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Herein, we report an office-paper-based potentiometric sensor integrated with a microfluidic paper network in an
apple-like configuration, designed for continuous monitoring of chloride ions in sweat within a wearable plat-
form. The paper-based device combines a chloride-selective membrane with a solid-contact, office paper-screen-
printed transducer, and a capillary-driven paper-based microfluidic architecture, ensuring controlled sample
delivery, minimising evaporation-induced drift, and eliminating memory effects, as confirmed by hysteresis
studies. This work highlights the effectiveness of paper as a smart material for both sensing and sweat man-
agement in wearable electrochemical devices, achieving a sensitivity of 56 mV/log a Cl, a linear range of 1-200
mmol L™, and a detection limit of 74 umol L in artificial sweat. Compared with the reference titration method,
bias values ranged from —14% to +4%. These results pave the way for low-cost, disposable, environmentally
friendly, and memory-free evaluation of electrolyte balance during physical activity, as well as for non-invasive
diagnostics and monitoring highly effective modulator therapy in cystic fibrosis.

1. Introduction

In 2017, the World Economic Forum highlighted liquid biopsy as one
of the Top 10 Emerging Technologies because it enables the detection of
circulating biomolecules such as cf-DNA, miRNA, and proteins, offering
high specificity and systemic insight for disease diagnosis and therapy
monitoring [1]. However, it requires venipuncture, specialized labora-
tory infrastructure, and trained personnel, which limits its use for
continuous monitoring.

Beyond liquid biopsy, sweat analysis has gained attention over the
last decade because it offers a non-invasive approach to monitoring
physiological and biochemical status [2]. Sweat contains electrolytes
and metabolites that reflect hydration status, metabolic activity, and
changes related to disease. The effectiveness of sweat as a matrix and the
recent advancements in wearable technologies have fostered the
development of a new concept in electrochemical devices, transitioning
from point-of-care devices, such as glucose strips, to wearable devices
for continuous and non-invasive monitoring of sweat biomarkers.

Among the various analytes present in sweat, chloride ions are key

* Corresponding author.
E-mail address: fabiana.arduini@uniroma2.it (F. Arduini).

https://doi.org/10.1016/j.electacta.2026.148692

biomarkers for assessing both physiological and pathological conditions.
Chloride ions are one of the principal electrolytes in human sweat; the
physiological chloride concentration in sweat is in the range 0-150
mmol L™ and is typically present at concentrations below 30 mmol L™
in healthy individuals under normal conditions [3-6]. Variability in
sweat chloride ion content reflects differences in sweat rate and exercise
intensity; for instance, the Searson group [7] reported a real-time sweat
chloride ion content for 12 healthy subjects by increasing the exercise
load from 100 W to 200 W, observing that sweat chloride ion concen-
tration increased from 12.0 £+ 5.9 to 31.4 + 16 mmol L'. Conversely,
decreasing the load from 200 W to 100 W, the sweat chloride ion content
decreased from 27.7 & 10.5 to 14.8 + 8.1 mmol L', noting a dynamic
sweat chloride response related to step changes in exercise load. In this
way, changes in sweat chloride ion content correlate with shifts in
electrolyte losses during prolonged activity and thermal stress and can
therefore serve as a biomarker of overall electrolyte balance during
exercise [8].

In the clinical field, the gold standard method that uses sweat as a
matrix is the sweat test used for the diagnosis of cystic fibrosis, a genetic
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disorder caused by impaired CFTR-mediated chloride transport [4,5,9].
According to established clinical guidelines, sweat chloride concentra-
tions >60 mmol L! are diagnostic for cystic fibrosis [10]. Moreover, the
advent of CFTR modulators has highlighted that the sweat test can also
be used as an outcome measure to monitor the efficacy of these new
drugs in restoring the basic defect of CFTR [11,12]. The test is carried
out by stimulating sweat production using pilocarpine iontophoresis,
followed by the collection of sweat on a pre-weighed gauze/paper or
using a specialised sweat collector (Macroduct® coil system) placed over
the stimulated area. Subsequently, the collected sweat is analysed by
coulometric titration or other validated quantitative methods [10].

In this overall scenario, accurate, real-time monitoring of sweat
chloride ions can enable early detection of abnormalities and support
continuous health assessment. The constraints of conventional clinical
methods, including centralised instrumentation and controlled labora-
tory conditions, hinder decentralised testing and continuous moni-
toring, motivating the development of miniaturised electrochemical
sensors capable of providing real-time and low-volume measurements.
Among miniaturised electrochemical sensors, potentiometric ion-
selective electrodes (ISEs) remain particularly attractive due to their
Nernstian response, low power consumption, and direct transduction of
ionic activity into an electrical signal.

Early efforts toward chloride ion sensing in sweat focused on flexible
solid-contact ISEs have been reported in the literature. For instance,
Choi et al. [13] developed a 125 um thick PET-based potentiometric
device with an Ag film patterned on PET with an integrated salt bridge
that minimises equilibration and enables stable measurements, with
variation of less than 2 mmol L™ at low chloride ions concentration (10
mmol L) and 5 mmol L™ at high concentration (150 mmol L™). While
analytically robust, this approach lacked integrated fluid-handling ele-
ments, making measurements subject to sample variability and evapo-
ration effects.

Wang et al. [14] developed an all-solid-state chloride-selective
electrode based on oxygen vacancies-reinforced vanadium oxide with a
nitrogen-doped carbon shield as the solid contact, characterised by a low
detection limit of 10">*% mol L~ without an interfacial water layer and
highly stable potential with 7.24 pV/h over 24 h. The PDMS-based
microfluidic channels were designed and demolded, followed by treat-
ment with oxygen plasma and a 1% 3-aminopropyltriethoxysilane so-
lution via spray coating for hydrophilic modification.

To overcome the limitations of conventional PDMS-based micro-
fluidics, paper has emerged as an attractive alternative due to its ver-
satile features. Its fibrous structure not only supports sustainable and
low-cost fabrication but also enables capillary-driven fluid transport,
allowing sweat samples to flow naturally without the need for external
pumps and thereby avoiding the issue of bubbles. Additionally, paper
can store reagents within its matrix, facilitating reagent-free measure-
ments, and it eliminates the need for complex sample pretreatment such
as filtration [15]. These properties make paper-based microfluidic
platforms particularly useful for wearable and real-time sweat analysis,
providing a simple, robust, and fully integrated system for continuous
monitoring of sweat biomarkers such as chloride ions.

In this regard, Shitanda et al. [16] developed a wearable PET-based
screen-printed ion sensor fabricated using a heat-transfer-printed
sensor, combined with superabsorbent fibres attached to the sensor
cloth to continuously remove old sweat from the sensing part of the
sensor. The chloride ion sensor showed a Nernst response of —59.5
mV/log ¢ Cl™ in the 0.1-100 mmol L concentration range, and the
on-body test highlighted an increase in chloride ions in sweat with ex-
ercise time.

Bruno et al. [17] recently reported a paper-based microfluidic elec-
trochemical sensor for chloride ion and uric acid detection in sweat with
a handheld device, using chronoamperometry as a technique. The arti-
ficial sweat was managed using a layer of paper between two vinyl
layers embedded in a PMMA, obtaining a linear range and sensitivity in
artificial sweat equal to 1-100 mmol L and 1.44 pA mmol L7,
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respectively. This device demonstrated the utility of the paper in man-
aging sweat without an external pump but using a point-of-care device
with already collected sweat samples.

Henry’s group [18,19] reported paper-based colorimetric platforms
for chloride ion determination, exploiting chromogenic reactions on
patterned paper substrates. In these studies, chloride ion quantification
was achieved through visual or smartphone-assisted color analysis, with
reported linear range up to 50 mmol L' and detection limit of 160 umol
L-'. While this approach demonstrated the feasibility of low-cost
paper-based chloride analysis, it relied on endpoint colorimetric detec-
tion and was not designed for continuous, real-time wearable
monitoring.

Herein, we present the first fully paper-based potentiometric chlo-
ride sensor integrated with a microfluidic paper network, specifically
designed to enable continuous chloride ion detection using a wearable
device. This analytical tool combines a chloride-selective membrane
with a solid-contact, office paper-based screen-printed transducer, a
capillary-driven paper-based microfluidic architecture, and a Bluetooth-
enabled wearable potentiostat, ensuring controlled sample delivery,
minimising evaporation-induced drift, and avoiding the memory effect,
as demonstrated through hysteresis studies. The electrochemical per-
formance of the sensor was systematically evaluated in terms of sensi-
tivity, linear range, selectivity, response time, and potential stability. Its
applicability is demonstrated through on-body measurements compared
with the titration reference method. This approach advances the state of
the art by enabling real-time, memory-free, and low-cost sweat chloride
analysis.

2. Experimental section
2.1. Reagents and equipment

Carbon Black (CB) N220 was obtained from Cabot Corporation
(Ravenna, Italy). Potassium chloride, sodium chloride, sodium acetate,
urea, potassium nitrate, sodium-L-lactate, glucose, ammonium sulphate,
acetic acid > 99.7%, chloride ionophore I- cocktail A, dimethylforma-
mide, polyvinyl butyral, polyvinyl chloride, and tetrahydrofuran were
purchased from Sigma Aldrich (USA). A wax printer, ColoQube 8580
Xerox (USA), was used for printing wax patterns, while a laser cutter,
VEVOR 40, was used for producing paper-based microfluidics. Office
paper (Fabriano Copy 2, 80 g/mz) was used as a paper substrate to print
the electrodes. Graphite-based ink (Elettrodag 421 SS) and silver/silver
chloride-based ink (Elettrodag 4038 SS) were purchased from Acheson
Henkel (UK). Electrochemical impedance spectroscopy (EIS) and
potentiometry were performed using an Emstat blue potentiostat
(PalmSens, Netherlands) connected to a laptop and controlled by
PSTrace 5.9 software. The Sensit wearable development kit (PalmSens,
Netherlands) was used for wearable measurements.

2.2. Fabrication of office paper-based sensor

The paper-based electrochemical sensor for chloride ion detection
was fabricated through a simple, scalable multi-step process involving
wax patterning, screen-printing of electrodes, and drop-casting modifi-
cation on office paper, following previously reported fabrication pro-
cedures [20-23]. First, hydrophobic patterns were designed using a
vector drawing software (Adobe Illustrator) and printed onto office
paper (Fabriano Copy 2, 80 g m™2) using a solid-ink office wax printer
(ColorQube 8580, Xerox, USA). The printed sheets were then thermally
treated in an oven at 100 °C for 1 minute to allow the wax to melt and
penetrate through the thickness of the paper, thereby creating
well-defined hydrophobic barriers. This step enabled the formation of
confined sensing zones, ensuring mechanical robustness and resistance
to aqueous environments during measurements. After wax patterning,
the electrode system was fabricated by screen-printing using
custom-designed masks and commercial conductive inks. The
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conductive tracks and the pseudo-reference electrode were first printed
using a silver/silver chloride ink (Elettrodag 4038 SS), with the
pseudo-reference electrode aligned within the wax-defined hydrophobic
area, thereby maintaining a controlled and reproducible sensing region.
The printed layers were cured at 70 °C for 20 min to promote solvent
evaporation and resin polymerisation, ensuring good adhesion to the
paper substrate and stable electrochemical properties. Subsequently, the
working electrode was printed using a graphite-based ink (Elettrodag
421 SS) following the same screen-printing procedure. While the active
electrode areas were located within the wax-patterned region, the
conductive tracks were intentionally extended beyond the hydrophobic
barriers to improve electrical conductivity and facilitate external con-
nections. A second curing step was performed at 70 °C for 40 min to
complete ink consolidation.

2.3. Preparation of carbon black dispersion

CB powder was dispersed in a mixture of dimethylformamide/water
in a ratio of 1:1 (v/v) at a final concentration of 1 mg mL. In detail, 10
mg of CB were added to 5 mL of dimethylformamide, and then 5 mL of
water was added. The dispersion was sonicated for 60 min at 59 kHz
[24].

2.4. Preparation of chloride ion-selective membrane and reference
membrane

The chloride-selective membrane was prepared following a proced-
ure adapted from existing ionophore-based formulations. In detail, the
membrane cocktail consisted of 70% (w/w) chloride ionophore
I-cocktail A and 30% (w/w) high molecular weight poly(vinyl chloride)
(PVCQ). To this mixture, 1 mL of tetrahydrofuran (THF) was added per
100 mg of solid components. The resulting solution was magnetically
stirred for 1 h to ensure complete homogenisation [25]. To prevent
solvent-induced degradation of the vial cap caused by THF, a Teflon film
was placed between the membrane solution and the cap, thereby pre-
serving the container's integrity throughout the preparation process. The
reference membrane was prepared following the procedure described by
Gao et al. [26]. In detail, 237.3 mg of poly(vinyl butyral) (PVB) were
dissolved in 3 mL of methanol, and 150 mg of NaCl were subsequently
dispersed into the polymer solution under magnetic stirring. Upon sol-
vent evaporation, NaCl became embedded within the PVB matrix,
forming the solid-state reference membrane.

2.5. Paper-based screen-printed electrode modification

Working and pseudo-reference electrodes were functionalized by
drop-casting appropriate modifier solutions. The working electrode was
modified with a CB dispersion to enhance ion-to-electron transduction.
The CB layer acts as a high-surface-area capacitive solid-contact, form-
ing an electrical double layer at the interface between the electronic
conductor and the ion-selective membrane. This interfacial capacitance
enhances ion-to-electron transduction by providing efficient charge
buffering, thereby improving potential stability and reducing signal
drift. Moreover, the defective and highly porous carbon nanomaterial
provides abundant surface-active sites that promote efficient charge
transfer and help suppress the formation of an interfacial water layer
[24,27]. The effectiveness of the CB modification is supported by EIS
measurements (Fig. S1), which show a significant increase in
low-frequency capacitance compared to the unmodified electrode. In
detail, a total volume of 6 pL of CB dispersion was deposited in three
successive aliquots of 2 uL, allowing each layer to dry for 30 min at room
temperature. The pseudo-reference electrode was modified by
drop-casting 2 uL of the reference membrane solution in two steps,
followed by drying at room temperature for 10 min. After drying, the
surface of the pseudo-reference electrode was conditioned by 10 pL of
KCl 3 mol L [24,28] solution for 2 hours in a humid chamber. The
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humid chamber was created by placing a moistened tissue in a Petri
dish. This step was necessary to ensure the correct functioning of the
pseudo-reference electrode, so that it remained constant during the
analysis, even in contact with different ion strengths present in the sweat
matrix. Subsequently, 5 pL of the chloride-selective membrane solution
was drop-cast onto the CB-modified working electrode in two separate
layers of 2.5 pL each, with a 20-minute drying interval between appli-
cations. The membrane on the working electrode was then conditioned
to ensure a stable Nernstian response. For this purpose, a 1 mol L™! NaCl
solution was selected and 20 pL was carefully dropped onto the elec-
trode surface. The conditioning process lasted 30 minutes and was
conducted in a humid chamber, as was the case for the pseudo-reference
electrode. Both membranes were subsequently rinsed with 20 pL of
distilled water to remove excess salts.

2.6. Fabrication of paper-based microfluidics

The paper-based microfluidic device was fabricated using a CO: laser
cutter with a VEVOR 40 W laser. Commercial tissue paper (Cordenons,
Italy) was selected as the substrate due to its high capillary absorption
capacity, which enables efficient, passive fluid transport without the
need for an external pump. The microfluidic layout was designed using a
vector graphics software (Adobe Illustrator) and subsequently trans-
ferred onto the paper substrate by laser cutting. The geometry was
optimised to promote continuous capillary-driven flow and consisted of
a circular sampling area with a diameter of 6 mm connected to an
enlarged, apple-shaped waste reservoir through a narrow channel. The
overall length of the microfluidic path was 63 mm, while the waste zone
had a diameter of 47 mm. This configuration enables the continuous
absorption of the fluid from the sensing area toward the waste zone,
allowing for unidirectional flow and efficient removal of the analysed
sample during measurements. The microfluidic paper layer was simply
placed onto the electrode surface, aligning the sampling zone with the
working and reference electrodes, thus forming a fully paper-based,
pump-free microfluidic interface suitable for wearable and continuous
sensing applications.

2.7. Potentiometric measurements of chloride ions in standard solutions

Potentiometric measurements were carried out using a portable
PalmSens potentiostat in Open Circuit Potentiometry (OCP) mode,
applying the following parameters: t interval = 0.1 s and t run = 10 s.
The measurements were performed by drop-casting 50 pL of each
standard solution directly onto the same sensing electrode surface. All
measurements were conducted in triplicate.

2.8. Potentiometric measurements of chloride ions in sweat

To evaluate the electrochemical performance of the sensor in sweat,
measurements were performed using both artificial and real sweat
samples. Prior to real-sample analysis, the sensor was calibrated using
artificial sweat solutions with increasing chloride concentrations,
ranging from 1 to 200 mmol L. For these measurements, the paper-
based microfluidic pad was placed on top of the electrode surface, and
the calibration solutions were applied to fully wet the microfluidic
pattern. Artificial sweat was prepared considering the range values of
the biomarkers reported in [29]. In detail, the solution contained
ammonium sulphate (0.25 mmol L), potassium nitrate (6 mmol L),
glucose (0.3 mmol L), urea (3 mmol L), and sodium lactate (25 mmol
LY. All components were dissolved in acetate buffer at pH 5.5 to
reproduce the typical pH of human sweat. Following calibration, the
sensor was used for measurements of real sweat samples collected from
three volunteer participants. For each measurement, only 10 uL of sweat
was enough to completely wet the paper-based microfluidic pad,
allowing potentiometric measurements under low sample volume con-
ditions. The chloride ion concentration in sweat samples was
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determined using the calibration curve obtained in artificial sweat.

2.9. Potentiometric measurements of chloride ions in sweat using a
wearable system

For wearable measurements, the developed paper-based chloride-
selective sensor was integrated into a compact wireless potentiometric
system (Sensit/Wearable development kit, PalmSens, The Netherlands).
The device enables real-time signal acquisition and wireless data
transmission to a smartphone through a dedicated application, allowing
on-body measurements without the need for external instrumentation.
Prior to use, the paper-based sensor was electrically connected to the
wearable module. The paper-based microfluidic pad was then posi-
tioned on top of the sensing area, aligned with the working and pseudo-
reference electrodes, and placed in direct contact with the skin. The
entire assembly was secured using a layer of Parafilm to ensure stable
contact during physical activity. Wearable measurements were carried
out during a controlled physical activity consisting of 20 minutes of
cycling. During exercise, sweat passively wetted the microfluidic pad
through capillary action, allowing continuous contact between freshly
secreted sweat and the sensing electrodes. Potentiometric measurements
were started once sufficient wetting of the paper-based microfluidic
structure was achieved. The sweat samples collected during wearable
measurements (at predefined time points of 7, 14, and 20 minutes) were
also analysed using a reference method to assess the accuracy. Prior to
sensor placement, the skin was gently rinsed with distilled water and
dried to minimise potential contamination. Chloride ion concentration
was determined by Mobhr titration after the samples were appropriately
diluted (1:100 v/v). The titrations were carried out using a 0.02 N silver
nitrate solution as the titrant and potassium dichromate as the indicator.
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3. Results and discussion

The concept of the device is reported in Fig. 1, which encompasses i)
a printed office paper-based electrochemical sensor, in which the
working electrode is modified with CB to improve electronic conduc-
tivity and then functionalized with a chloride-selective membrane,
combined with a pseudo-reference electrode modified with a reference
membrane, ii) a paper-based microfluidic system for sweat management
during on-body applications, and iii) a wearable wireless potentiostat
for real-time data transmission. In the following sections, the optimi-
sation of key fabrication parameters, such as membrane composition,
deposition methods, and conditioning protocols, is presented, along
with the analytical performances of the sensor in standard solution,
artificial sweat, and real sweat collected during physical activity, fol-
lowed by an on-body test using a wearable device.

3.1. Choice of paper substrate

Unlike conventional polyester supports, paper substrates were
selected to ensure a more sustainable, eco-friendly approach, a key
aspect in the development of wearable point-of-care devices. Six types of
paper were tested and compared for contact angle and analytical per-
formance. Contact angle measurements performed on wax-treated sub-
strates (Fig. S2) showed hydrophobic behaviour for all tested papers (6
> 110° at t = 0 and maintained after 5 min), indicating effective surface
modification. Therefore, differences in analytical performance were not
attributed to hydrophobicity but rather to substrate structural properties
influencing membrane deposition and electrochemical stability. Fig. 2A
shows the slope as a function of paper type, indicating that the office
paper from Fabriano provided the best overall results. Specifically, it
exhibited the highest slope value (55 mV/log a Cl'), consistent with a
Nernstian response, superior repeatability (RSD% = 4.1%), and lower
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Fig. 1. Schematic illustration of the developed wearable platform for chloride ion detection in sweat.
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Fig. 2. A) Selection of the optimal paper substrate. B) Optimisation of the reference membrane volume. C) Evaluation of the conditioning time of the reference
membrane. D) Selection of the optimal volume for the ion-selective membrane. E) Study of the effect of the conditioning solution concentration on the ion-selective
membrane. The response was analysed from no conditioning treatment up to conditioning in 3 mol L™! NaCl. F) Optimisation of the conditioning time for the ion-
selective membrane. Conditions highlighted with a coloured box indicate the parameter selected for the final sensor configuration.

material cost than the other tested substrates. Based on these parame-
ters, Fabriano office paper was selected as the most suitable substrate for
subsequent sensor fabrication. The improved analytical performance
can be attributed to its relatively compact structure and controlled
porosity, which favour the formation of a homogeneous and continuous
ion-selective membrane during drop-casting. In contrast, more porous
substrates, such as filter paper, may partially absorb the membrane so-
lution within the fibrous matrix, potentially affecting film uniformity
and phase boundary stability. The more compact surface of office paper
supports controlled membrane deposition, contributing to enhanced
reproducibility and a slope closer to the ideal Nernstian behaviour.
Moreover, this choice is supported by our previous works [20-23],
which demonstrates the suitability of office paper for electrochemical
applications, even when combined with porous paper-based
microfluidics.

3.2. Optimisation of paper-based printed potentiometric sensor

To ensure accurate and reliable chloride ion detection, several pa-
rameters related to the ion-selective membrane were optimised. The
optimisation process involved evaluating the membrane volume
deposited onto the electrode surface via drop-casting, the concentration
of the conditioning solution, and the conditioning time.

3.2.1. Reference membrane

In potentiometric sensors, the reference electrode plays a crucial role
in ensuring signal stability and reproducibility, particularly in all-solid-
state configurations, where traditional liquid-junction reference systems
are replaced by solid materials. The measured potential corresponds to
the difference between the working and the reference electrode; there-
fore, any instability of the reference potential directly affects the
analytical signal. To maintain a stable potential, polymer-based refer-
ence membranes are commonly doped with a fixed concentration of
chloride ions (e.g., NaCl) and subsequently conditioned in concentrated
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KCl solutions (typically 3 mol L™). This approach helps maintain a
constant chloride activity at the electrode interface, minimising poten-
tial drift and ensuring reproducible measurements in solid-state con-
figurations [24,28]. To ensure reliable performance in real-sample
conditions, the reference membrane must provide a stable potential that
remains unaffected by variations in ionic strength and sample
composition.

The first step of the optimisation involved determining the optimal
volume of reference membrane to be cast on the Ag/AgCl pseudo-
reference electrode. Volumes ranging from 2 to 8 uL were tested, with
each applied in two successive deposition steps to promote uniform
membrane formation and prevent material accumulation. As shown in
Fig. 2B, a total volume of 2 uL ensured complete and homogeneous
coverage of the electrode surface, resulting in the best performance in
terms of both sensitivity (49 mV/log a Cl") and reproducibility (RSD % =
1.8 %). In contrast, smaller volumes such as 1 pL. were insufficient to
uniformly coat the electrode, compromising the stability of the elec-
trochemical potential.

Subsequently, the conditioning time of the reference membrane was
evaluated. In the literature, long conditioning steps (typically 18 hours
in 3 mol L' KCl solution) are widely reported to promote stable po-
tential development and minimise drift during measurement [24,28].
However, to improve the scalability and reduce the production time of
the sensor, a systematic study was conducted to identify the minimum
effective conditioning time. The membrane was conditioned in 3 mol L™!
KCl for 1, 2, 3, and 18 hours, and the resulting potential stability was
assessed (Fig. S3). Notably, a conditioning time of 2 hours was sufficient
to achieve a stable and reproducible potential, comparable to that
observed after 18 hours, but with a significantly reduced preparation
time.

To further verify the effectiveness of the 2-hour conditioning pro-
tocol, the pseudo-reference electrode was used as a working electrode,
and its potential response was monitored in NaCl and KCl solutions at
two different ionic strengths (0.05 mol L™! and 0.1 mol L). The recor-
ded potentials showed no significant variation (Fig. 2C), confirming that
the electrode was effectively insulated from changes in the ionic
composition of the sample, and validating the selected conditioning
protocol for practical applications. The use of PVB-based membranes
doped with NaCl for pseudo-reference electrodes is widely reported in
the literature for paper- and polyester-based potentiometric sensors, as
they offer a stable and reproducible potential in miniaturised all-solid-
state configurations [28,30,31]. In most cases, these membranes are
conditioned for up to 18 hours in concentrated KCI solutions to ensure
potential stability; however, in this work, a reduced conditioning time of
2 hours was demonstrated to be equally effective, significantly
improving the sensor’s production scalability. Moreover, the chloride
response of the reference electrode was independently evaluated by
using the reference electrode as the working electrode against an
external Ag/AgCl reference in different NaCl standard solutions over the
range of 1-200 mmol L. The results, reported in Fig. S4, show no
concentration-dependent potential variation and no Nernstian behav-
iour (17 mV/log a CI') as expected, confirming the stability and chloride
insensitivity of the reference system.

3.2.2. Ion-selective membrane

The ion-selective membrane is a fundamental component of the
sensor, as it governs both the selectivity and sensitivity of the sensor
toward the target ion. In all-solid-state potentiometric sensors, the
membrane must form a homogeneous and stable film over the trans-
ducing layer, ensuring efficient ion-exchange dynamics and minimal
signal drift. To this end, three critical parameters were optimised,
namely the membrane volume cast, the concentration of the condi-
tioning solution, and the conditioning time.

Different ion-selective membrane volumes were tested to determine
the optimal thickness that ensures both mechanical stability and elec-
trochemical responsiveness. In detail, 5 pL. and 10 uL were cast in a
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single step, as well as split applications of 5 pL. (2 x 2.5 pL) and 10 pL (2
x 5 uL). As shown in Fig. 2D, the deposition of 5 uL in two steps of 2.5 pL
led to improved repeatability (RSD %= 8.36 %) and yielded a slope
closer to the ideal Nernstian behaviour (50 mV/log a Cl') for monovalent
anions, indicating enhanced electrochemical performance and more
stable membrane formation. The use of an ion-selective membrane with
a volume of 2.5 pL did not allow the formation of a homogeneous film on
the working electrode surface.

Following membrane deposition, the conditioning step was opti-
mised to promote ion exchange at the membrane/electrolyte interface
and to stabilise the membrane potential. To this end, NaCl conditioning
solutions of increasing concentration, ranging from 0 to 3 mol L™, were
tested. As illustrated in Fig. 2E, a concentration of 1 mol L! NaCl pro-
vided the best compromise between slope linearity and signal repeat-
ability, making it the most suitable choice for membrane pretreatment.

Finally, different conditioning times were tested, ranging from 5 to
120 minutes. A conditioning time of 30 minutes was selected as the
minimum time required to achieve both the desired Nernstian response
and high measurement repeatability (Fig. 2F), without unnecessarily
extending the sensor preparation process. Similar conditioning strate-
gies based on short-term exposure to monovalent ion solutions have
been reported for ion-selective membranes in solid-contact sensors [26,
30], supporting the feasibility of reducing preparation times without
compromising sensor stability.

3.3. Analytical characterisation

After optimising the fabrication and conditioning parameters, the
analytical performances of the chloride-selective sensor were evaluated
under standard conditions. A calibration curve was obtained by
measuring NaCl standard solutions over a concentration range of 1 to
200 mmol L', The sensor exhibited good linearity within the tested
range, as described by the equation y = (-0.051 + 0.002) x + (0.214 +
0.004), with a correlation coefficient R? = 0.978 (Fig. 3A). Calibration
curves were obtained using three independently fabricated sensors (n =
3). Linear regression was performed using SigmaPlot software, and the
reported uncertainties correspond to the standard errors of the fit. These
results confirmed the sensor's capability to provide a reliable and
reproducible potentiometric response, exhibiting near-Nernstian
behaviour. The repeatability of the sensor was assessed by evaluating
the potential response at 10 mmol L' NaCl in triplicate. The resulting
relative standard deviation (RSD %) was 0.65 %, highlighting the high
precision and manufacturing consistency of the sensor platform. The
limit of detection (LOD) was calculated as the intersection of the two
slope lines and was found to be equal to 70 pmol L. This value is
competitive with values reported in the state of the art for chloride ion
sensors in sweat (Table 1), thanks to the optimised conditions and the
use of CB, demonstrating that reliable and highly sensitive chloride ion
detection is achieved even with a simple fabrication strategy and eco-
friendly materials were selected.

Given the intended application of the device in a wearable and
continuous monitoring system, the signal drift over time was also
examined. A 2-hour open-circuit potentiometric measurement was car-
ried out in a 200 mmol L' NaCl solution, obtaining a drift equal to 4.1
mV h'! (Fig. 3B). Furthermore, to investigate the possible occurrence of
memory effects, a hysteresis study was performed by exposing the same
sensor to a sequence of NaCl solutions with increasing and then
decreasing concentrations, ranging from 1 to 200 mmol L. In addition,
a water-layer test was carried out to evaluate the possible formation of
an aqueous film at the interface between the electrode surface and the
ion-selective membrane (Fig. S5). A significant potential drift was
observed when switching between NaCl and NaNOs solutions using the
bare SPE, indicating the formation of an interfacial water layer. In
contrast, the CB-modified electrode exhibited a stable potential response
with negligible drift, confirming the absence of a water layer. This
behaviour can be attributed to the hydrophobic nature of CB, which
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Fig. 3. A) Calibration curve and potentiograms (inset) obtained using CB-SPEs modified with 5 pL of ion-selective membrane mixture and 2 pL of reference
membrane, measuring 50 pL of a solution containing CI" 1, 10, 25, 50, 100, 150, and 200 mmol L™'. B) Working stability study obtained by measuring 200 mmol L
NaCl for 2 hours using CB-modified SPE. Ion-selective membrane: 5 pL, reference membrane: 2 pL. C) Hysteresis study for the Cl” sensor measuring 50 pL of chloride
ion standard solution in the range of 1-200 mmol L™ and vice versa. D) Calibration curve obtained using CB-SPEs modified with 5 pL of mixture for ion-selective
membrane and 2 pL of reference membrane, measuring 50 pL of an artificial sweat containing chloride ions 1, 10, 25, 50, 100, 150, and 200 mmol L*. E) Slope of
calibration curves obtained with standard solution of NaCl at concentrations 1, 10, 25, 50, 100, 150, and 200 mmol L on the same day of the ion-selective and
reference membrane deposition, and after 7, 14, 21, and 28 days. F) Histogram obtained for the detection of 10 mmol L' Cl'in the presence of 0.25 mol L! sulphate,
3 mmol L urea, 6 mmol L™ potassium, 0.3 mmol L' glucose, and 25 mmol L lactate.



Table 1
Comparison of (electrochemical) sensors for chloride ion detection in sweat.
Type of sensor Technique Sensing material Modification Linear Slope LOD Microfluidics Hysteresis study Wearable  Matrix Ref
procedure range with micro-
fluidics
Thin-film Potentio-metry ~ Ag/AgCl - 10-150 58.5 mV/ log ¢ - - - yes Human [13]
sensor mmol L cr sweat
Textile-based Potentio-metry ~ Chloride Ion- Drop-casting 0.1-100 59.5mV/ log ¢ - A super-absorbent fiber was - yes Human [16]
sensor selective membrane mmol L cr attached to the sensor cloth to sweat
continuously remove the old sweat
from the sensing part of the sensor
Thin-film gold Chrono- Ag nanoparticles Electrodeposition 1-100 1.44 pA/ mmol 39 umol L! Paper-based microfluidics device - - Artificial [17]
electrode amperometry mmol L L (Whatman cellulose sweat
chromatographic paper, Grade 1)
SPE Potentio-metry ~ Ion-selective Drop-casting 0.1-100 62.9 mV/ log ¢ 27 umol L! - - - Human [25]
membrane (Chloride mmol L clr sweat
Tonophore I-Cocktail
A)
Chemosensor Colo-rimetric Hydrogel 20-100 - 560 pmol L™ PDMS-based microfluidics - yes Artificial [34]
(BC-CMC-Ch) on - mmol L' sweat
PDMS
SPCE Linear Scan Ag nanoparticles Electrodeposition 5-60 2.92pA/mmol L° - - - - Synthetic [35]
Voltammetry mmol L ! sweat
SPE Cyclic Ag nanoparticles Drop-casting 2-40 - - - - - L:4v/v [36]
Voltammetry mmol L diluted
synthetic
sweat
Paper-based Cyclic Ag ink H,SO4 drop- 10-200 1.98 yA/mmol L' 1000 umol L - - Human [371
SPE Voltammetry casting mmol L - sweat and
serum
Paper-based Potentio-metry ~ Ion-selective Drop-casting 1-200 51 mV/ log a CI 70 pmol L in Fully paper-based microfluidic yes Human Our
wearable membrane (Chloride mmol L! in buffer, 56 mV/  buffer, 74 umol interface featuring an apple-like yes, sweat work
sensor Tonophore I-Cocktail log a Cl' in L' in artificial geometry, which passively guides demonstrating no

A)

artificial sweat

sweat

fresh sweat over the sensing area

memory effect

o the working electrode is formed on the bottom side of the PET film and directly contacts the skin, ** cotton textile-thread sensor added in an artificial sweat solution.
SPE= Screen-printed electrode; BC= Bacterial cellulose; CMC= Carboxymethyl cellulose; Ch= Chitosan; PDMS= Polydimethylsiloxane; SPCE= Screen-printed carbon electrode.

D 32 2401 T

26981 (920Z) €95 DIOY DIUYI0.093]



L. Fiore et al.

prevents water accumulation at the electrode-membrane interface and
contributes to the improved stability of the potentiometric signal. As
shown in Fig. 3C, a noticeable difference was observed between the
forward and reverse calibration curves, indicating the presence of a non-
negligible memory effect under static measurement conditions. This
behaviour can be attributed to partial retention of the previously ana-
lysed sample at the electrode surface, which may affect the sensor
response when consecutive measurements are performed without
continuous sample renewal. Although this effect does not compromise
the analytical performances under single-use or static conditions, it
highlights a limitation for real-time and continuous monitoring appli-
cations, which is effectively addressed through the integration of the
paper-based microfluidic system described in the following section.

Subsequently, to evaluate the sensor’s performance in physiologi-
cally relevant conditions, a calibration curve was obtained in artificial
sweat. The artificial matrix was prepared as described in Section 2.8,
containing the main ionic and organic constituents of human sweat at
physiological concentrations. As shown in Fig. 3D, the device exhibited
a linear response over the range of 1 to 200 mmol L' chloride ions, with
a regression equation of y = (-0.055 + 0.004) x + (0.103 + 0.006),
correlation coefficient (R?) of 0.951, and LOD equal to 74 umol L'l,
which is very close to the value obtained in standard solutions (70 umol
L'Y). These results confirm the sensor’s ability to function effectively in
complex matrices, maintaining a near-Nernstian behaviour even in the
presence of common sweat interferents. The storage stability of the
sensor was also evaluated. The devices were stored under vacuum at
room temperature and tested weekly for a period of four weeks. As
shown in Fig. 3E, the slope of the calibration curve decreased by 17.24 %
after two weeks but then remained stable up to 28 days. This result
demonstrates a good long-term stability profile, making the sensor
suitable for short- to medium-term storage without requiring special
preservation conditions.

Finally, a selectivity study was conducted to assess potential inter-
ference from common constituents of sweat. Sulphate ions, urea, po-
tassium ions, glucose, and lactate were tested individually at their
physiological concentrations in sweat. As shown in Fig. 3F, none of these
interfering species produced significant deviations in the potential
response to chloride, thus confirming the high selectivity of the sensor
toward chloride ions. In addition, potentiometric selectivity coefficients
(log KP°") were calculated using the Two Solution Method (TSM). The
obtained values were log KBso,> = —1.36 and log KB [ sctate = —1.30,
indicating limited interference from representative sweat anions. The
response toward K* was negligible (log KE(IJ’EK* = —6.89), further con-
firming the specificity of the ion-selective membrane. Finally, to further
investigate the electrochemical properties of the sensing interface,
Electrochemical Impedance Spectroscopy (EIS) measurements were
performed on sensors with and without the CB modification layer
(Fig. S1). As expected, the introduction of CB significantly improved the
low-frequency capacitance (50.7 pF, f = 0.01 Hz) with respect to the
bare electrode (26.9 pF, f = 0.01 Hz), confirming the enhanced and
stabilised ion-to-electron transduction capability due to the double-layer
capacitive mechanism of CB, as previously reported in the literature
[27].

3.4. Sweat analysis

3.4.1. Apple-like paper-based microfluidic device

Inspired by the work of Pradela-Filho et al. [32], which demon-
strated that expanding outlet geometries such as fan-shaped or radial
paper reservoirs can significantly improve fluid handling and enable
quasi-steady continuous flow in electrochemical paper-based devices, an
apple-like paper-based microfluidic interface was designed, fabricated,
and integrated into the sensing platform. The device was fabricated via
CO: laser cutting on filter paper, creating a passive and capillary-driven
flow path without the need for an external pump.

The geometry was developed by modifying the butterfly-shaped
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configuration previously proposed by Fiore et al. [30], which was
originally designed for multi-analyte sensing. In the present work, the
layout was tailored for single-analyte detection and adapted to a
compact apple-like design. This configuration allows for an enlarged
waste zone, enhancing sweat management, and ensuring a unidirec-
tional flow of freshly secreted sweat over the sensing electrodes, while
directing the analysed sample away from the detection zone. This design
minimises memory effects and enables real-time monitoring of both
increases and decreases in sweat chloride ion concentration, e.g., during
phases of dehydration and rehydration in prolonged exercise.

The device is composed of two main regions: a sampling zone,
positioned directly over the skin to collect sweat during physical activ-
ity, and a waste zone, which passively absorbs the analysed fluid. The
two areas are connected by a narrow channel that guides the flow via
capillary forces, eliminating the need for external pumps or power
sources.

The microfluidic layer was simply placed onto the electrode surface,
aligning the sampling zone with the working and reference areas of the
sensor. This flow-through architecture, inspired by previously reported
capillary-expanding geometries, ensures continuous fluid replacement
at the electrode surface, prevents evaporation, and maintains measure-
ment accuracy over time. As such, this simple yet efficient device pro-
vides a reliable and scalable solution for on-body chloride ion
monitoring, representing a key advancement over previously reported
wearable microfluidic sensors (Table 1).

3.4.2. Integrated wearable sensor for chloride ions quantification in
artificial and real sweat

After validating the sensor's analytical performances under both
standard and artificial sweat conditions, the complete wearable
configuration was tested by integrating the chloride-selective sensor
with the previously described paper-based microfluidic device. The in-
tegrated system was first evaluated using a benchtop potentiostat to
characterise its behaviour in artificial sweat under dynamic flow con-
ditions. As shown in Fig. 4A, the device exhibited a linear response in the
range 1-200 mmol L, a sensitivity of 56 + 2 mV/log a Cl” and LOD
equal to 74 pmol L'}, demonstrating that the addition of the microfluidic
interface did not compromise the electrochemical performance of the
sensor in complex matrices. The signal drift under these conditions was
then evaluated using the same microfluidic-paper configuration. As
shown in Fig. 4B, the device exhibited a drift of 3.8 mV hl, which is
lower than the 4.1 mV h'! observed when the sensor was used without
the microfluidic layer. This improvement can be attributed to the
capillary-driven flow enabled by the microfluidic structure, which al-
lows continuous sample renewal at the electrode surface, reducing the
impact of evaporation and accumulation.

The observed drift was comparable to values reported in other
similar works. For instance, Gao et al. [26] reported drift values of 2-3
mV h! in wearable platforms using liquid-contact reference electrodes
on plastic substrates, while Tseng et al. [33] observed drift rates between
2.5 and 8.2 mV h! for flexible RuO2-GO chloride sensors in a paperless
arrayed configuration.

The reduced drift observed in our all-paper system likely reflects the
combined effect of optimised membrane deposition, short conditioning
time, and the use of a stable solid-state reference electrode, confirming
the sensor’s suitability for real-time, on-body chloride ion monitoring.
To assess the influence of the microfluidic component on measurement
stability, a hysteresis test was performed by measuring a series of
chloride ion concentrations in both ascending and descending orders. As
shown in Fig. 4C, the sensor did not exhibit any significant memory
effect when combined with the microfluidic layer, in contrast to the
results obtained without microfluidics, likely due to residual sample
accumulation at the sensing interface. The inclusion of the waste zone in
the apple-like geometry ensured the continuous removal of the analysed
sample, thus preventing memory effects and enabling the accurate
tracking of both increasing and decreasing chloride ion levels during



L. Fiore et al.

>

Potential (V) Potential (V)

Potential (V)

Potential (V)

Electrochimica Acta 563 (2026) 148692

0.24- 1mmolL* ®50 mmolL* @200 mmol L?
. 1 s 0.20 10 mmol L' @100 mmol L
0.201 £ oss 25 mmol L @150 mmol L*
10 ° 0.10.
0.16-
\2_5 0 : ¢ Timee(s) ¢ 10 Standard
0.12- 100 solution
y = (-0.062+0.001)x+(0.348+0.001) 4150
0.084 R*=0.995 200
-3.0 -2.5 -2.0 -1.5 -1.0 -05
LogaCl
C ®1mmolL! ®50mmol L @200 mmol L?
® 10 mmol L' ® 100 mmol L*
0.10 - 0.22 . ® 25 mmol L ® 150 mmol L*
0.08 =
4 T 0.20
0.06 200 mmol L %
o 0.15 1
0.04 =
0.02 | 0.12 1
0.00 : ; : 0.09 . . . ’ ’ ’ g y
0 1000 2000 3000 0 20 40 60 80 100 120 140 160
Time (s) Time (s)
0.2 1 mmol L'! ®50 mmol L' @200 mmol L*
1 10 mmol L* @100 mmol L -
0.18 | 25 mmol L' @150 mmol L =
0.14 1
Artificial sweat
0.10 1
y = (-0.056£0.002)x+(0.023+0.004) 150
R?=0.981 200
0.06 - ‘ : : . ‘
-35 -30 -25 -20 ~-15 -10 -05
LogaCl
0.12 1
0.101
0.08 1
0.06 o Wearable
A SPE
0.04 1
0 5 10 15
Time (min)

Fig. 4. A) Calibration curve obtained using apple-like paper-based sensor modified with 5 pL of a mixture for ion-selective membrane and 2 pL of reference
membrane and paper-based microfluidic pad measuring 10 pL of a standard solution containing CI" 1, 10, 25, 50, 100, 150 and 200 mmol L*. B) Working stability
study obtained by measuring 200 mmol L! NaCl for 2 hours using an apple-like paper-based sensor. Ion-selective membrane: 5 jL, reference membrane: 2 pL, and
paper pad microfluidics. C) Hysteresis study for the Cl” sensor measuring 10 pL of chloride ion standard solution in the range of 1-200 mmol L™ and vice versa. D)
Calibration curve obtained using an apple-like wearable sensor modified with 5 pL of mixture for ion-selective membrane and 2 pL of reference membrane and paper
pad microfluidics measuring 10 pL of an artificial sweat solution containing Cl" 1, 10, 25, 50, 100, 150, and 200 mmol L*. E) The chloride ion concentration was
continuously recorded in real time throughout a 20-minute stationary cycling session, with data wirelessly transmitted via Bluetooth to a connected device. Discrete
chloride iconcentrations obtained after 7, 14, and 20 minutes of exercise from the wearable continuous measurement were compared with point measurements
performed using an apple-like wearable sensor and with the reference method.
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prolonged exercise or hydration cycles, which goes beyond the state of
the art, as highlighted in Table 1. Subsequently, to simulate realistic
wearable operation, the complete system, comprising the chloride-
selective sensor, paper-based microfluidic interface, and the Sensit/
Wearable potentiostat, was used to obtain a calibration curve in artificial
sweat, as shown in Fig. 4D. The resulting response was comparable to
that obtained with the benchtop potentiostat, confirming that neither
the microfluidic integration nor the portable electronics negatively
affect sensor performance, and that the proposed platform is well-suited
for wearable and real-time monitoring of sweat composition. Finally, to
further validate the functionality of the complete wearable system under
real conditions, the device was tested in vivo during physical activity. A
healthy volunteer wore the sensor integrated with the paper-based
microfluidic system and the Sensit/Wearable potentiostat while per-
forming a 20-minute cycling session. The sensor continuously recorded
the chloride ion concentration in real time throughout the exercise, with
data transmitted wirelessly to a connected device.

As illustrated in Fig. 4E, an initial lag phase was observed during the
first few minutes of exercise (~5 minutes), corresponding to the time
required for sweat to reach and sufficiently wet the sensing area,
enabling a stable electrochemical response. Following this, the sensor
began to detect chloride ion levels in sweat, which show a progressive
increase over time. This trend is consistent with the dynamics of sweat
composition during prolonged physical activity, where increased
sweating and dehydration result in a higher concentration of chloride
ions in the collected sweat.

To test the accuracy of the continuous monitoring data, three
discrete sweat samples were also analysed at 7, 14, and 20 minutes using
both the developed screen-printed sensor (at a point-of-care set-up) and
the reference Mohr titration method. The corresponding chloride ion
concentrations are reported in Table 2. As shown in Fig. 4E, the chloride
ion concentrations measured at these time points closely match the
trend observed in the continuous recording. The agreement between the
wearable, screen-printed, and the reference method confirms the accu-
racy of the proposed sensing system for real-time sweat chloride ion
analysis in wearable applications.

To contextualise the analytical performances of the developed
chloride sensor, a comparison was made with previously reported
potentiometric and amperometric devices for chloride ion detection in
sweat (Table 1). Key performance indicators such as linear range, slope,
LOD, and integration into wearable formats were considered. The pro-
posed sensor exhibits a broad linear range of 1-200 mmol L'}, effectively
covering both physiological and pathological levels of chloride ions in
sweat, which is particularly relevant for the diagnosis and monitoring of
cystic fibrosis, ensuring applicability for both healthy individuals and
patients with elevated sweat chloride ion levels. Furthermore, the
combination of the paper-based sensor with a fully paper-based micro-
fluidic interface featuring an apple-like geometry enables the flow of
fresh sweat over the sensing area and directs the analysed sample toward
a waste zone without any memory effect. This continuous-flow design
prevents sweat accumulation and evaporation, supporting stable and
accurate detection over time. Unlike static or closed systems, this
configuration enables the dynamic monitoring of physiological changes,
such as increases in chloride ion concentration due to dehydration or
decreases following rehydration during prolonged exercise. The effec-
tiveness of this approach was confirmed by hysteresis analysis, while a

Table 2
Detection of chloride ion concentrations of three sweat samples by using the
apple-like wearable sensor and the reference Mohr titration method.

Sample Reference method Electrochemical sensor Relative
sweat (mmol L) (mmol L) Error

1 77 66 -14%

2 70 64 -9%

3 95 99 4%
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memory effect was observed under static conditions, no hysteresis was
detected when the microfluidic component was applied. In this config-
uration, regeneration was inherently achieved through continuous
capillary-driven transport of the sample toward the waste zone, ensuring
effective removal of the previously analysed solution and continuous
renewal at the sensing interface, thus validating its role in enabling
accurate sensor response during continuous on-body monitoring.

4. Conclusions

Herein, a fully solid-state, paper-based potentiometric sensor was
developed, optimised, and tested for the selective detection of chloride
ions in human sweat. The sensor was fabricated on office paper using
wax patterning and screen-printing of graphite and Ag/AgCl inks to
define the working and pseudo-reference electrodes. The working
electrode was further modified with CB to improve electronic conduc-
tivity and then functionalized with a chloride-selective membrane.
Meanwhile, the pseudo-reference electrode was stabilised through the
deposition and conditioning of a dedicated reference membrane. In
addition to the electrochemical platform, a paper-based microfluidic
device was designed and integrated with the sensor to enable contin-
uous, passive sweat flow during on-body applications. The paper-based
device integrated with a wearable wireless potentiostat allowed for real-
time data transmission and autonomous operation in practical settings
by quantifying chloride ions up to 200 mmol L' with a detection limit of
74 ymol L and a sensitivity of 56 mV/log a Cl". The reliable design
based on a combination of a chloride-selective membrane with an office
paper-based screen-printed solid-contact electrode and a capillary-
driven microfluidic network ensured effective sample delivery and
memory-free analyses. The data obtained in on-body measurements
were found to agree with the standard method, demonstrating the ac-
curacy of this fully paper-based wearable platform for non-invasive
electrolyte monitoring, with potential applications in cystic fibrosis di-
agnostics and broader physiological monitoring.
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