [32]–[35].
However, most of the results presented in the literature are
obtained using expensive instruments such as Source Meter
Units (SMUs). Few studies employ low-cost electronic devices
for data readout, despite their importance for the development
of practical commercial systems [36], [37]. On the contrary,
the main novelty of this paper is that it proposes a low-cost
and low-power readout circuit for biasing and measuring the
current in OECT for portable and wearable applications.

The paper is organized as follows. Section II provides an
overview of how the OECT works as a chemical sensor. The
main blocks of the system are described in Section III. Section
III-A details a low-cost OECT manufactured using standard
PCB circuits, which is used in our tests. The functionalization
of the gate for lactate detection is described in Section III-
A.2. In Section III-B, we propose a circuit for measuring
the OECT current and describe a proof-of-concept sensor for
detecting lactate in saliva and sweat with NFC communication
to a smartphone. Experimental results are presented in Section
IV, followed by a comparison with other sensors in the same
section. Finally, Section V provides the conclusions.

Fig. 1: Typical graph of lactate concentration versus work in-
tensity. The three states associated with endurance training in-
tensity are observed: aerobic (low intensity), aerobic-anaerobic
transition (moderate intensity), and MLSS, or maximum lac-
tate steady state (moderate intensity over long periods)..

II. BACKGROUND ON OECT AS A CHEMICAL SENSOR

The typical structure of an OECT, shown in Fig. 2(a),
consists of three metallic electrodes: a source, a drain, and a
gate. A channel made of a semiconducting polymer connects
the source and the drain. Both the channel and the gate are
immersed in an electrolyte. The most widely used polymer is
the p-type conductive poly(3,4-ethylenedioxythiophene) doped
with poly(styrene sulfonate) (PEDOT:PSS). When a source-
drain voltage (VDS) is applied, a drain current (IDS) controlled
by the gate voltage (VGS) flows through the channel. By
applying a positive gate voltage (VGS), a transfer of cations to
the PEDOT:PSS channel from the electrolyte occurs, causing
a decrease in the concentrations of holes in the channel and,
consequently a reduction in the conductivity of the PEDOT.
This will deplete the number of available carriers and hence,
the drain-source current decreases. The de-doping process in
the channel is described by the following equation:

PEDOT+ : PSS−+M++ e− ↔ PEDOT +M+ : PSS−

(1)
where M+ is the cation injected from the electrolyte. The
threshold voltage (VT ) is defined as the gate voltage at which
the channel is de-doped and the current flowing through it is
zero. For VDS < VGS−VT the transistor is in the linear region
and the drain current is nearly linear with VDS , whereas in
the saturation region (VDS > VGS −VT ), the current is nearly
independent of the drain voltage and is controlled by the gate
voltage.

An important parameter in the operation of OECT is the
transconductance (gm), which is defined as the derivative of
the channel current with respect to the gate voltage (gm =
dIDS

dVGS
). A simplified model that describes the OECT drain cur-

rent IDS is reported by Daniel Bernards and George Malliaras
[38]. Experimental results show that transconductance presents
a peak that cannot be modeled with the simplified Bernards’s
model [39]. In a recent work [40], the authors have presented
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Fig. 2: (a) Diagram of an OECT, showing the source (S), drain
(D), electrolyte, and gate (G). The equivalent circuit model of
the electrolyte is a series RC, while the channel is modeled
with a variable resistance controlled by the gate voltage. (b)
Transfer curve showing the operation of an OECT with a
conducting polymer channel. At zero gate voltage, holes in
the conducting channel contributes to a high drain current and
the transistor turns ON. When a gate voltage is applied, the
holes are replaced by cations and the transistor turns OFF.

a novel model that solves this drawback based on the carrier
density derived from the Nernst equation and an improved
mobility model.

The equivalent capacitance of the device (Ceq) consists of
two capacitors in series, one at the gate/electrolyte interface
(CG) and one at the electrolyte/channel interface (CCH ) (see
Fig. 2). Therefore, the transconductance is proportional to
µCeq , and the response speed is proportional to 1/(RS ·Ceq),
being µ the mobility and RS is the solution resistance. The
equivalent capacitance is therefore given by:

Ceq =
1

1/CG + 1/CCH
(2)

In many interesting applications CG >> CCH . In such cases,
the contribution of the gate capacitance becomes negligible.

The addition of an analyte increases the electrolyte potential,
reducing the channel current. [26] defines the effective gate
voltage VGS,eff as the voltage that would need to be applied
to the gate electrode (in the absence of Faradic effects) to
produce the same channel current (see Fig. 3). The effective

gate voltage can be expressed as:

VGS,eff = VGS + Voffset (3)

This offset shift Voffset is described by the Nernst equation
and scaled by the factor (1+γ), where γ is the capacitance
ratio (γ = CCH/CG), and CCH and CG are the channel and
gate capacitances, respectively.

Voffset = (1 + γ)
kT

ne
ln

[Ox]

[Red]
(4)

where [Ox] and [Red] are the concentrations of oxidized
and reduced species, k is the Boltzmann’s constant, T is the
temperature, e is the electron charge, and n is the number of
electrons transferred during the reaction.

Transconductance is a key parameter, since the change in
drain-to-source current due to the presence of the analyte is
expressed as:

∆IDS ≈ gm · Voffset (5)

Therefore, to optimize sensitivity, the transistor should be
biased in a region where the transconductance is high.

Fig. 3: Potential diagram of the OECT. In the absence of ana-
lyte (solid line), the electrolyte potential (1) is determined by
the relative capacitances at the gate and channel interfaces. In
the presence of analyte (dotted line), the electrolyte potential
(2) is increased according to the Nernst equation. The effective
gate voltage (dashed line) is that required to produce the same
electrolyte potential (2) in the absence of Faradaic effects.

III. SYSTEM OVERVIEW

A. Sensor Fabrication
1) OECT manufacturing: A thick-film OCET was manufac-

tured for the test. Standard PCB substrates such as FR4 or
flexible poly-amide (Kapton) were used. The source, drain
and gate electrodes and the interconnections have been man-
ufactured using standard PCB techniques. In order to protect
the Cu electrodes from corrosion, an ENIG (electroless nickel
immersion gold) surface finish was applied, consisting of a
two-layer metallic surface finish that included a thin layer of
gold (2 µm) over a layer of nickel. Thickness metallization
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is 35µm. A layer of insulating resin is used to protect the
interconnections, leaving only the electrodes exposed.

The gate is coated with a layer of approximately 1 µm
by electroplating with a platinum solution provided by SPA
PLATING (UK).

A 3-4 % aqueous solution of high-conductivity-grade of
poly (3,4– ethylenedioxythiophene): poly(styrene sulfonate)
(PEDOT:PSS) was used to manufacture the channel. The
PEDOT:PSS was purchased from Sigma-Aldrich (Reference
655201-25G). The gate electrode is protected with a tape
that leaves only the channel region visible. The PEDOT is
deposited onto the channel by spinning at 1500 rpm for 30
seconds. It is then cured at 100 °C for a 20 min in an oven.
Finally, the tape is removed and the board is cleaned with
water.

Once the channel cools to room temperature, it is immersed
for 2 hours in a 10−2 M KCl solution with constant stirring.
Finally, the system was rinsed three times with distilled water
for 5 minutes.

2) Gate functionalization: The final step of the fabrication
is the functionalization of the gate with the enzyme and its
immobilization. The LOx enzyme is commonly employed as
a selective catalyst to convert L-lactate into pyruvate in the
presence of molecular oxygen [41], [42]:

L− lactate+O2
LOx−−−→ pyruvate+H2O2 (6)

By applying a certain electrical voltage, hydrogen peroxide
can be oxidized on a Pt surface (gate electrode):

H2O2 +O2
Pt−−→ 2H+ +O2 + 2e− (7)

The oxidation of L-lactate produces a change in the effective
gate voltage according to the Nerst equation that depends on
the concentration.

The steps for preparing the gate electrodes are as follows:
• Electrode preparation: After cleaning, the gate electrode

was coated with a layer of electrodeposited Pt.
• Enzyme immobilization: Lactate oxidase (>20U/mg

Iyophilized powder) was provided by Sigma-Aldrich
(Reference L9795). A solution containing 10 mg/ml of
LOx in 0.1M PBS was prepared. Any solution not imme-
diately used for sensor preparation was stored at 4 °C for
up to 24 h. Nafion (a sulfonated tetrafluoroethylene-based
fluoropolymer-copolymer) was used for the immobiliza-
tion of the enzyme LOx. For this purpose, a first layer of
Nafion was deposited on the Pt gate applying a diluted
solution of Nafion (5 wt. % in a mixture of lower aliphatic
alcohols and water). After drying the Naphion layer for 1
h at room temperature, 3 µl of the enzyme solution was
applied to the gate and left to dry for approximately 60
min,

• Nafion coating: Another layer of Nafion solution is then
added. The resulting Nafion film stabilizes the enzyme
layer on the electrode surface, which improves the dura-
bility of the sensor. It also helps to preserve enzyme
activity by preventing leaching. Sensors were stored in
0.1M phosphate buffered saline solution (PBS) (Sigma-
Aldrich, P3813) at 4 °C until use.

In addition, Nafion acts as a selective barrier that minimizes
interference from substances present in complex biological
matrices, such as blood, saliva, or sweat. It has a negative
charge, which allows the transport of protons (H+), while
repelling interference with identical charges (e.g., ascorbate,
urate).

Fig. 4 shows the structure of the OECT and a SEM image
of the channel. The width (W), thickness (d), and length (L) of
the channel are 5 mm, 25.5 µm, and 0.5 mm, respectively. The
gold source/drain terminals are 5 × 1 mm2, and a 10.5 mm2

gate electrode was used. The separation between the drain and
gate electrodes (G) is 1.5 mm. The channel thickness, d, is
estimated by comparing it with the thickness of the electrode
metallization (35 µm).

Fig. 4: (a) Image of the manufactured coplanar OECT and
detail of the Nafion membrane with the enzyme LOx on the
gate; (b) SEM image of the channel indicating the distance
from the edge of the electrode.

B. NFC based Platform

The characterization of the drain current in OECT-based
biosensors is often performed using a Source Measure Unit
(SMU) with two outputs. These instruments can apply ar-
bitrarily positive or negative voltages while measuring the
current through the terminals. However, these instruments are
not suitable for low-cost and low-volume applications such as
POCT or small laboratories. In the case of P-channel OECTs
(such as those based on PEDOT), negative voltages must
be applied between the drain and the source. This negative
voltage must be generated from positive batteries in the case
of POCT. To achieve this, two batteries are needed, or alter-
natively, a switching inverter regulator must be used, which
introduces switching-related noise [43]. This work proposes
an analog front-end (AFE) based on a modified dual-channel
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potentiostat, which is compatible with single positive voltage
sources and microcontrollers. It should be noted that in another
work [43], a near-field communication (NFC)-based device
was proposed, in which the drain current was measured from
the voltage drop across a series resistor at the drain electrode.
Consequently, the drain-to-source voltage depended on the
measured current, in contrast to the constant voltage provided
by the analog front-end proposed in this work. The circuit
schematic is shown in Fig. 5.

In this work, the front-end consists of a low-power mi-
crocontroller with a digital-to-analog output (DAC) and a
potentiostat that allow the gate and drain-to-source voltages to
be set, respectively. The current IDS can be obtained thanks
to a trans-impedance amplifier (TIA), whose output voltage
is measured with an Analogue-to-Digital converter (ADC).
Microchip’s low-power Attiny1614 microcontroller features an
8-bit DAC and a 10-bit ADC. The Attiny1614 microcontroller
from Microchip is a low-power 8-bit microcontroller with a
10-bit DAC. Therefore, in this work it is not necessary to
use an external DAC. However, since the drain current can
vary by several orders of magnitude, an external ADC can
provide more bits and less noise than the microcontroller’s
internal ADC. The ADC MCP3421 from Microchip is used
in this work. This IC is a sigma-delta converter with 18 bit
at 3.75 samples per second (SPS) and 16 bits at 15 SPS. The
MCP3421 ADC performs the conversion at rates of 3.75, 15,
60, or 240 SPS depending on the bit configuration defined
by the user via the two-wire I2C serial interface. At 3 V,
the ADC draws only 145 µA. Usually, in biosensors, the
drain current is measured by sweeping the gate voltage and
maintaining a fixed VDS or at fixed gate voltage such as in
the case of chronoamperometry where the current is recorded
as a function of the time. Therefore, to avoid the need for
a second DAC, the drain voltage, which comes from voltage
dividers enabled by a microcontroller output signal, is kept
fixed;

VDS = VREF − VS (8)

where
VS =

R1

R1 +R2
VDD (9)

VREF =
R3

R3 +R4
VDD (10)

Typically, the value of VS is 1 V, so that from (9) the
appropriate resistor values for the divider are selected. On
the other hand, VREF is adjusted according to (10) to obtain
the desired drain voltage. The gate voltage is programmable
using the microcontroller’s internal DAC. To avoid any loading
effects, operational amplifiers configured as voltage followers
were used. The drain-to-source current is obtained from the
gain of the TIA implemented with the operational amplifier
OP4:

IDS = −VOUT − VREF

RGAIN
(11)

The LMV358 low-cost dual rail-to-rail operational amplifier
from Texas Instruments has been selected for the implemen-
tation of voltage followers and the transimpedance amplifier

(TIA). Optimized for low-voltage, battery-powered systems, it
operates at 2.7 V with a low quiescent current of 140 µA a
typical input offset voltage of 1 mV, an input bias current of
45 nA, and a unit-gain bandwidth of 1 MHz.

Near-field communication (NFC) was used to retrieve the
data. An ST25DV04 NFC IC was selected for this purpose.
Data is stored in the IC’s internal EEPROM via the I2C
bus. A scaled version of the antenna described in [44] was
used in this work. A 25 × 25 square coil antenna with 0.5
mm wide traces and 6 turns was used. The inductance of
the antenna is 1.67 µH and the resonance frequency of the
tag was tunned with a 60 pF tuning capacitor to 13.56 MHz
following the procedure described in [44], [45]. A photograph
of the manufactured board is shown in Fig. 6.a. The prototype
dimensions are 3 × 5 cm. A proof of concept lactate sensor for
saliva and sweat is shown in Fig. 6.b and Fig.6.c, respectively.
In the case of the sweat sensor, the OECT is installed on the
bottom of the PCB to maintain direct contact with the skin and
facilitate attachment to the arm or other body locations using
a strap. An Android application was developed to interact
with the sensor using an NFC-enabled smartphone, which acts
as a reader. The acquired measurements are uploaded to an
InfluxDB 2 database and can be viewed through a Grafana
web dashboard. Two versions of the app have been developed
(see screenshots shown in Fig.7): one to measure lactate levels
in saliva, and another to monitor the lactate concentration
produced by athletes’ sweat while they exercise. The total
board consumption, excluding the OECT current, is typically
less than 1.6 mA. Although the electronics can be powered by
the energy harvested from the NFC IC when a smartphone is
used as a reader, a 1000 mAh Lite-On rechargeable battery
can also be used. This is because the measurement time,
determined by the sensor’s stabilization time, usually lasts
several minutes, which is excessive for a user to hold a
smartphone over the sensor. The read range with smartphones
is typically up to 3 cm. Based on the individual cost of the
components and the PCB area, the overall cost of the board
is estimated to be less than 5$, depending on the number of
units. Therefore, the platform is well-suited for low-cost point-
of-care testing (POCT) devices.

IV. RESULTS AND DISCUSSION

The validation of the NFC-based measurement platform
was achieved by comparing its performance with a reference
multimeter. An OECT operating in a 0.1 M PBS solution was
used for the test. The drain-to-source voltage (VDS) was fixed
at -0.5 V using the developed board, while a gate-to-source
voltage sweep (VGS) from 0 V to 0.8 V was programmed. Dur-
ing the measurement, both the channel current (IDS) and the
gate-to-source voltage were monitored simultaneously using
two Agilent 34450A multimeters, serving as references. Figure
8 shows the average drain current measured by the developed
board. The error bars indicate the standard deviation between
the readings obtained from the board and the multimeter in five
repeated sweeps. The observed standard deviation, typically in
the range of 5–10 µA, is primarily attributed to the variability
of the device in the sweeps, rather than being limited by the
resolution or noise of the ADC.
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Fig. 5: Analog front-end diagram

Fig. 6: (a) Manufactured board, (b) Prototype of lactate sensor
for saliva, (c) Prototype of lactate sensor for sweat monitoring.

The typical composition of human saliva is a complex
mixture of water, electrolytes (including sodium, potassium,
calcium, magnesium, bicarbonate, and phosphates), mucins,
enzymes, antimicrobial agents, and other organic and inorganic
compounds [46]–[48]. Artificial saliva is commonly used in
studies with a composition similar to human saliva [49],
[50]. To evaluate the performance of the saliva lactate sensor,
different concentrations of L-lactate (Sigma-Aldrich, reference
7L7022) were prepared in artificial saliva (Sigma-Aldrich,
reference SAE0149). The artificial saliva contains 0.126 g of
NaCl (2.16 mM), 0.964 g of KCl (12.9 mM), 0.189 g of KSCN
(1.95 mM), 0.655 g of KH2PO4 (4.81 mM), and 0.200 g of
urea (3.3 mM) dissolved in 1 liter of deionized water, with
a pH of 6.8. In saliva, the concentrations of lactate are much
lower than in sweat (5–25 mM) and blood (0.5–15 mM); they

Fig. 7: Screenshots of the app for monitoring saliva (a) and
sweat (b) lactate.

range between 0.11 and 0.56 mM under normal conditions
and at rest, and can reach up to approximately 1.6 mM at
the end of exercise [51]. In diabetic patients, the likelihood
of presenting elevate lactate levels is very high due to the
intensification of anaerobic glycolysis [52]. Figure 9 shows
the measured drain-to-source current IDS as a function of
the gate-to-source VGS in the saturation region (VDS=-0.5
V) for different concentrations of lactate in artificial saliva.
From these curves, the transconductance (gm) was calculated
by differentiation, yielding the results shown in Fig. 10. The
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Fig. 8: Measurement of the drain-source current of an OECT
in a 0.1M PBS solution as a function of gate-source voltage
VGS for VDS=-0.5 V. The error bars show the standard
deviation of the error between 5 sweeps measured with the
developed board and the values measured with a multimeter
used as a reference.

results show a shift in the curves as a function of the Lactate
concentration as predicted by theory. A clear peak in the
transconductance was obtained for each concentration which
shifts as in the case of the current. Fig. 11 shows the peak
voltage of the transconductance as a function of the natural
logarithm of Lactate concentration in M. This peak indicates
the bias point with the highest sensitivity to gate voltage
deviations related to concentration changes, as described by
equation (4). A slope of -294 mV/dec has been obtained,
demonstrating the high sensitivity of the sensor. Thus, the
optimal gate-to-source bias is around 0.3 V.

Fig. 9: OECT sensor for detecting lactate in artificial saliva.
Measured drain-source current (IDS) as a function of the
applied gate voltage (VGS) for different lactate concentrations.

Figure 12 shows the chronoamperometry obtained with the
OECT sensor after varying the lactate concentration for peri-
ods of 100 seconds. The normalized current variation is used
as the calibration curve. In order to facilitate the comparison
between different devices, the normalized response (NR) was
calculated relative to the zero concentration limit IDS,conc=0

Fig. 10: OECT sensor for detecting lactate in artificial saliva.
Measured transconductance (gm) as a function of the applied
gate voltage (VGS) for different lactate concentrations.

Fig. 11: OECT sensor for detecting lactate in artificial saliva.
Measured peak voltage of the transconductance (vg0) as a
function of the natural logarithm of the lactate concentration
in M.

as:
NR =

IDS − IDS,conc=0

IDS,conc=0
(12)

The normalized response (NR) of the source–drain current
is plotted as a function of lactate concentration in Fig. 13.
This result demonstrates that the sensor can be used effectively
across a wide range of concentrations (0.1–1.6 mM). A linear
trend for the normalized response (NR) is observed on the
logarithmic scale within this range, demonstrated by the high
correlation coefficient (R = 0.968). The Limit of Detection
(LOD) in an electrochemical sensor refers to the lowest
concentration of an analyte that can be reliably distinguished
from the background noise. The common method to calculate
it is from the slope of the calibration curve or sensitivity (S)
and the standard deviation of the noise (blank) σ:

LOD =
3σ

S
(13)

For the sensor tested in artificial saliva, the LOD obtained was
0.048 mM, which is significantly lower than the typical lactate
concentration in human saliva under resting conditions.

Artificial sweat solutions with different concentrations of
L-lactate (Sigma-Aldrich, reference 7L7022) have been pre-
pared by dissolving 85 mmol of sodium chloride (NaCl), 13
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Fig. 12: OECT sensor for lactate detection on artificial saliva.
IDS as a function of time for different lactate concentrations
(VGS = 0.3V, VDS = -0.5V).

Fig. 13: OECT sensor for lactate detection on artificial saliva.
Normalized Response (NR) as a function of lactate concen-
trations (VGS = 0.3V, VDS = -0.5V).

mmol of potassium chloride (KCl), and 16 mmol of urea
(Sigma-Aldrich, reference U5378), in 1 L of distilled water
[53]. To investigate how the drain current varies with lactate
concentration in artificial sweat and determine the optimal bias
point, the OECT was characterized across a range of lactate
concentrations from 1 mM to 20 mM. Figure 14 shows the
measured drain current as a function of the gate-to-source
voltage. From these curves, the transconductance (gm) was
calculated by differentiation, yielding the results shown in
Fig. 15. The results show a shift of the curves as a function
of the Lactate concentration as predicted by the theory. A
clear peak in the transconductance was obtained for each
concentration, which shifts as in the case of the current. Fig. 16
shows the peak voltage of the transconductance achieving an
almost linear behavior as a function of the logarithm of the
concentration, with a slope of -172 mV/dec.

To obtain a calibration curve, a chronoamperometry mea-
surement was performed with VGS=0.3 V and VDS=-0.5 V,
varying the lactate concentrations every 100 seconds. Fig. 17
shows the results, which demonstrate that sensor can detect

lactate concentrations in the typical range of human sweat (1-
20 mM). Fig. 18 shows the normalized response (NR) obtained
from these measurements and used as calibration curve.

For the calibration curve, a chronoamperometry measure-
ment is conducted with fixed gate and drain voltages (VGS=0.3
V and VDS=-0.5 V). During this process, lactate was intro-
duced at increasing concentrations for periods of 100 seconds.
The data, presented in Fig. 17, clearly indicate the sensor’s
ability to detect lactate across the typical range observed in
human sweat (1—20 mM). The normalized response (NR)
derived from these measurements, shown in Fig. 18, was
subsequently used as the calibration curve. The NR shows
a linear trend on the logarithmic scale within this range, with
a high correlation coefficient of R2=0.997.

The sensor demonstrated a limit of detection (LOD) of 0.36
mM in artificial sweat, which is well below the physiological
lactate levels typically observed in resting human sweat. This
is higher than that of saliva due to the difference in the
electrolytes and pH between the two fluids.

Fig. 14: OECT sensor for lactate detection on artificial sweat.
Measured drain-source current (IDS) as a function of applied
gate voltage (VGS) for different lactate concentrations.

Sensor performance may be affected by the presence of
interfering substances. It is known that OECTs with a non-
functionalized gate can respond to species such as uric acid
(UA) and ascorbic acid (AA) [54]. The concentration of
UA in human sweat is relatively low (25—36 µM) [55]
and approximately 30–180 µM in human saliva [56]. The
concentration of glucose is typically 0.1—0.6 mM in sweat
[12] and around 0.1–0.3 mM in saliva [57].

To investigate the effect of potential interfering substances,
chronoamperometry (see Fig. 19) has been performed by
modifying a PBS solution containing 4.5 mM lactate with
a typical interfering substance composed of: 0.1 mM uric
acid (UA), 0.1 mM ascorbic acid (AA), 0.25 mM glucose
(GLU), and finally 10 mM lactate. The sensor exhibits high
specificity for lactate, evidenced by the notably lower relative
response to other substances. This selectivity is primarily
attributed to two factors: the highly specific reaction catalyzed
by the Lactate Oxidase (LOx) enzyme, which allows targeted
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Fig. 15: OECT sensor for lactate detection on artificial sweat.
Measured transconductance (gm) as a function of applied gate
voltage (VGS) for different Lactate concentrations.

Fig. 16: OECT sensor for lactate detection on artificial sweat.
Measured peak voltage of the transconductance (Vg0) as a
function of the natural logarithm of the lactate concentration
in M.

Fig. 17: OECT sensor for lactate detection on artificial sweat.
IDS as a function of time for different lactate concentrations
(VGS = 0.3V, VDS = -0.5V).

Fig. 18: OECT sensor for lactate detection on artificial sweat.
Normalized Response (NR) as a function of lactate concen-
trations (VGS = 0.3V, VDS = -0.5V).

detection of lactate over interferents such as glucose, and
the enhanced interference rejection provided by the Nafion
membrane [58]. As a cation-exchange and anion-repellent
material, Nafion permits the selective the passage of positively
charged species (e.g., protons generated by the LOx reaction,
or necessary cations for charge balance) while effectively
blocking or significantly reducing the diffusion of negatively
charged interfering species such as ascorbic acid (AA) and
uric acid (UA).

Fig. 19: Response to typical interfering substances. Starting
with a PBS solution containing 4.5 mM lactate, potential
interfering substances were sequentially added: 0.1 mM uric
acid (UA), 0.1 mM ascorbic acid (AA), 0.25 mM glucose
(GLU), and finally 10 mM lactate. The corresponding relative
responses to each substance are presented below by arrows,
indicating the moments when each compound was added.

Lactate generation after meals especially those containing
carbohydrates (starches, sugars), is a well-known part of
metabolism [59], [60]. Figure 20 shows the results of saliva
samples taken from a volunteer after consuming a croissant,
two slices of toast with chocolate, immediately following
lunch, and one hour later. The graph demonstrates the capacity
of the sensor and the prototype designed to measure variations
in human salivary lactate.

The sensor was tested during an outdoor fitness class. It was
attached to the arm with a strap. To collect sweat, the active
area of the OECT was covered with absorbent filter paper.
It took 10 minutes to generate enough sweat for detection.
The sensor measured lactate concentration every 5 minutes.
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Fig. 20: Concentration of lactate measured in saliva after
eating different foods.

Simultaneously, heart rate was registered with an Apple Watch.
After the session, data was downloaded to a smartphone via
NFC using the developed app. Lactate concentration increases
from approximately 5 mM after 10 minutes to close to 20
mM after 40 minutes of exercise. Figure 21 shows the lactate
concentration obtained from the drain current measurement,
using the calibration curve for artificial sweat alongside the
measured heart rate, which served as an indicator of work ef-
fort. Figure 22 depicts the corresponding lactate concentration
as a function of heart rate, showing a parabolic behavior.

Fig. 21: Concentration of lactate measured in sweat and heart
rate in beats per minute as a function of the time during
physical exercise.

Fig. 22: Concentration of lactate measured in sweat as a
function of the heart rate in beats per minute.

The performance of the developed sensor is compared with
that of other recent lactate biosensors recently published in the
literature. An comprehensive comparison of electrochemical
sensors can be found in [61]. Most of these sensors use lactate
oxidase (LOx) as the enzyme but differ in their working elec-
trodes. The current trend is to incorporate nanomaterials, such

as metal oxides and carbon materials, to improve performance.
For instance, [52] reports a flexible electrochemical sensor
with a limit of detection (LOD) of 0.25 mM in saliva (Table I).
The detection limit can be improved using Pt gates, as shown
in this work, and can be further optimized by incorporating
Prussian blue (Ferric ferrocyanide) [43].

In addition to electrochemical sensors, biosensors based
on organic electrochemical transistors (OECTs) have been
described. Due to the transistor gain, the sensitivity of OECT-
based sensors is higher and the LOD is lower than that of
conventional electrochemical ones. Besides the use of Nafion
membranes, several methods for immobilizing LOx have been
investigated, including the use of bovine serum albumin (BSA)
and chitosan [43]. Nafion-based membranes are characterized
by their long-term stability and high resistance to interference,
making them ideal for robust lactate sensor applications. In
contrast, BSA-based membranes offer a simpler, low-cost,
and faster fabrication alternative, particularly suitable for
laboratory-scale experiments or proof-of-concept studies.

The proposed sensors developed in this work have demon-
strated a low LOD and sufficient range for detecting lactate
in saliva and sweat. These were fabricated using low-cost
standard PCB facilities. Other substrates, such as flexible
Kapton, have also been successfully fabricated with similar
performance. The thickness of the PEDOT is primarily de-
termined by the thickness of the metallization of the PCB
traces. These relatively thick devices result in high-current and
high-transconductance devices, which is a key parameter for
achieving high sensitivity.

V. CONCLUSIONS

This study has developed a biosensor system based on
organic electrochemical transistors (OECTs). This system uses
near-field communication (NFC) for real-time measurement
of lactate concentrations in saliva and sweat and is low-cost
and low-power. This innovation addresses the critical need
for portable and non-invasive lactate monitoring, which has
traditionally been limited to high-cost laboratory instruments
and blood samples. A negative voltage drain-to-source voltage
can be applied to the developed prototype avoiding the need
for dual batteries or noisy inverter-based DC-DC converters.
The bias point is accurately set with a potentiostat, and the
current is measured using a transimpedance amplifier, which
allows low currents to be measured by adjusting the amplifier
gain. Therefore, the developed board can be used with other
OECT-based sensors, such as a glucose sensor.

The fabricated OECT sensors, which utilize PEDOT:PSS
channels and platinum gates functionalized with lactate oxi-
dase (LOx) and Nafion, exhibited excellent sensing capabil-
ities. A microcontroller-based potentiostat, custom-designed
to be compatible with single positive voltage sources, en-
abled efficient polarization and measurement of the OECT
drain current. The integration of NFC technology facilitated
data retrieval using a smartphone and visualization through a
Grafana web dashboard, improving its usefulness for point-of-
care testing (POCT) and sports performance monitoring.

Experimental validation in artificial saliva demonstrated
the sensor’s effectiveness across a physiologically relevant
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TABLE I: Comparison of electrochemical lactate biosensors.

Technology Gate or Working Electrode Enzyme Sensing Fluid Sensitivity LOD Range (mM) Ref.
Electrochemical Carbon/Nafion/LOx/BSA LOx Saliva 21.8 µA/(mMcm2) 0.25 mM 0.25–1.75 [52]

OECT Ni/Al LDH LOx PBS 22.3 mA/mM 0.04 mM 0.05–8 [62]
OECT Pt Prussian blue BSA/Chitosan LOx PBS 1.9 mA/mM 11 nM 0.25–5 [43]
OECT Pt/Nafion/LOx/Nafion LOx Saliva 3.2 mA/mM 0.045 mM 0.1–2.5 This work
OECT Pt/Nafion/LOx/Nafion LOx Sweat 3.8 mA/mM 0.36 mM 0.5–20 This work

LDH: Layered Double Hydroxide
BSA:Bovine serum albumin

range of lactate concentrations (0.1-1.6 mM), achieving a low
limit of detection (LOD) of 0.048 mM. Similarly, tests in
artificial sweat confirmed its ability to detect lactate within the
typical human sweat range (1-20 mM), with an LOD of 0.36
mM. The observed linear trend in normalized response on a
logarithmic scale, together with high correlation coefficients
(R2=0.968 for saliva, R2=0.997 for sweat), highlights the
sensor’s robust and predictable performance. Furthermore,
initial tests using human saliva samples after carbohydrate
intake and physical activity successfully obtained variations in
lactate levels, demonstrating the practical applicability of the
sensor in everyday scenarios. The relationship between lactate
concentration and heart rate during exercise also revealed a
parabolic behavior, further validating the sensor’s usefulness
as a physiological indicator.

There are some future challenges that arise from this work.
By resizing the width of the OECT channel, it is possible
to reduce the operating current to a value of approximately
less than 1 mA, allowing the system to be powered by
energy harvesting and thus avoiding the use of batteries.
This solution would be particularly interesting in point-of-
care testing, especially for applications that do not require
continuous monitoring. In addition to this reduction in power
consumption, response time is a point that can be improved.
This can be achieved by reducing the thickness of the mem-
brane and sampling at a fixed time after preparing the sample,
similar to the approach used in commercial glucometers based
on electrochemical sensors [10].
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