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Abstract—A multi-channel front-end for electrochemical
sensing is presented. It consists of a multiplexed four-channel
readout interface supporting amperometric, voltammetric,
and potentiometric measurements. The electronic interface
is co-designed according to the target biomarker specifica-
tions, and exhibits excellent linearity in both current and
voltage sensing. The sensing front-end is characterized with
lactate, paracetamol, and lithium sensing, yielding sensitivity
of 1.2 + 0.3 nA/mM, 69.6 + 2 nA/iM, and 55.6 mV/decade,
respectively. These performances are comparable with the
ones obtained with a bulky commercial Autolab potentiostat.
Moreover, the limit of detection achieved are of 37+8 M, 2.1+
1.22 M, and 11 £ 3.5 n M, respectively, for the aforementioned

sensors. These values are more than one order of magnitude lower than the relevant detection range. This successful
characterization demonstrates the ability of the proposed system to monitor, in a broader sense, metabolites, drugs, and

electrolytes. The programmability, versatility and portability

of the front-end interface paves the way for a continuous

monitoring of different families of biomarkers, suitable for advanced healthcare diagnosis and wearable physiology.

Index Terms— Amperometric sensing, health care monitoring, multi-channel electrochemical sensing, potentiometric

sensing, wearable physiology.

|. INTRODUCTION

IOMEDICAL devices are continuously making steps for-

ward in improving physiology and healthcare monitoring,
through wearable technologies or point-of-care devices [1].
Indeed, wearable sensors are ubiquitous in sports applications,
where a continuous tracking of physiological status of athletes
is crucial to improve their training performance, optimize their
resting and hydration routines [2]. For instance, muscle fatigue
is assessed through lactate monitoring, given that lactic acid
is produced when the metabolism starts lacking energy [3].
Besides, under physical effort, the organism undergoes min-
eral losses that need to be monitored. Depletion of sodium
and potassium levels can lead to dehydration, hypokalemia,
hyponatremia, or muscle cramping [4], whereas calcium con-
centration indicates bone mineral loss [5]. Furthermore, latest
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biomedical devices contribute to improve healthcare monitor-
ing by providing a fast assessment of health status. Namely,
glucose meters are massively deployed in the market, and are
vital for subjects suffering from diabetes [6]. In personalized
therapy, wearable sensors enable drug dosage control, and its
adjustment in real time so that the drug acts in its therapeutic
range. For example, lithium is prescribed for people suffering
from bipolar disorders, and its intake should be controlled
carefully [7].

Electrochemical sensors may provide physiological and
health status insights at molecular level, when placed in direct
contact with the biological fluid, transducing chemical reac-
tions into electrical signals. Moreover, they are leveraging pro-
gresses in microtechnology to be miniaturized and seamlessly
integrated into wearable systems [8]. Several wearable and
integrated sensing platforms have been reported in literature.
Most of them are able to monitor a single biomarker and
have an application-specific circuit to readout and control the
electrochemical sensor [9], [10]. Nevertheless, in physiology,
health status monitoring, and personalized therapy, many bio-
markers need to be jointly tracked, providing a more accurate
health diagnosis, and because of possible correlation between
biological compounds. These compounds might also belong to
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different family of biomarkers, thus, requiring specific electro-
chemical sensing techniques. Namely, endogenous metabolites
such as lactate are monitored with an enzymatic biosensor
biased at a fixed potential and interfaced to an amperometric
readout circuit, whereas the detection of exogenous com-
pounds necessitates a voltage scan of the electrochemical
cell [11]. As for endogenous electrolytes, they are sensed with
an ion-selective sensor interfaced to a potentiometric readout
circuit [12]. The four-channel sensing platform presented
in [13] enables multi-metabolites and electrolytes sensing, with
superior integration level. Yet, it offers neither flexibility nor
programmability in the range of biomarkers to be sensed since
the architecture does not include a potentiostat. The real-time
telemetry system enabling amperometric and potentiometric
sensing in [14] provides full-flexibility, programmability and
real-time processing, but the overall system is bulky (CMOS
front-end, FPGA, transceivers).

In the present work, a four-channel front-end interface
(AmpPot board) is proposed as a versatile, programmable and
wearable solution to enable multi-sensing of different fami-
lies of analytes that require specific electrochemical sensing
techniques. The overall system comprising the electrochemi-
cal sensors, the hardware front-end, and the remote control
and monitoring unit is detailed in Section II. The circuit
architectures implemented for amperometric, voltammetric,
and potentiometric measurements are described in Section III.
Section IV presents the electrochemical characterization of
Ampot board with lactate, paracetamol, and lithium sens-
ing. These compounds are typical examples of endogenous
metabolite, drug, and electrolyte, that are classes of analyte
relevant to be tracked for physiology and advanced healthcare
monitoring. Conclusions are reported in Section V.

1. SYSTEM OVERVIEW

The sensing system comprises three main features: the
electrochemical sensors properly functionalized to detect the
target biomarker; the electronic interface ensuring the readout
and processing of the transduced signal; a remote terminal
that programs the multi-sensing platform and collects the data
output by the biosensors. The typical setup for in-vitro electro-
chemical characterization is illustrated in Fig. 1, for paraceta-
mol detection, highlighting the aforementioned features. In the
present work, commercial Screen-Printed Electrodes (SPEs)
are used as support for the developed sensors, and they are
interfaced to the hardware through shielded cables.

A. Electrochemical Sensors

The proposed system enables metabolites monitoring, drugs
detection and quantification, and electrolytes sensing. Elec-
trochemical sensors are developed for lactate, paracetamol,
and lithium ions monitoring, these compounds being examples
of the aforementioned families of biomarkers. An enzymatic
biosensor is required for lactate monitoring, entailing a sensor
functionalization with its corresponding enzyme. Paracetamol
(acetaminophen, APAP) is an electroactive compound, thus,
it could be detected directly with a bare electrode. As for
lithium sensing, the sensing electrode is properly functional-
ized to ensure selectivity and ion-to-electron transduction.

Fig. 1.  System setup for in-vitro characterization of paracetamol:
A Carbon screen-printed electrode in a solution of PBS and con-
trolled concentration of paracetamol; B hardware front-end powered by
Li-ion battery; C GUI to configure the measurements and to acquire
voltammograms.

1) Chemicals: Lactate Oxidase (LOX) from aerococcus viri-
dans in powder form of 67.6units/mg, Lithium L- Lactate
(salt, 95%), Acetaminophen (APAP) in powder form,
phosphate-buffered saline (PBS, pH7.4) tablets, and all
other compounds were purchased from Sigma-Aldrich
(Switzerland). Hydroxymethylferrocene (HMF, crystalline
form, 97%) was obtained from Alfa Aesar (Germany).

Stock solution of 10mM PBS was prepared by dissolving
1 tablet of PBS in 200 mL of ultra pure water. Stock solution of
LOx was prepared by dissolving 0.8 mg of the LOx powder in
160 uL of PBS, and stored at —18 °C. Stock solution of 0.5 M
L-Lactate was prepared by dissolving 1.40g of L-Lactate
powder in 0.5mM HMF dissolved in PBS solution. Stock
solution of 30mM APAP was prepared by dissolving 5 mg
of APAP powder in 1 mL of PBS.

2) Electrode Functionalization for Lactate Monitoring: Carbon
SPE from Metrohm (Switzerland), with an active area of
12.56 mm?, was used as substrate. A conditioning procedure
similar to the one described in [15] was performed. Namely,
the electrodes were activated by applying a fixed potential of
+2.0V for 5s, in 0.1 M H2SOq4, followed by a fixed potential
of —0.35V for 10s. Then, potential sweeps from —0.3V to
1.5V were applied with a scan rate of 5V/s during 2 min. A
final cyclic voltammogram from —0.3V to 1.5V at 0.1 V/s
was recorded to assess the cleanliness of the electrode. After
that, the SPE was rinsed with water. Direct adsorption of the
enzyme was carried out by drop-casting 6.3 4L of the stock
solution of LOx on top of the electrode. The excess of enzyme
was removed by fast dips into deionized water. The sensor was
kept overnight at 4 °C.

3) Electrode Functionalization for Lithium Sensing: Platinum
SPE from Metrohm (Switzerland), with an active area of
12.56 mm?, was used as substrate. The ion selective mem-
brane (ISM) was prepared by dissolving 100 mg of mixture
consisting of 28.00 wt% Poly(vinyl chloride) high mole-
cular weight, 1 wt% Li Ionophore VI (6,6-Dibenzyl-1,4,
8-11-tetraoxacyclotetradecane), 0.7 wt%, Potassium tetrakis
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TABLE |
HARDWARE FRONT-ENDS ENABLING MULTI-CHANNEL AMPEROMETRIC AND POTENTIOMETRIC SENSING

[14]

[13] this work

Electrochemical sensing

. Amperometric and potentiometric
techniques supported P P

Amperometric, voltammetric,

Amperometric and potentiometric X .
P p and potentiometric

Target biomarkers Nitrite and pH

Lactate, glucose, potassium, and sodium

Lactate, APAP, and lithium

Number of channels Amperometric (2), potentiometric (2)

Amperometric (2), potentiometric (2) Amperometric (2), potentiometric (2)

Hardware size (mm) 58 x 87 x 30 n.a. 38 X 76 x 1.6
Technology 0.18 pim CMolfngtc(ﬁiC"%?‘ and readout) Flexible PCB FR4 PCB
Potentiostat Control amplifier + feedback resistor None Control amplifier
Waveform generator None None DDS' architecture
Current readout DDA? Transimpedance amplifier Transimpedance amplifier
OCP3 readout DDA? Buffered and differential circuitry Buffered and differential circuitry
Power consumption 157.25mW n.a. 150 mW

(sensing mode)

2 Differential difference amplifier

! Direct digital synthesizer

Fig. 2. Different blocks constituting AmpPot board: (1) power supply
socket, (2) programming/debugging interface, (3) UART/ £ Cserial ports,
(4) microcontroller unit, (5) Bluetooth module, (6) amperometric readout
blocks, (7) potentiometric readout blocks.

(4-chlorophenyl)borate, and 70.3 wt% 2-Nitrophenyl octyl
ether in 1 mL of Tethraydrofuran (THF). Then, 10 uL of
the latter solution was drop-casted on the electrode that was
beforehand nanostructured following [16].

B. Hardware Front-End

Electronic front-end based on flexible technology was inves-
tigated in [17]. The hardware was successfully characterized,
but it had a limited lifespan because it could withstand a
limited amount of bendings while worn on body. Therefore,
a smaller hardware front-end of 38 x 76 mm size, mounted
on a 1.6 mm double side FR4 substrate, is proposed in this
work. The different blocks constituting the readout front-
end are highlighted in Fig. 2, where circuit blocks (6) rep-
resent the two amperometric channels S1 and S2, whereas
circuit blocks (7) are the potentiometric channels S3 and S4.
A low-power ATxmega32ES microcontroller unit (MCU) is
the control and processing unit. It embeds a two-channel 12-bit
12 Msps digital-to-analog converter (DAC), and three 16-bit

3 Open circuit potential

timer/counters, used to drive the three-electrode electrochem-
ical cells. The central unit has a built-in 12-bit analog to-
digital converter (ADC) enabling multiplexed measurements.
Simultaneous measurements are implemented by scanning and
sampling the 4 channels at 300 ksps. In addition, the MCU
has several serial ports available. The UART module features
full-duplex connectivity allowing the user to configure the
electrochemical sensing measurements, in one hand, and to
collect the processed data relayed by the on-board Blue-
tooth transceiver, on the other hand. A serial UART line is
available to connect the board to a personal computer via
a RS-232 cable. An I’C port is available as well. Lastly,
a 3.7V lithium-ion battery with a capacity of 1100 mAh is
powering the hardware. Low-dropout voltage regulators with
low quiescent current (25 #A) are used to provide stable
3.3V to the rail-to-rail operational amplifiers in the analog
circuits, to the MCU, and to the Bluetooth module. The
power consumption of the overall system is of 135 mW in idle
mode, and of 150 mW in sensing mode. Table I compares the
features of the hardware front-end proposed and work done
in multi-channel amperometric and potentiometric sensing,
highlighting the versatility, programmability, and portability
of the presented system.

C. Wireless Control and Monitoring

The on-board dual mode RN4677 Bluetooth Low Energy
(BLE) 4.0 module is used to establish a wireless communica-
tion between the hardware and a remote interface. It features
a transparent UART profile to enable serial data connectivity.
Namely, it acts as a data pipe between the monitor and the
sensing platform by emulating a standard UART protocol. Ser-
ial communication is carried out at 115’200 baud rate, with
start and stop tags in order to ensure safe data transmission.

A graphical user interface (GUI) is developed in Matlab®,
and run on a personal computer in the vicinity of the hardware
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Fig. 3. Circuit architecture for electrochemical cell stimulation and Faradaic current readout. The full-duplex UART communication enables remote
configuration of the electrochemical sensing measurements and transmission of the sampled and structured data to the remote terminal.

system during electrochemical sensing. Through the graphical
interface, the user can configure the multisensing platform, and
collect data transmitted by the board. The features of the GUI
includes establishing a serial connectivity with the target hard-
ware, configuring the sensing channels with the parameters
of the measurements, requesting the start/pause/resume/stop
of the measurement, and exporting data as text files. The
collected data are displayed on the GUI in real time at 276 sps.

[1I. CIRCUIT ARCHITECTURE

In this section, the analog front-end circuitry for ampero-
metric and potentiometric measurements are described.

A. Amperometric Readout

The detection of the target analyte at the sensing electrode
triggers redox reactions that transduce the chemical reaction
into an electrical current. Controlled-voltage techniques are the
most common approaches for the characterization of Faradaic
processes [18], [19]. The overall circuit for amperometric
readout is displayed in Fig 3.

A three-electrode electrochemical cell in a grounded work-
ing electrode (WE) configuration is implemented. The cell
potential Ee is applied between the sensing electrode WE
and the reference electrode (RE), while the Faradaic current is
measured in the path from WE to the counter electrode (CE).
Namely, the latter electrode is closing the current path by
balancing the electron transfer observed at the sensing elec-
trode. In such configuration, RE is a high impedance node
so that its potential is not altered by Faradaic processes. The
control amplifier CA serves as potentiostat to achieve the
aforementioned conditions.

Current-to-voltage conversion is adopted to process redox
currents. Trans-impedance amplifiers (TIAs) with a feedback
resistor appear to be a simple and efficient approach [20], [21].
The dynamic range of the amperometric measurement is set
by the feedback resistor. Gain of 30kQ is used so that

currents of [—30;30] #A are sensed, which correspond to
the typical current range of the metabolites and drugs of
interest [22]. Resistors of 0.1 % tolerance are used. Moreover,
an offset of Y& is applied at the non-inverting input of the
TIA, enabling bi-directional current measurements. The signal
conditioning block comprises a 4Morder Sallen - Key low-
pass filter (LPF), with a —3 dB cut-off at 200 Hz, since after
applying a potential to the cell, the Faradaic current needs
at least 10ms to stabilize. A high-order filter is chosen to
attenuate high frequency noise and interference. It serves as
anti-aliasing element as well. Furthermore, the opamp DC
is used to compensate the offset of % introduced by the
TIA, in order to use the full dynamic range of the ADC.
By sizing the resistors properly, the channel output voltage
1S Vout = 1 + Rr1a - If [V]. Low-noise, low-distortion, rail-to-
rail MAX4475 operational amplifiers are used. The front-end
architecture is replicated for amperometric channels S1 and S2.

B. Voltammetric Techniques

Different amperometric techniques could be implemented to
characterize the electrochemical sensor, depending on the volt-
age Ecep applied by the potentiostat. Namely, potential steps,
potential sweeps, or potential pulses can be used to polarize
the cell [23]. In the present sensing front-end, chronoam-
perometry (CA), cyclic voltammetry (CV), and differential
pulse voltammetry (DPV) are implemented. CA involves a
potentiostatic sensing for which a fixed potential is applied
to the cell during the whole measurement. This is done by
writing the corresponding digital code to the DAC of the
MCU, and feeding it to the potentiostat. As for voltammetric
techniques, a continuous and programmable waveform gen-
erator is needed to support multi-mode waveforms. A direct
digital synthesizer (DDS) is typically implemented to output
periodic waveforms [24]. It is a mixed-mode circuit using a
digital controller and a DAC. As shown in Fig. 3, a 16-bit
Timer/Counter of the MCU is the time reference for both
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Fig. 4.  Waveform applied to the electrochemical cell with a DDS
architecture: (a) triangular voltage sweep for CV, (b) pulse-modulated
voltage for DPV. The blue arrows indicate the instant when the ADC
samples the channel output voltage.

generation of the correct waveform, and synchronization of
the ADC that samples the output voltage. The module is
clocked at 250 kHz with the peripheral clock. The event system
controller is used to trigger DAC conversions every 1 ms. The
latter module is synchronized with the Timer/Counter. The
12-bit DAC outputs the analog cell potential with an LSB
of 0.8 mV.

Typical waveforms for CV and DPV measurements are
displayed in Fig. 4. The proposed DDS generates upwards
and downwards staircase voltages, achieving scan rate (slope
of the triangular waveform) from 8 mV/s to 2kV/s. Like-
wise, pulsed-voltammetry is implemented with programmable
pulse amplitude, width, and period. In this case, the Faradaic
current is sampled twice: first, before applying the pulse,
secondly, just before applying the next base potential Ep 1.
The differential current dlfn, = Ipn — Ifi,n is computed
on-board, and the couple (Epn,dlfn) is sent to the user
terminal.

C. Potentiometric Readout

The readout circuitry for potentiometric sensing channels
is displayed in Fig. 5. The open circuit potential (OCP) of
the cell is measured by sensing the floating potential of the
ion selective electrode (ISE) against the grounded RE. The
latter is shared between the two potentiometric channels. High
impedance voltage buffers are needed to achieve open circuit
conditions. Thus, MAX44242 voltage buffers that draw up
to 0.5pA bias current are used. This non-zero polarization
current is required to reduce potential drift of the sensor,
improve its lower limit of detection (LOD), and to increase
sensor sensitivity [25]. Next, the differential signal is sensed
and amplified with the opamp DA. A gain of 3.9 is chosen
so that the full dynamic range of the ADC is used, given
that the sensor OCP vary in [0; 500l mV. This differential
sensing stage reduces common-mode interference as well.
Next, the signal conditioning path includes a 4™ order Sallen-
Key LPF similar to the one previously described. The filtered
channel output voltage is sensed by the built-in ADC of the
MCU. The front-end architecture is replicated for potentiomet-
ric channels S3 and S4.
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Fig. 6. Electrical characterization of (a) amperometric and (b) potentio-
metric channels.

D. Electrical Characterization

The amperometric channels are characterized first in terms
of linearity by applying a DC current between —40 uA and
40 pA at the WE node. The transduced voltage is measured at
the output node and plotted in Fig. 6, exhibiting an excellent
linearity, where sensitivity of 29.92mV/uA corresponds to
the gain of the transimpedance amplifier. The signal-to-noise
ratio (SNR) is measured at the output node. A resolution
of 320nA is computed, taking into account the noise level.
As for potentiometric channels, a DC voltage between 0 mV
and 600mV is applied between ISE and RE terminals. The
output voltage is measured and plotted in Fig. 6, showing
an excellent linearity. Sensitivity of 3.89 corresponds to the
gain of the differential amplifier. The SNR is measured at the
output node, and a resolution of 1.3 mV is obtained, taking
into account the noise level. The simulated input-referred noise
spectrum of both amperometric and potentiometric channels is
plotted in Fig. 7, with the PSpice models of the operational
amplifiers used. The integrated noise at 100Hz is of 6.3 nA,
for the current-sensing channel, and of 84.2 1V, for the OCP-
sensing channel. The electrical features of both amperometric
and potentiometric channels are summarized in Table II.

IV. ELECTROCHEMICAL SENSING

The ability of the described electrochemical sensing front-
end to monitor endogenous metabolites, exogenous com-
pounds, and electrolytes is validated with lactate monitoring,
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TABLE I
ELECTRICAL CHARACTERISTICS OF AMPEROMETRIC AND
POTENTIOMETRIC CHANNELS

Amperometric channels  Potentiometric channels

Input range [—33; +33] uA [50; 530] mV
Sensitivity/Gain 29.92 4+ 0.04 mV/pA 3.89 + 0.05
R? > 0.9999 R? > 0.9999
SNR @ Vg 96.2dB 105.4dB
Resolution 320nA 1.3mV
Integrated noise 6.3nA 84.2 4V

@ 100 Hz (simulated)

paracetamol detection, and lithium ion sensing, respectively.
An Autolab potentiostat (Metrohm, Switzerland) driven by
Nova 1.11 software is a reference tool used during the devel-
opment and characterization of electrochemical sensors. In this

work, it is used for performance comparison with AmpPot
board.

A. Lactate Monitoring

The lactate sensor was described in Section II-A.2. LOx
catalyzes the reduction of L-Lactate into pyruvate, where HMF
was used as redox mediator, involving ferrocenelferrocenium
(Fc|Fct) redox couple. A Ag/AgCl double-junction RE
(Metrohm, Switzerland) was used.

The catalytic activity of the enzymatic biosensor was
assessed with a CV measurement between —250mV and
650mV, at slow scan rate (10mV/s). The CV was car-
ried out, first, in a background solution of 10mM PBS
and 0.5 mM HMEF, then in presence of 4.95 mM L-Lactate.
The resulting cyclic voltammograms are displayed in Fig.8.
The blue CV plot shows the redox response of Fc|Fc™t
couple in aqueous solution, highlighting a reversible reac-
tion with oxidation potential around 260 mV and reduction
potential around 190 mV. In presence of 4.95 mM L-Lactate,
the anodic current is increased of 2.8 ¢ A, whereas the cathodic

Faradaic current (pA)

0 200 400 600
Cell potential (mV)

Fig. 8. CV responses at 10 mV/s of LOx-C lactate biosensor, in 10 mM
PBS solution containing 0.5 mM HMF: without L-Lactate (blue), with
4.95 mM L-Lactate (red).

Faradaic current (ULA)
:J; =
il
L

@

3.0

0.0 05 10 15
[Lactate] (mM)

Fig. 9. Calibration curves obtained from CA measurement of LOx-C
lactate biosensor at Eooy = 300 mV: with AmpPot board (blue), with
an Autolab potentiostat (red). The error bars correspond to standard
deviations obtained with three measurements, with different sensors.

current is decreased of 1.6 #A. Similar results were obtained
in [15], where anodic current sensitivity of 0.56 uA/mM was
obtained. This analysis confirms the well-functioning of the
directly adsorbed enzyme in the catalytic response of the
lactate biosensor.

Next, the analytical properties of the designed lactate
biosensor were assessed with CA measurements. A fixed
potential of 300 mV was applied to the electrochemical cell,
slightly above the oxidation potential of the mediator. The
background solution consisted of 10mM PBS with 0.5 mM
HMEF. The stock solution containing 0.5M L-Lactate and
0.5mM HMF in 10mM PBS was gradually injected, main-
taining the concentration of mediator in solution constant.
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Fig. 10. Electrochemical detection of paracetamol with AmpPot board: (a) cyclic voltammograms run at 0.1 V/s; (b) differential pulse voltammograms;
calibration of (c) CV measurements and (d) DPV measurements with AmpPot board (blue) and Autolab potentiostat (red). The error bars correspond
to standard deviations obtained with three measurements, with different sensors.

TABLE IlI
PERFORMANCE OF SENSING FRONT-END ON
DEVELOPED LACTATE BIOSENSOR

AmpPot board Autolab

Sensitivity (4A/mM) 1.2+£0.3 1.08 £0.12
Linear response (mM) up to 1 up to 1
R=0.99 R=0.99

Limit of detection (uM) 37+8 20.6 £+ 3.6

The calibration curve of lactate monitoring is displayed
in Fig. 9 (blue plot). The biosensor exhibits a sensitivity of
1.2 £ 0.3 uA/mM up to 1 mM. The LOD is computed as
the concentration of L-Lactate that gives an oxidation current
three times the standard deviation of the background current.
LOD of 37 £ 8 uM is obtained. Similar experiments were
done with an Autolab potentiostat (Fig. 9, red plot). The
analytical performance of the designed biosensor are reported
in Table III. Measurements carried out with AmpPot board
result in slightly higher sensitivity, but higher LOD compared
to the commercial potentiostat. Indeed, a higher background
current noise is observed with the proposed system, but the

TABLE IV
PARAMETERS OF VOLTAMMETRIC WAVEFORMS

Cyclic voltammetry Differential pulse voltammetry

Lower potential —0.1V  Lower potential ov
Upper potential 1.1V Upper potential 1V
Step potential 8.1mV  Step potential 8.1mV
Scan rate 0.1V/s  Pulse amplitude 80 mV
Pulse duration 80 ms
Pulse period 160 ms

LOD is acceptable considering that the physiological relevant
level of lactate is of 2 — 30 mM [13].

B. Paracetamol Detection

In the following, the proposed system is validated with
APAP detection. Voltammetric techniques were used to char-
acterize the sensor that consists of bare carbon SPE from
Metrohm-Switzerland (carbon circular WE of 12.56 mm?2
active area, carbon CE, silver RE). Measurements were
performed in 10mM PBS background electrolyte. APAP
calibration was performed from 50 to 300 M with both
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TABLE V
PERFORMANCE OF SENSING FRONT-END ON PARACETAMOL DETECTION

AmpPot board Autolab [22]

CvV

DPV Ccv

DPV CvV  DPV

52.4 £ 0.15
0.146
0.9989

2.6 £0.49

Sensitivity (nA/uM)

Root Mean Squared Error (uA)
Coefficient of determination, R?
Limit of detection (M)

69.6 £2.0
0.226
0.9985

2.1+£1.22

64.7 £ 2.76
0.149
0.9993

0.75 £ 0.42

76.0 + 5.83 40 22
0.269 n.a. n.a.
0.9983 ~1 098

0.5+0.15 n.a. n.a.

CV and DPV. The parameters of the triangular and pulse-
modulated waveform are displayed in Table IV, similar to
the one used in [22]. These parameters could be opti-
mised, in particular, by tuning the sampling frequency in
order to reduce the power consumption during voltammetric
measurements [26].

The voltammograms of the calibration of paracetamol
detection with AmpPot board are displayed in Fig. 10. For
CV measurements, the peak oxidation currents are obtained
around 430 mV, and increase linearly with APAP concentra-
tion. A sensitivity of 52.4 + 0.15nA/uM is obtained with
good linearity. The LOD is computed as the concentration of
APAP providing a Faradaic current three times the standard
deviation of the background current in a potential window
around the peak oxidation current. LOD of 2.6 & 0.49 uM
is obtained, below the concentration range at which toxicity
is detected (20 uM, [27]). As for APAP calibration through
DPV measurements, the differential Faradaic current peaks are
around 290mV. A higher sensitivity of 64.7 & 2.76 nA/uM
is achieved because the differential measurements reduce
the contribution of background currents arising from interfa-
cial capacitance or non-Faradaic processes [23]. The results
obtained with AmpPot board are compared with the ones
obtained with an Autolab potentionstat. Table V sums up the
comparison, putting in evidence comparable sensitivity and
LOD with both voltammetric techniques. The slightly lower
sensitivity observed with the proposed hardware is due to an
higher current background noise arising from the cabling of
the hardware to the biosensor in such in-vitro characterization.
As a comparison with literature, the system developed provides
much better sensitivity than in [22], where sensitivities of
40nA/uM and 22nA/uM were obtained, with CV and DPYV,
respectively.

C. Lithium Sensing

The characterization of the potentiometric channels of Amp-
Pot board was performed with lithium sensors. The measure-
ments were done in water samples. LiCl was gradually injected
from 1078M to 10! M, every 50s, and the OCP between
the ISE and a Ag/AgCl double junction electrode (Metrohm,
Switzerland) was measured. The calibration curve of the
lithium sensor is reported in Fig. 11, with the OCP time trace
in the inset. Two regions could be distinguished: in diluted
LiCl analyte, the OCP increases slightly; above a threshold
concentration, the OCP increases linearly, with clear potential
steps. A quasi-Nernstian slope of 55.6 & 1.16 mV /decade is
obtained. The lower LOD of the sensor is computed, according

—_
13
S

L%

100 /

V vs Ag/AgCl (mV)

Fig. 11. Lithium sensor calibration in water background electrolyte.

TABLE VI
PERFORMANCE OF SENSING FRONT-END ON DEVELOPED
LITHIUM SENSOR

AmpPot board Autolab

Sensitivity (mV/decade) 55.6 & 1.16 61.9 4 0.48
Root Mean Squared Error (mV) 0.5 0.1
Coefficient of determination, R2 0.9994 0.9993
Limit of detection (uM) 11.0 £ 3.50 12.4 +2.40

to IUPAC definition, as the intersection of the extrapolated
linear portions of the calibration curve. A lower LOD of
11 + 3.5 uM is obtained. This is well below the minimum
effective concentration of lithium drug (0.5 mM, [28]). Like-
wise, lithium sensor calibrations were carried out with an
Autolab potentiostat. The obtained calibration measurements
are compared in Table VI. The measurements with AmpPot
board yield lower sensitivity but very good linearity. Besides,
the LODs are comparable.

V. CONCLUSION

A multiplexed four-channel electrochemical sensing front-
end supporting amperometric, voltammetric, and potentiomet-
ric sensing is presented. The system is validated with lactate
monitoring, paracetamol detection, and lithium sensing, that
could be expanded more generally to endogenous metabolites
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monitoring, exogenous compounds detection, and electrolytes
sensing, respectively. The versatility, programmability, and
portability of the overall system paves the way for advanced
wearable physiology, healthcare monitoring, and personalized
therapy. Further development will focus on the realization of a
multi-target and integrated electrochemical sensing platform,
aiming the sensing of the same families of biomarkers pre-
sented in this work.
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